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PCE was completely degraded to nonchlorinated organic compounds by
this system.
Co redox couple and Ca species in
cement played a pivotal role for PCE
reduction.
Increases in Cbl(III) concentration,
cement ratio, and pH enhanced PCE
degradation.
Efﬁciency of the system for PCE
reduction was good even at high concentration of PCE.
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a b s t r a c t
Experiments were conducted to investigate the reductive dechlorination of tetrachloroethylene (PCE) by
nano-Mackinawite (nFeS) with cyano-cobalamin (Cbl(III)) in cement slurries. Almost complete degradation of PCE by nFeS-Cbl(III) was observed in cement slurries in 5 h and its degradation kinetics
(kobs-PCE = 0.57 h−1 ) was 6-times faster than that of nFeS-Cbl(III) without the cement slurries. PCE was
ﬁnally transformed to non-chlorinated organic compounds such as ethylene, acetylene, and C3-C4 hydrocarbons by nFeS-Cbl(III) in cement slurries. X-ray photoelectron spectroscopy and PCE degradation by
cement components (SiO2 , Al2 O3 , and CaO) revealed that both the reduced Co species in Cbl(III) and the
presence of Ca in cement played an important role for the enhanced reductive dechlorination of PCE.
The increase in the concentration of Cbl(III) (0.005–0.1 mM), cement ratio (0.05–0.2), and suspension pH
(11.5–13.5) accelerated the PCE degradation kinetics by providing more favorable environments for the
production of reactive Ca species and reduction of Co species. We also observed that the degradation
efﬁciency of PCE by nFeS-Cbl(III)-cement lasted even at high concentration of PCE. The experimental
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results obtained from this study could provide fundamental knowledge of redox interactions among nFeS,
Cbl(III), and cement, which could signiﬁcantly enhance reductive dechlorination of chlorinated organics
in contaminated natural and engineered environments.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Tetrachloroethylene (PCE) is a prevalent organic contaminant
found in soil and groundwater environments due to its extensive
usage in industrial processes [1]. Because PCE is toxic, carcinogenic,
and mutagenic to human beings and animals, many efforts have
been made to effectively remove PCE from contaminated soil and
groundwater. Zero-valent iron (ZVI) and iron-bearing soil minerals
(e.g., green rust, magnetite, and pyrite) have been widely studied
as reactive reductants to degrade PCE effectively [2–5]. In particular, Mackinawite (FeS), one of the most abundant iron-bearing soil
minerals in subsurface environments [6,7], has shown a remarkable reductive degradation of PCE by reactive FeOH and FeSH
surfaces under anaerobic conditions [8–10]. However, both the
relatively slow reaction (>1 month) for PCE reduction and the production of toxic by-products such as cis-dichloroethene (DCE) and
1,1-DCE, remain issues to be resolved during the reductive degradation of PCE by FeS [11].
Recent studies have indicated that addition of cobalt (Co) to a
FeS suspension could enhance the dechlorination kinetics of PCE.
Jeong et al. showed 10-times faster dechlorination kinetics of PCE
by FeS with Co(II), than that by FeS alone, due to the formation of
reactive sulﬁde species (CoS) on the FeS surface [12]. Our previous
study further enhanced the dechlorination kinetics of PCE by addition of a transition-metal coenzyme i.e., cyano-cobalamin (Cbl(III)),
to a nano-Mackinawite (nFeS) suspension [13]. It is well known that
Cbl(III) is an efﬁcient electron transfer mediator (ETM) that contains
a trivalent cobalt (Co(III)) in the center of a tetrapyrrole ring, which
can act as a redox-active metal [13–15]. The combination of nFeS
and Cbl(III) showed a remarkable reactivity toward PCE due to partial reduction of Co(III) to Co(II), and Co(I) by Fe2+ , S2− and Sn 2− on
the nFeS surface. This led to enhanced electron transfer from the
nFeS surface to PCE by the Co redox couple (Co(III)/Co(II)) [1,13].
Interestingly, the dechlorination kinetics of PCE by nFeS with
Cbl(III), was dramatically improved at pH > 12 (i.e., 35 M of PCE
was fully degraded by nFeS-Cbl(III) within one day). This indicates that the nFeS-Cbl(III) system could be most productively
applied to alkaline environments contaminated by PCE. The solidiﬁcation/stabilization (S/S) technology causes high alkalinity (>pH
12) due to the hydration processes of ordinary Portland cement,
and could be a good remediation technology for application of the
nFeS-Cbl(III) system. Indeed, the S/S technology has been successfully applied to around 24% of the Superfund sites in the United
States for in situ remediation of organic and inorganic contaminants over the last few decades. It has been reported as the ‘best
demonstrated available technology’ (BDAT) for 57 regulated hazardous wastes [16,17]. Furthermore, a modiﬁed S/S technology,
degradative solidiﬁcation/stabilization (DS/S), was developed by
adding Fe(II) to cement slurries to promote reductive degradation
of chlorinated organics [18–20,25]. Therefore, the high reactivity of
nFeS-Cbl(III) at strongly alkaline pH may enhance successful implementation of DS/S for PCE remediation. However, there is currently
only limited knowledge about DS/S of PCE using nFeS-Cbl(III).
In this study, the dechlorination kinetics of PCE by nFeS-Cbl(III)
in cement slurries was examined using batch kinetic experiments.
Transformation products for the reductive dechlorination of PCE
by nFeS-Cbl(III) in cement slurries were monitored to understand

the degradation pathways. X-ray photoelectron spectroscopy (XPS)
analysis was conducted to investigate the oxidation states of active
redox elements (Fe, S, Co, etc.) on nFeS surfaces with Cbl(III) in
cement slurries. Furthermore, the effect of the main components of
cement (silicon oxide: SiO2 , aluminum oxide: Al2 O3 , and calcium
oxide: CaO) on the PCE dechlorination kinetics, was investigated to
determine the key factors for enhancing PCE degradation. Finally,
the effects of environmental factors such as Cbl(III) concentration,
cement ratio, suspension pH, and PCE concentration on the PCE
dechlorination kinetics were examined.
2. Methodology
2.1. Chemical reagents
The chemical reagents used in this study were cement (Portland cement); silicon oxide (SiO2 , 99.5%, Sigma); aluminum oxide
(Al2 O3 , 98%, Sigma); calcium oxide (CaO, 99%, Sigma); cyanocobalamin (Cbl(III), vitamin B12, 99%, Sigma); PCE (99 +%, Sigma);
trichloroethylene (TCE, 99.5 +%, Sigma); cis-dichloroethene (cisDCE, 99 +%, TCI); trans-dichloroethene (trans-DCE, 98 +%, TCI);
1,1-dichloroethene (1,1-DCE, 99 +%, Sigma); and vinyl chloride (VC,
99 +%, Supelco). A mixture of gases methane (1%), ethane (1%),
ethene (1%), acetylene (1.03%), carbon monoxide (1%), and carbon
dioxide (1%) in nitrogen gas (Supelco) was used as a standard sample for a gas chromatograph (GC) equipped with a ﬂame-ionization
detector (FID). Hexane (99.9%, Merck) and methanol (99.9%, Merck)
were used as extractants, and for the preparation of stock solution, respectively. Sodium sulﬁde nonahydrate (Na2 S·9H2 O, 98 +%,
Sigma) and ferrous chloride (FeCl2 ·4H2 O, 99 +%, Sigma) were used
for the synthesis of nano-Mackinawite (nFeS). Sodium hydroxide (NaOH, 98 +%, Sigma) and hydrochloric acid (HCl, 36.5 +%,
Sigma) were used to control the pH of the suspensions. Deaerated deionized water (DDW) was prepared using ultra-pure water
(18 M cm) purged with N2 for 12 h and stored in an anaerobic
chamber. All the solutions used in the experiments were prepared
with DDW.
2.2. Synthesis and characterization of nFeS
The substance nFeS was synthesized by reducing FeCl2 ·4H2 O
with Na2 S·9H2 O solution, following our previously reported
method [21,22]. The synthesized nFeS was washed three times
with DDW, and stored in an anaerobic chamber ﬁlled with 95%
N2 and 5% H2 (Coy Laboratory Products) before it was used for
experiments. The speciﬁc surface area of nFeS (measured using
the Brunauer-Emmett-Teller: BET method) was 18.32 ± 1.2 m2 /g.
This was 366-times higher than that previously reported for FeS
[23]. X-ray diffraction analysis was conducted to conﬁrm the crystallinity of the synthesized nFeS and its diffractogram (data not
shown) matched well with previously reported data [12,24].
2.3. Experimental procedures
Experiments were conducted to investigate the reductive
dechlorination of PCE by nFeS with cobalamin in cement slurries.
All the experiments were carried out in the same manner previ-
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Fig. 1. Dechlorination kinetics of PCE by nFeS-Cbl(III) with and without cement slurries. Solid line represents ﬁtted curve by a ﬁrst-order kinetic model. Experimental
condition: [PCE] = 0.25 mM, [nFeS] = 4.17 g/L, [Cbl(III)] = 0.1 mM, pH = 12, mass ratio of the cement to solution = 0.1.

Fig. 2. Reductive transformation products during the PCE degradation by nFeS-Cbl(III) in cement slurries. Experimental condition: [PCE] = 0.25 mM, [nFeS] = 4.17 g/L,
[Cbl(III)] = 0.1 mM, pH = 12.

ously reported [1], except for addition of the cement slurries. Amber
glass vials (24 mL) were ﬁlled with the cement slurries, nFeS slurries, Cbl(III) stock solution, and pH 12 DDW without headspace. The
mass ratio of the cement slurries to solution was 0.1. The reductive
dechlorination of PCE was initiated by spiking 100 L of PCE stock
solution to prepare an initial PCE concentration of 0.25 mM. Unless
stated otherwise, the mass ratio of the cement slurries to solution
(0.1) and concentrations of PCE (0.25 mM), Cbl(III) (0.1 mM), and
nFeS (4.17 g/L) were ﬁxed for each test. All samples were prepared
in duplicate, in the anaerobic chamber.
The three main solid components (SiO2 , Al2 O3 , and CaO) of
cement were used instead of the cement, to elucidate which

components of cement played an important role for the reductive dechlorination of PCE by nFeS-Cbl(III) in cement slurries. For
investigation of the Cbl(III) concentration effect, four different concentrations of Cbl(III) were used (0, 0.001, 0.01, and 0.1 mM). To
explore the cement ratio effect, three different mass ratios of the
cement components to solution (0.05, 0.1, and 0.2) were used. To
understand the pH effect, ﬁve different pHs (11.5, 12, 12.5, 13, and
13.5) were used. The pH of DDW was controlled using an aliquot of
deoxygenated 0.2 M HCl and NaOH. The effect of PCE concentration
was also investigated by changing the initial concentration of PCE
(0.25–2.0 mM).

4

D. Kyung et al. / Journal of Hazardous Materials 311 (2016) 1–10

2.4. Analytical procedures
2.4.1. GC analysis
PCE and chlorinated by-products (e.g., TCE, 1,1-DCE, cis-DCE,
trans-DCE, and VC) were measured using a GC (Shimadzu 2010)
equipped with an electron capture detector and HP-5 column
(30 m × 0.32 mm × 0.25 m). The temperatures of oven, injector,
and detector were constant at 100, 200, and 230 ◦ C, respectively.
The split ratio was 1:30, and column ﬂow and pressure were
2.61 mL/min and 92.4 kPa, respectively. Samples (2 L) extracted
with solvent were automatically injected into the injection port by
an auto-sampler.
PCE transformation to non-chlorinated by-products was monitored using a GC (YL Instrument 6500) equipped with a FID
and GS-Alumina column (30 m × 0.535 mm × 0.25 m). For sample preparation, 10 mL of the samples were transferred to amber
vials and tightly capped. The vials were placed on an orbital shaker
and mixed for 1 h at 175 rpm. To establish equilibrium between the
gas and liquid phases, the vials were left standing for 1 h at room
temperature (25 ± 0.5 ◦ C). Headspace gases (100 L) were sampled
using a gas-tight syringe and manually injected into the GC injection port. The temperature of oven, injector, and detector was set
at 100, 250, and 275 ◦ C, respectively. N2 was used as carrier gas at a
ﬂow rate of 6.7 mL/min, and the ﬂow rate of air and H2 gas were 300
and 30 mL/min, respectively. Dimensionless Henry’s law constants
(20.4 for ethane, 8.7 for ethylene, and 1.1 for acetylene) were used
to calculate the concentrations of the products in aqueous solutions
at room temperature.
2.4.2. XPS analysis
XPS (Sigma Probe, Thermo VG Scientiﬁc) analysis was carried
out to investigate the chemical oxidation state of iron (Fe), sulfur (S), and cobalt (Co) on the nFeS surface with Cbl(III) in the
presence/absence of cement slurries. Two different samples (nFeSCbl(III) with and without cement slurries) were placed on the
tumbler at 7 rpm for 12 h. Samples were centrifuged at 3000 rpm
for 5 min, then precipitate was collected and freeze-dried. The dried
samples were packed onto XPS sampling templates for XPS analysis.
The samples were analyzed using a Multi-Lab 2000 (Thermo Electron Co., UK) with an Al k␣ X-ray (1486.6 eV) equipped with source
power of 200 W. Binding energies for the narrow scanned spectra
were selected in the range of 700–720, 160–180, and 770–800 eV
to identify the valences of Fe, S, and Co, respectively, on the nFeSCbl(III) surface.
3. Results and discussion
3.1. Reductive dechlorination of PCE by nFeS-Cbl(III) in cement
slurries
Fig. 1 shows the dechlorination kinetics of PCE by nFeS-Cbl(III)
in cement slurries at pH 12. The control (DDW) showed >95% of PCE
recovery during 5 h reaction, indicating that no signiﬁcant loss of
PCE occurred by sorption to the vial wall or by volatilization from
the reactor. Early termination of PCE removal (15% in 5 h) occurred
for samples containing nFeS with and without cement slurries. In
contrast, 40% of PCE was removed by a nFeS-Cbl(III) suspension in
6 h, and the rate constant (kPCE ) obtained from a pseudo-ﬁrst-order
kinetic model was 0.10 h−1 (R2 = 0.95). This veriﬁed that Cbl(III) can
promote reductive dechlorination of PCE, as previously reported
[1]. It is widely known that the central metal of Cbl(III) (i.e.,Co(III))
can easily be reduced to Co(II), or further to Co(I), under reducing
conditions. This can play the role of ETM to enhance the reductive
dechlorination of PCE [1,21,22]. It is worth noting that almost complete degradation of PCE (99% in 5 h) by nFeS-Cbl(III) was observed

in cement slurries, which was a 5.7-times higher rate constant
(0.57 h−1 ) than that of nFeS-Cbl(III). This indicates that the addition
of cement to the nFeS-Cbl(III) system can dramatically accelerate
PCE degradation.
Fig. 2 shows the reductive transformation products during PCE
degradation by nFeS-Cbl(III) in cement slurries. TCE was detected
as a primary intermediate (40–50%) at the early stage (in 5 h) with
production of acetylene and C3-C4 hydrocarbon. Moreover, the
TCE was completely degraded in 24 h, while the concentrations of
acetylene and C3-C4 did not ﬂuctuate dramatically. Interestingly,
an abrupt appearance of ethylene was detected after 5 h and its concentration kept increasing until 24 h. This indicated that most TCE
could be transformed to ethylene as a ﬁnal product. The total carbon mass balance was greater than 95% during the sampling time,
and the portions of PCE transformed to ethylene, acetylene, C3-C4
hydrocarbon, and TCE at 24 h were 43, 36, 18, and 1%, respectively.
These results indicate that PCE can be degraded to non-chlorinated
organic compounds (acetylene, ethylene, and C3-C4 hydrocarbon)
by nFeS-Cbl(III) in cement slurries. High concentrations of TCE and
acetylene at the early stage indicate that PCE could be degraded via
both hydrogenolysis and ␤-elimination pathways [21]. However,
the increase in acetylene after 5 h, and no appearance of VC during
the reaction, indicates that the main degradation pathway changed
from hydrogenolysis to reductive ␤-elimination, during the TCE
dechlorination. In addition, formation of C3-C4 hydrocarbon in the
early stage indicates that alkyl-radical reaction and isomerization
were also involved in the reductive transformation of PCE by nFeSCbl(III) in cement slurries [21,22]. It has been reported that the
main products of PCE dechlorination by iron-bearing soil minerals and Cbl(III) with titanium(III) citrate, include much more toxic
chlorinated compounds such as VC and dichloroethene (e.g., trans1,2-DCE, cis-1,2-DCE, and 1,1-DCE) [2,14]. In contrast to previous
reports, the production of non-chlorinated organic compounds by
nFeS-Cbl(III) in cement slurries, and its dramatic acceleration of PCE
reduction, suggest that our system has high potential to degrade
PCE to non-toxic chemical substances efﬁciently.
3.2. Reaction mechanism for enhanced dechlorination of PCE by
nFeS-Cbl(III) in cement slurries
To investigate the oxidation states of the main species of Fe, S,
and Co on the nFeS-Cbl(III) surface, in the presence and absence of
cement slurries, XPS analyses were carried out. In the Fe2p region of
nFeS-Cbl(III) without cement (Fig. 3a), the binding energy of Fe2+ -S
(15.86%), Fe3+ -S (68.96%), and Fe2+ -SO4 (15.17%) were observed at
707.07, 709.27, and 711.57 eV, respectively. In contrast, the binding
energy of the Fe2+ -S species disappeared and that of Fe3+ -SO4 was
newly observed at 713.53 eV in nFeS-Cbl(III) with cement (Fig. 3b).
The content of Fe species in nFeS-Cbl(III) with cement were Fe3+ SO4 : 30.72%, Fe2+ -SO4 : 55.86%, and Fe3+ -S: 13.4%, respectively. The
content of Fe3+ -S species, in particular, decreased from 68.96 to
13.4%, while that of Fe2+ -SO4 increased from 15.17 to 55.86%, indicating that most sulﬁde (S2− ) ions were oxidized to sulfate (SO4 2− )
ions by adding cement slurries. In the S2p region of nFeS-Cbl(III)
without cement (Fig. 3c), the content of S species were SO4 2− :
3%, FeS: 62%, FeSn : 19%, and Co(I)-Sn : 14.9%. The peak area of sulfate species (165.9–169.9 eV) was 32-times smaller than that of
sulﬁde species (157.1–164.8 eV), indicating that trace amounts of
sulﬁde were oxidized in the absence of cement slurries. In the
presence of cement slurries (Fig. 3d), the binding energy of all
sulﬁde species disappeared but those of sulfate species appeared
for CaSO4 (42.92%), Fe2 (SO4 )3 (41.63%), and CoSO4 (15.45%), at
169.42, 168.15, and 166.89 eV, respectively [27]. Co2p spectra were
only observed in nFeS-Cbl(III) without cement (Fig. 3e), while no
peaks were detected in nFeS-Cbl(III) with cement. This was probably due to high heterogeneity, which can inﬂuence the detection
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Fig. 3. XPS spectra of Fe2p, S2p, and Co2p for nFeS-Cbl(III) with and without cement slurries.

of trace amounts of Co species. The binding energy of S Co(I)
(20.95%), S Co(II) (39.52%), O H Co(II) (26.88%), and O Co(II)
(12.65%) were observed in nFeS-Cbl(III) without cement at 781.8,
784.80, 787.87, and 791.05 eV, respectively [1,22,28]. This sup-

ports the contention that highly reactive nucleophilic species [i.e.,
Co(II) and Co(I)] could form in nFeS suspension with Cbl(III), which
could enhance PCE degradation kinetics, compared to nFeS alone.
Although Co species were not directly observed in nFeS-Cbl(III)
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Fig. 4. Effects of cement components on PCE dechlorination kinetics by nFeS-Cbl(III) at pH 12. Solid line represents the ﬁtted curve by a ﬁrst-order kinetic model. Experimental
condition: [PCE] = 0.25 mM, [Cbl(III)] = 0.1 mM, pH = 12, mass ratio of the cement component to solution = 0.1.

Fig. 5. Effects of Cbl(III) concentration (0.005–0.1 mM) on PCE dechlorination kinetics by nFeS-Cbl(III) in cement slurries. Solid line represents ﬁtted curve by a ﬁrst-order
kinetic model. Experimental condition: [PCE] = 0.25 mM, [nFeS] = 4.17 g/L, pH = 12.

with cement, it might be expected that Co(III) was reduced to Co(II)
and Co(I) species by the coupled reaction of sulﬁde oxidation. Based
on the XPS analysis, we suspect that reduced Co species in nFeSCbl(III) with cement could play an important role for enhanced PCE
degradation.
To investigate the effect of cement components on PCE degradation in nFeS-Cbl(III) with cement, we performed PCE degradation by
adding main oxide ingredients of cement (SiO2 , Al2 O3 , and CaO) in
nFeS-Cbl(III) suspension at pH 12 (Fig. 4). No signiﬁcant PCE degradation by nFeS-Cbl(III) was observed at pH 7 with oxides (data

not shown). This indicates that a neutral pH environment is not
favorable for reductive dechlorination of PCE. The addition of Al2 O3
and SiO2 to nFeS-Cbl(III) suspension at pH 12, showed degradation
kinetics similar to that of nFeS-Cbl(III) suspension, indicating that Si
and Al did not inﬂuence enhanced PCE degradation by nFeS-Cbl(III)
with cement. However, the reductive dechlorination kinetics of PCE
was signiﬁcantly enhanced by the presence of CaO. The kPCE with
CaO was 2.64 h−1 , which was 26-times higher than that without
CaO. It has been reported that calcium hydroxide (Ca(OH)2 ) produced by the reaction between CaO and water could be a possible
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reactant, for PCE degradation, to form trichloroethylene (TCE) and
dichloroacetylene (DCA) [29]. CaO has been widely used for desulfurization due to its high selectivity for sulﬁde [28,30]. The results
indicate that not only reduced Co species, but also the presence of Ca
in the cement, could play pivotal roles in reductive dechlorination
of PCE during cement hydration.
3.3. Effects of environmental factors on reductive dechlorination
of PCE by nFeS-Cbl(III) in cement slurries
Fig. 5 shows the effect of Cbl(III) concentration on the dechlorination kinetics of PCE by nFeS in cement slurries at pH 12.
No signiﬁcant PCE degradation was observed after addition of
0.005 mM of Cbl(III), while the kinetics was accelerated by
0.005 mM of Cbl(III). The kPCE at 0.01 mM of Cbl(III) was 0.09 h−1 and
increased to 0.57 h−1 at 0.1 mM. Enhanced dechlorination kinetics
of PCE at a high dosage of Cbl(III) can be attributed to higher content
of reduced Co species, which is suspected as being an important key
factor for enhanced PCE degradation by nFeS-Cbl(III) with cement,
as shown by XPS analysis.
Fig. 6 shows the effect of the cement ratio (0.05, 0.1, and 0.2) on
the dechlorination kinetics of PCE by nFeS-Cbl(III) in cement slurries at pH 12. The kPCE increased from 0.36 to 0.57 h−1 as the ratio
of cement increased from 0.05 to 0.1. This enhancement could be
caused by the increase in concentration of reactive Ca species, as
discussed previously. However, the PCE degradation was not significantly improved when the cement ratio increased to 0.2. Although
we increased the concentration of reactive Ca species by doubling
the cement ratio, an excessive amount of cement in our system
might interfere with the interfacial reactions between nFeS-Cbl(III)
and PCE, which could result in both enhancement and inhibition of
PCE degradation.
Fig. 7 shows the effect of suspension pH on reductive dechlorination of PCE by nFeS-Cbl(III) in cement slurries. We used the
pH range typically observed in DS/S systems (pH 11.5–13.5). The
kPCE gradually increased from 0.41 to 9.46 h−1 as the suspension
pH increased from 11.5 to 13.5. The enhanced reductive dechlorination of PCE by increase of the suspension pH may be due to the
increased hydroxide concentration. It has been reported that degradation kinetics of various chlorinated organics was proportionally
promoted by increase of the concentration of hydroxide ion in
the system [31,32]. High pH environments caused by cement slurries, thus, would be favorable for degrading PCE via base-catalyzed
hydrolysis/substitution [33–35].
Fig. 8 shows the effect of PCE concentration (0.25–2.0 mM)
on the dechlorination kinetics of PCE by nFeS-Cbl(III) in cement
slurries at pH 13.5. The PCE removal efﬁciency was continuously
maintained although the PCE concentration increased. This indicates that nFeS-Cbl(III) in cement slurries could provide sufﬁcient
amount of reactive sites and species to degrade high concentration
of PCE. The results obtained from this section could highlight that
well-balanced amounts of nFeS, Cbl(III), and cement could lead to
effective degradation of PCE in high-pH environments.
3.4. Evaluation of feasibility, time, cost, adverse events, and
effective size of the proposed system
Remediation of sites contaminated by chlorinated organic compounds is one of major environmental challenges. S/S is a promising
remedial technology to properly treat the contaminants under
harsh environmental conditions with high removal efﬁcacy and
low remediation cost. Indeed, the S/S technology has been successfully applied to ∼24% of the Superfund sites in the United
States for in situ remediation of organic contaminants over the
last few decades [16,17]. The experimental ﬁndings of this study
have demonstrated that the introduction of nFeS-Cbl(III) to cement
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slurries can fully transform high concentration of PCE (up to
2 mM) to non-chlorinated by-products (e.g., ethylene, acetylene,
and C3-C4 hydrocarbons) with accelerated degradation kinetics
(kobs-PCE = 9.46 h−1 at pH 13.5). This indicates that our new dS/S system can be a promising technology for the remediation of soil and
groundwater contaminated by chlorinated contaminants, due to its
superb advantage to rapidly and safely degrade toxic chlorinated
organics in a conventional S/S matrix. In order to better guarantee
the feasibility of the proposed dS/S system, further experimental
optimization tests need to be conducted with ﬁeld soil and groundwater contaminated by chlorinated organics.
It has been reported that the half-lives of PCE (t1/2 ) degradation
by a typical in situ Fe(II) based dS/S system are in the range of 13
and 335 days [26]. We obtained 85-times faster kobs-PCE in our nFeSCbl(III) based dS/S system than that in the ordinary dS/S system.
Based on the results, we can estimate that the half-lives of PCE in
our dS/S system range from 0.15 to 3.94 days, i.e. ∼99.99% of PCE
could be removed by the system between 2.14 and 55.17 days. This
is much faster degradation kinetics than that reported previously.
The cost (per metric ton of treated materials) for the conventional S/S system using Portland cement is typically in the range
of $30-300/ton [36]. For our dS/S system, additional cost could
be mostly charged on nFeS and Cbl(III) productions. Based on the
experimental conditions used in our research, we can estimate that
approximately 12,573 kg of nFeS and 409 kg of Cbl(III) are required
to effectively treat one metric ton of PCE (i.e., 3015 ton groundwater having 2 mM of PCE). It is difﬁcult to exactly estimate the cost
for the mass productions of nFeS and Cbl(III) for the application to
real remediation sites at this stage. However, it is expected that the
use of bulk FeS abundant in natural environment and very cheap
and mass culturing of Cbl(III) producing bacteria (Citrobacter freundii and Klebsiella pneumoniae [37]) could signiﬁcantly reduce the
additional costs for their mass production for the proposed system.
nFeS-Cbl(III) based dS/S system have shown a dramatic
enhancement of PCE dechlorination kinetics and benign degradation pathway to non-toxic transformation by-products. Additionally, the volatilization of PCE can be minimized by the proposed
dS/S system signiﬁcantly reducing the movement of contaminated
groundwater in the treated zone, while the reductive degradation of PCE occurs in the system. All of these veriﬁcations have
been done in lab-scale experimental regime. In case of real ﬁeld
application, however, there might be potential adverse events
such as formation of toxic intermediates and decrease of microbial activity due to unexpected biogeochemical reactions among
anions/cations, organic matters, soil minerals, and microbes. There
should be unknown natural organic materials and adverse geological and geochemical conditions against the proposed dS/S system.
To prevent the adverse events and avoid the decrease of its reactivity, preliminary ﬁeld evaluation and feasibility test for the proposed
dS/S system should be performed to determine the optimal operating conditions before its application to the real remediation sites.
The characterization of ﬁeld soil and groundwater and survey of
relevant hydrogeological information should be also conducted to
properly apply the proposed dS/S system.
The effective size of nFeS for the proposed dS/S system could be
varied from nano- to micro-scale. We have synthesized nFeS for the
lab-scale experiments of which statistical size distribution is in the
range of 100 and 300 nm. The size of nFeS could be increased by (1)
the particle aggregation during the injection of nFeS to subsurface
and (2) particle growth via diverse biogeochemical reactions with
natural compounds during its movement through the ground. It has
been reported that the dechlorination kinetic rate constant of nFeS
is 1.3 times greater than that of micro-Mackinawite (mFeS) [21].
Based on the result, it is expected that the increase of FeS particle
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Fig. 6. Effects of cement ratio (0.05–0.2) on PCE dechlorination kinetics by nFeS-Cbl(III) in cement slurries. Solid line represents ﬁtted curve by a ﬁrst-order kinetic model.
Experimental condition: [PCE] = 0.25 mM, [nFeS] = 4.17 g/L, pH = 12.

Fig. 7. Effect of pH (11.5–13.5) on PCE dechlorination kinetics by nFeS-Cbl(III) in cement slurries. Solid line represents ﬁtted curve by a ﬁrst-order kinetic model. Experimental
condition: [PCE] = 0.25 mM, [nFeS] = 4.17 g/L, [Cbl(III)] = 0.1 mM.

size from nano- to micro-scale could not signiﬁcantly affect the
performance of the proposed dS/S system in real remediation sites.
4. Conclusions
The results from this study demonstrated that nFeS-Cbl(III) in
cement slurries can signiﬁcantly improve the degradation kinetics of PCE, with production of non-chlorinated by-products. PCE
was initially transformed to TCE via hydrogenolysis and later
transformed to non-chlorinated organic compounds (ethylene,
acetylene, and C3-C4 hydrocarbons) via reductive ␤-elimination,
alkyl-radical reaction, and isomerization. The results from XPS anal-

ysis and addition of cement oxides, revealed that both reduced Co
species and the presence of reactive Ca species, played pivotal roles
in enhanced reductive dechlorination of PCE by nFeS-Clb(III) in
cement slurries under high-pH conditions. Our results also showed
the importance of Cbl(III) concentration, cement ratio, basic pH,
and contaminant concentration for efﬁcient performance of the
nFeS-Cbl(III)-cement system. This directly relates to the production
of reduced Co species, reactive Ca species, and enhanced basecatalyzed hydrolysis/substitution.
The high reactivity of nFeS-Cbl(III) in cement slurries could
guarantee its successful implementation as in situ DS/S technology, which is a popular and economic remedial alternative
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Fig. 8. Effect of initial PCE concentration (0.25–2.0 mM) on PCE removal efﬁciency in nFeS-Cbl(III)-cement system. Experimental condition: [nFeS] = 4.17 g/L, [Cbl(III)] = 0.1 mM,
pH 13.5, mass ratio of the cement component to solution = 0.1.

[16,17,38]. Indeed, we observed almost 85-times faster kPCE in
nFeS-Cbl(III) with cement, than that of Fe(II) with cement [26]. In
addition, cement in combination with S/S technology, can physically bind with particulate matter during the cement hydration
process. This could prevent loss of reactive species during washingout by groundwater during the remediation process. Therefore,
the experimental ﬁndings from this research could provide basic
understanding of redox interactions among iron-bearing soil minerals, bacterial coenzymes, and cement slurries; and could highlight
their synergistic effects on enhanced reductive degradation of PCE
in natural and engineered environments. The novel nFeS-Cbl(III)cement system developed during this study could be applied for
rapid and effective remediation of soil and groundwater contaminated by PCE.

Acknowledgments
This research was supported by the Korean Ministry of
Environment, GAIA project (173-111-036), other GAIA projects
(RE201402059), and the National Research Foundation of Korea
(NRF) funded by the ministry of Education (2012-C1AAA001M1A2A2026588).

References
[1] S. Kim, T. Park, W. Lee, Enhanced reductive dechlorination of
tetrachloroethene by nano-sized mackinawite with cyanocobalamin in a
highly alkaline condition, J. Environ. Manag. 151 (2015) 378–385.
[2] W. Lee, B. Batchelor, Abiotic reductive dechlorination of chlorinated ethylenes
by iron-bearing soil minerals. 1. Pyrite and magnetite, Environ. Sci. Technol.
36 (2002) 5147–5154.
[3] W. Lee, B. Batchelor, Abiotic, reductive dechlorination of chlorinated
ethylenes by iron-bearing soil minerals. 2. Green rust, Environ. Sci. Technol.
36 (2002) 5348–5354.
[4] J. Choi, W. Lee, Enhanced degradation of tetrachloroethylene by green rusts
with platinum, Environ. Sci. Technol. 42 (2008) 3356–3362.
[5] N.C. Mueller, J. Braun, J. Bruns, M. Cernik, P. Rissing, D. Rickerby, B. Nowack,
Application of nanoscale zero valent iron (NZVI) for groundwater remediation
in Europe, Environ. Sci. Pollut. R. 19 (2012) 550–558.
[6] R.A. Berner, Iron sulﬁdes formed from aqueous solution at low temperatures
and atmospheric pressures, J. Geol. 72 (1964) 293–306.
[7] D.T. Rickard, Kinetics and mechanism of sulﬁdation of goethite, Am. J. Sci. 274
(1974) 941–952.
[8] E.C. Butler, K.F. Hayes, Kinetics of the transformation of trichloroethylene and
tetrachloroethylene by iron sulﬁde, Environ. Sci. Technol. 33 (1999)
2021–2027.

[9] M. Elsner, R.P. Schwarzenbach, S.B. Haderlein, Reactivity of Fe(II)-bearing
minerals toward reductive transformation of organic contaminants, Environ.
Sci. Technol. 38 (2004) 799–807.
[10] T.M. Sivavec, P.D. Mackenzie, D.P. Horney, Effect of site groundwater on
reactivity of bimetallic media: deactivation of nickel-plated granular iron,
213th ACS National Meeting American Chemical Society San Francisco 37 (1)
(1997) 115–117.
[11] M. Tobiszewski, J. Namiesnik, Abiotic degradation of chlorinated ethanes and
ethenes in water, Environ. Sci. Pollut. R. 19 (2012) 1994–2006.
[12] H.Y. Jeong, K.F. Hayes, Reductive dechlorination of tetrachloroethylene and
trichloroethylene by mackinawite (FeS) in the presence of metals: reaction
rates, Environ. Sci. Technol. 41 (2007) 6390–6396.
[13] A. Amir, W. Lee, Enhanced reductive dechlorination of tetrachloroethene by
nano-sized zero valent iron with vitamin B-12, Chem. Eng. J. 170 (2011)
492–497.
[14] D.R. Burris, C.A. Delcomyn, M.H. Smith, A.L. Roberts, Reductive dechlorination
of tetrachloroethylene and trichloroethylene catalyzed by vitamin B-12 in
homogeneous and heterogeneous systems, Environ. Sci. Technol. 30 (1996)
3047–3052.
[15] G. Glod, U. Brodmann, W. Angst, C. Holliger, R.P. Schwarzenbach,
Cobalamin-mediated reduction of cis- and trans-dichloroethene,
1,1-dichloroethene, and vinyl chloride in homogeneous aqueous solution:
reaction kinetics and mechanistic considerations, Environ. Sci. Technol. 31
(1997) 3154–3160.
[16] U.S.E.P Agency, Technology Resource Document-solidiﬁcation/stabilization
and its application to waste materials In Washington D.C. (1993).
[17] B. Batchelor, Overview of waste stabilization with cement, Waste Manage. 26
(2006) 689–698.
[18] B. Jung, J.W. Shin, P.A. Ghorpade, J.Y. Park, Dechlorination of liquid wastes
containing chlorinated hydrocarbons by a binder mixture of cement and slag
with Fe(II), Sci. Total Environ. 449 (2013) 443–450.
[19] P.A. Ghorpade, M.G. Ha, W.H. Choi, J.Y. Park, Combined calcium
sulfoaluminate and ordinary portland cement/Fe(II) system for enhanced
dechlorination of trichloroethylene, Chem. Eng. J. 231 (2013) 326–333.
[20] P. Ghorpade, J.H. Kim, W.H. Choi, J.Y. Park, New and effective multi-element
alpha-hematite systems for reduction of trichloroethylene, Environ. Technol.
35 (2014) 27–35.
[21] A. Amir, W. Lee, Enhanced reductive dechlorination of tetrachloroethene
during reduction of cobalamin(III) by nano-mackinawite, J. Hazard. Mater.
235 (2012) 359–366.
[22] D. Kyung, A. Amir, K. Choi, W. Lee, Reductive transformation of
tetrachloroethene enhanced by sulﬁdecobalamin in nano-mackinawite
suspension, Ind. Eng. Chem. Res. 54 (2015) 1439–1446.
[23] E.C. Butler, K.F. Hayes, Effects of solution composition and pH on the reductive
dechlorination of hexachloroethane by iron sulﬁde, Environ. Sci. Technol. 32
(1998) 1276–1284.
[24] A.R. Lennie, S.A.T. Redfern, P.F. Schoﬁeld, D.J. Vaughan, Synthesis and Rietveld
crystal structure reﬁnement of mackinawite, tetragonal FeS, Mineral. Mag. 59
(1995) 677–683.
[25] B.M. Jung, B. Batchelor, Kinetics of transformation of 1,1,1-trichloroethane by
Fe(II) in cement slurries, J. Hazard. Mater. 163 (2009) 1315–1321.
[26] I. Hwang, B. Batchelor, Reductive dechlorination of tetrachloroethylene by
Fe(II) in cement slurries, Environ. Sci. Technol. 34 (2000) 5017–5022.

10

D. Kyung et al. / Journal of Hazardous Materials 311 (2016) 1–10

[27] A.V. Naumkin, A. Kraut-Vaas, S.W. Gaarenstroom, C.J. Powell, NIST X-ray
photoelectron spectroscopy database, NIST standard reference database 20
Ver. 4.1. In 2012 (2012).
[28] S.J. Wu, M.A. Uddin, S. Nagamine, E. Sasaoka, Role of water vapor in oxidative
decomposition of calcium sulﬁde, Fuel 83 (2004) 671–677.
[29] S. Ko, B. Batchelor, Identiﬁcation of active agents for tetrachloroethylene
degradation in Portland cement slurry containing ferrous iron, Environ. Sci.
Technol. 41 (2007) 5824–5832.
[30] P. Kowalski, K. Mitka, K. Ossowska, Z. Kolarska, Oxidation of sulﬁdes to
sulfoxides. Part 1: oxidation using halogen derivatives, Tetrahedron 61 (2005)
1933–1953.
[31] T.L. Johnson, M.M. Scherer, P.G. Tratnyek, Kinetics of halogenated organic
compound degradation by iron metal, Environ. Sci. Technol. 30 (1996)
2634–2640.
[32] T.E. Doll, F.H. Frimmel, Removal of selected persistent organic pollutants by
heterogeneous photocatalysis in water, Catal. Today 101 (2005) 195–202.
[33] P.M. Jeffers, L.M. Ward, L.M. Woytowitch, N.L. Wolfe, Homogeneous
hydrolysis rate constants for selected chlorinated methanes ethanes, ethenes,
and propanes, Environ. Sci. Technol. 23 (1989) 965–969.

[34] S. Rasheeduzzafar, S.E. Hussain, S.S. Alsaadoun, Effect of tricalcium aluminate
content of cement on chloride binding and corrosion of reinforcing steel in
concrete, Aci. Mater. J. 89 (1992) 3–12.
[35] F.D. Tamas, L. Csetenyi, J. Tritthart, Effect of adsorbents on the leachability of
cement bonded electroplating wastes, Cement Concrete Res. 22 (1992)
399–404.
[36] B. Batchelor, E. Carraway, Degradative solidifcation/stabilization technology
for chlorinated hydrocarbons, Environ. Prot. Agency U. S. A. (2000).
[37] S. Keuth, B. Bisping, Vitamin B12 production by Citrobacter freundii or
Klebsiella pneumoniae during tempeh fermentation and proof of enterotoxin
absence by PCR, Appl. Environ. Microbiol. 60 (1994) 1495–1499.
[38] M.A.R. Silva, L. Mater, M.M. Souza-Sierra, A.X.R. Correa, R. Sperb, C.M.
Radetski, Small hazardous waste generators in developing countries: use of
stabilization/solidiﬁcation process as an economic tool for metal wastewater
treatment and appropriate sludge disposal, J. Hazard. Mater. 147 (2007)
986–990.

