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ABSTRACT

Chlorinated solvents such as tetrachloroethylene (PCE) in aquifers should be remediated due
to their toxicity that limited the use of groundwater resources. Nanoscale zero-valent iron
(NZVI) and palladized/iron (Pd/Fe) bimetallic particles were synthesized and employed to
react with PCE in water to investigate its degradation behaviors. Batch tests were conducted
in a 1 L serum bottle under airtight and anaerobic conditions with parameters of Pd mass
contents, temperature, pH, and dispersant. The results showed that specific reaction rate con-
stants (kSA) of 5mgL�1 PCE degraded by metal particles at 30˚C in the absence of dispersant
enhanced with higher Pd mass contents on the Pd/Fe particles. Degradation rates of PCE
increased as the reaction temperature was raised from 20 to 40˚C. Carboxymethyl cellulose
(CMC), a dispersant, enhanced the kSA values of NZVI and 1:100 Pd/Fe particles by a factor
of about 33 and 4 at 30˚C, respectively. The tests of pH control with buffer solution indicated
that PCE degradation rates were promoted under acid and neutral conditions. Additionally,
no chlorinated by-products were observed during the experimental period in each test. This
study shows that effective dechlorination of PCE in water could be achieved by synthesized
Pd/Fe and NZVI particles coupled with CMC dispersant.
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1. Introduction

Hazardous organic compounds used in the indus-
try possibly leak into the environment and further
pollute the aquifers. Among many contaminated sites,
chlorinated solvents, such as tetrachloroethylene
(PCE) and trichloroethylene (TCE), were frequently
detected in aquifers that limited the use of groundwa-

ter resources. Those solvents have been identified as
the prior pollutants that should be remediated due to
their toxicity and bioaccumulation. Therefore, it is nec-
essary to develop an efficacious technology for the
remediation of groundwater contaminated by chlori-
nated solvents.

Several researchers employed zero-valent iron
(ZVI) for reductive dechlorination of chlorinated
contaminants such as TCE [1–5], PCE [2,3],
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chlorinated ethylenes [6], and chlorinated methanes
[7] in aquifer. Matheson and Tratnyek [7] reported in
the Fe0–H2O system, among the major reductants of
Fe0, Fe2+, and H2, Fe0 was dominant based on the
dechlorination tests of CC14. Reduction of chlorinated
compounds by Fe0 occurs according to Eq. (1), two
electrons transfer from Fe0 to chlorinated contaminant
[7].

Fe0 þ RClþHþ ! Fe2þ þ RHþ Cl� ð1Þ

Chlorinated compounds are reduced by Fe0

through two pathways: hydrogenolysis (a Cl�

replaced by an H+) and reductive b-elimination (two
Cl� released) [3,6]. One of the major defects limiting
the application of ZVI technology to chlorinated con-
taminants degradation is the formation and accumu-
lation of lightly chlorinated by-products, such as
vinyl chloride (VC), that may be more toxic than
their parent compounds [8,9]. Therefore, many stud-
ies focusing on the improvement of ZVI capacity to
degrade the chlorinated solvents have been devel-
oped [8–11]. Nanoscale ZVI (NZVI) particles with
smaller particle sizes and larger specific surface area
than commercial ZVI were synthesized to enhance
the reactivity of Fe particles [12–17]. Wang and
Zhang [17] prepared NZVI particles with a BET spe-
cific area of 33.5m2 g�1 to react with TCE and poly-
chlorinated biphenyls (PCBs). Their results indicated
that NZVI was more active than commercial ZVI.
Besides another way to meliorate the reactivity of Fe
particles is to synthesize the bimetallic complexes.

Bimetallic materials for the remediation of chlori-
nated contaminants have been newly developed. Stud-
ies were implemented with reduction of chlorinated
solvents such as chlorinated methanes [18,19], chlori-
nated ethylenes [9,20–23], and chlorinated aromatics
[9,24–26]. Muftikian et al. [19] carried out a series of
batch experiments of palladized/iron (Pd/Fe) bimetal-
lic particles reacted with some chlorinated methanes
and ethylenes. The results showed that PCE was rap-
idly and effectively degraded by Pd/Fe particles. Simi-
lar conclusions were also drawn in other studies [18].
Therefore, application of bimetallic technology for the
remediation of chlorinated contaminants is quite prom-
ising owing to their rapid and complete dechlorination
potentials. However, due to the van der waals force
and magnetic attraction, the nano metal particles bring
together rapidly to form larger aggregates in water and
lose their reactivity gradually. Recently, researchers uti-
lized the polysaccharides, such as starch or carboxy-
methyl cellulose (CMC), as stabilizers to inhibit the
aggregation of metal particles in solution. The results

of their studies indicated that the stabilized Fe and Pd/
Fe particles displayed greater reactivity than the non-
stabilized ones for the degradation of chlorinated con-
taminants [27–31]. To evaluate the feasibility of
dispersed technology integrated with commercial
metal particles, the suspensions in this study were pre-
pared by mixing CMC solution with already synthe-
sized NZVI and nano Pd/Fe particles. The technology
to prepare the metal suspensions in this study is differ-
ent from that proposed by He and Zhao [28–30].

In this study, NZVI and nano Pd/Fe particles were
synthesized and used to react with PCE in solution to
investigate its degradation behaviors and reduction
kinetics. The effects of several experimental parame-
ters such as Pd mass content, temperature, dispersant,
mass concentration of metal particles, and pH on PCE
degradation were also evaluated. The results may pro-
vide some valuable information for further studies to
develop an effective bimetallic permeable reactive bar-
rier system for the remediation of aquifer contami-
nated by chlorinated solvents.

2. Materials and methods

2.1. NZVI and Pd/Fe preparations

NZVI particles were prepared by mixing 1:1 vol-
ume ratio of 0.50M NaBH4 and 0.28M FeSO4�7H2O
under intensive agitation: Fe particles formed accord-
ing to Eq. (2) were filtered out [14]. The preparation
process must be prompt and continuous to keep the
NZVI particles fresh.

2Fe2þaq þ BH�
4ðaqÞ þ 3H2Oð1Þ

! 2Fe0ðsÞ þH2BO
�
3ðaqÞ þ 4Hþ

ðaqÞ þ 2H2ðgÞ ð2Þ

Three types of Pd/Fe particles with various Pd
loadings were synthesized by mixing the freshly pre-
pared NZVI solution with Pd(C2H3O2)2 in ethanol
solution to form 1:100, 1:250, and 1:500 mass ratio of
Pd/Fe, that is, 10, 4, and 2mg Pd/g Fe, respectively.
Pd2+ was converted to Pd0 and then deposited on the
surface of Fe particles through the Eq. (3). The Pd/Fe
particles were also filtered out [16].

Pd2þ
ðaqÞ þ Fe0ðsÞ ! Pd0

ðsÞ þ Fe2þðaqÞ ð3Þ

Suspensions of NZVI and nano Pd/Fe particles
were prepared by utilizing CMC as a dispersant to
compare their PCE degradation efficiency with the
nonstabilized ones. The Milli-Q deionized water used
for metal preparation and solution dilution was
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boiled to strip dissolved oxygen (DO). First, 1.5 g
CMC was added into 200mL boiled water and then
stirred the mixture until the CMC completely dis-
solved (about 20min). Then, 5 g freshly prepared
metal (Fe or Pd/Fe) particles was mixed with CMC
solution to form a suspension of 30% mass ratio of
CMC to metal. Afterward, the suspension was
vibrated with ultrasonics for 30min under airtight
condition. The metal particles and suspensions were
prepared just before each batch test to keep them
fresh and to maintain their reactivity.

2.2. Particle characterization

The metal particles prepared were dried in vac-
uum for 24 h via an Eyela FDU-1200 freeze dryer at
room temperature and then sealed in brown bottle
filled with nitrogen gas to avoid further oxidation of
particles for particle characterization. Particle sizes of
prepared NZVI and nano Pd/Fe were measured by a
Beckman Coulter N5 particle diameter analyzer, and
their BET specific surface area was determined by a
Beckman Coulter SA3100 surface area analyzer using
the nitrogen adsorption method at 77K. Surface mor-
phology and elements of the particles were examined
through a Hitachi S-3000N scanning electronic
microscopy (SEM) equipped with an energy disper-
sive spectrometer (EDS). SEM images were observed
at beam energies of 15 kV and magnification of
18,000 times.

2.3. Batch experiments

Batch tests were conducted to investigate the
capacity of laboratory-synthesized NZVI and Pd/Fe
particles on dechlorination of PCE in solution. The
water used for dilution was also boiled to strip away
DO. Next, 1,000mL of PCE solution was prepared in
the reactor by diluting the stock solution to 5mgL�1

and then NZVI (1, 2.5, and 5 gL�1) or various mass
ratio of Pd/Fe (1, 2.5, and 5 gL�1) powders were
added into solution with continuous stirring. Experi-
ments were performed in a 1-L serum bottle under
airtight and anaerobic conditions. The openings of
serum bottle were sealed with screw-topped caps and
parafilm during the test. Control tests (without addi-
tion of nanoparticles) were also carried out for com-
parisons. The suspensions of NZVI and nano Pd/Fe
particles were also prepared by using CMC as a dis-
persant to compare their degradation efficiency with
the nonstabilized ones. Samples were periodically col-
lected by a polypropylene syringes attached with a
stainless needle and then filtered through a 0.22-lm

filters for further analysis. The total reaction time was
set at 300min for each test. The reaction temperature
was maintained at 20 ± 1, 30 ± 1, or 40 ± 1˚C for each
preset batch test. PCE and its potential chlorinated by-
products formed from PCE dechlorination processes
including TCE, 1,1-dichloroethylene (1,1-DCE), cis-1,2-
dichloroethylene (cis-1,2-DCE), tran-1,2-dichloroethyl-
ene (tran-1,2-DCE), and VC were monitored at various
reaction time. Electric conductivity, pH, redox poten-
tial (ORP), and concentrations of Fe2+, total Fe, Cl�

were also monitored during the experimental period.
DO was also measured at the beginning and the end
of the test.

2.4. Analysis methods

PCE, TCE, 1,1-DCE, cis-1,2-DCE, tran-1,2-DCE,
and VC were detected via a HPLC (Hitachi L-7100)
equipped with a RP-18 column (Mightsil) and a UV-
vis detector (Hitachi L-7420). The UV wavelength
was set at 245 nm for the detection of PCE and TCE,
and 210nm for 1,1-DCE, cis-1,2-DCE, tran-1,2-DCE,
and VC. The mobile phase was 80% methanol and
20% water (v/v) for PCE and TCE, and 70% metha-
nol and 30% water (v/v) for other compounds to
separate them under various retention times. The
flow rate was set at 1mLmin�1 for PCE and TCE,
and 0.7mLmin�1 for other compounds. The detection
limits of PCE, TCE, 1,1-DCE, cis-1,2-DCE, tran-1,2-
DCE, and VC were 0.005, 0.020, 0.004, 0.028, 0.005,
and 0.021mgL�1, respectively. Cl� was also detected
by a Dionex-120 ion chromatography equipped with
a Dionex AS-12A column. The flow rate of the
mobile phase containing 2.7mM Na2CO3 and 0.3mM
NaHCO3 was maintained at 1.5mLmin�1. Concentra-
tions of Fe2+ and total Fe were measured by a
HACH DR-2400 spectrophotometer.

3. Results and discussion

3.1. Characteristics of synthesized NZVI and nano Pd/Fe
particles

The average diameters of laboratory-synthesized
NZVI and nano Pd/Fe particles measured by a parti-
cle diameter counter were between 102 and 111nm
that were larger than those ranged from 2.4 to 100 nm
in the literature estimated by the images of SEM and
transmission electron microscope [16,24,27–30]. How-
ever, in this study, the particle sizes measured by a
particle diameter counter were much closer to the real
sizes of metal particles present in the solution of batch
reactor. Table 1 displayed that the BET-specific surface
area increased with higher Pd mass loadings and
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ranged between 38 and 56m2 g�1 that were close to
the reported values (35–55m2g�1) [16,28]. From the
SEM images, the surface of NZVI and Pd/Fe particles
was chain-linked and rough (Fig. 1). Pd was identified
on the bimetallic particles, and Fe was the primary
element from the analysis of SEM-EDS.

3.2. Kinetics of PCE degradation

Assuming that the data in Fig. 2 follows the
pseudo-first-order reaction kinetics, the observed
pseudo-first-order reaction coefficient (kobs) can be
obtained by fitting the test data to Eq. (4)
[15,27,28,30,32].

�dC

dt
¼ kobsC ¼ kSAasqmC ð4Þ

where C is the PCE concentration in water (mgL�1) at
time t (h), kobs is the observed pseudo-first-order reac-
tion coefficient, kSA is the specific reaction rate con-
stant (L h�1m�2), as is the BET-specific surface area of
metal particles (m2 g�1), and qm is the mass concentra-
tion of the metal particles in the reactor (g L�1).

As shown in Table 1, the kobs values at 30˚C for
the tests of 5mgL�1 PCE with 5 gL�1 NZVI and
5 gL�1 nano Pd/Fe particles ranged 0.1–2.9 and 1.6–
10.5 h�1, respectively. The kobs values at 30˚C of the
tests for 5mgL�1 PCE with 1 gL�1 dispersed NZVI
and 1 gL�1 dispersed 1:100 Pd/Fe particles were 0.6

and 2.0 h�1, respectively. Obviously, the Pd/Fe parti-
cles were more active than NZVI for the degradation

Table 1
Summary for the tests of 5mgL�1 PCE degraded by NZVI and Pd/Fe particles

Particles (mass
concentration)

Reaction
temp. (˚C)

CMC
dispersant
(%)

Specific surface
area (m2 g�1)

PCE removal
ratio (%)

kobs
(h�1)

kSA (L h�1 m�2) r2

1:100 Pd/Fe (5 g L�1) 30 ± 1 � 56 >99.9a 2.6 9.3� 10�3 0.94

1:250 Pd/Fe (5 g L�1) 30 ± 1 � 52 >99.9 1.6 6.2� 10�3 0.95

1:500 Pd/Fe (5 g L�1) 30 ± 1 � 46 >99.9 1.6 6.9� 10�3 0.97

1:100 Pd/Fe (2.5 gL�1) 30 ± 1 � 56 >99.9 1.5 10.7� 10�3 0.94

1:100 Pd/Fe (1 g L�1) 30 ± 1 � 56 93.9 0.6 10.7� 10�3 0.86

1:100 Pd/Fe (5 g L�1) 40 ± 1 � 56 >99.9 4.4 15.7� 10�3 0.96

1:100 Pd/Fe (5 g L�1) 20 ± 1 � 56 >99.9 1.9 6.8� 10�3 0.99

1:100 Pd/Fe (5 g L�1) 30 ± 1 30 56 >99.9 10.5 37.5� 10�3 0.90

1:100 Pd/Fe (1 g L�1) 30 ± 1 30 56 >99.9 2.0 35.7� 10�3 0.95

NZVI (5 g L�1) 30 ± 1 � 38 65.5 0.1 0.5� 10�3 0.69

NZVI (5 g L�1) 30 ± 1 30 38 >99.9 2.9 15.3� 10�3 0.95

NZVI (2.5 g L�1) 30 ± 1 30 38 >99.9 1.7 17.9� 10�3 0.95

NZVI (1 g L�1) 30 ± 1 30 38 94.3 0.6 15.8� 10�3 0.83

aThe method detection limit and initial concentration of PCE were 0.005 and 5mgL�1, respectively. Therefore, the PCE removal ratio

should be greater than 99.9% for the experiments that PCE was not detected at the end of test.

Fig. 1. Surface morphology of (a) NZVI; (b) 1:100 nano
Pd/Fe particles (15 kV, 18000X).
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of PCE. Almost all kobs values were well fitted to the
pseudo-first-order model (r2 = 0.83–0.99) except for the
test of 5 gL�1 NZVI without a dispersant (r2 = 0.69).
Fig. 2 shows that the tests using nano Pd/Fe particles
yielded quicker and more complete PCE degradation
than using NZVI. In the absence of dispersant (Fig. 2
(a)), PCE was completely removed after 180-min reac-
tion in the tests with various Pd mass contents of
5 gL�1 Pd/Fe, but only 65.5% PCE removal for NZVI
test after 300-min reaction time. While in the presence
of dispersant (Fig. 2(b)), PCE was completely removed
by 1:100 Pd/Fe and NZVI, but the degradation rate of
the former was higher than that of the latter. The kobs
value of PCE degradation with 5 gL�1 dispersed 1:100
Pd-Fe bimetallic nanoparticles (10.5 h�1) was signifi-
cantly higher than that with 5 gL�1 nondispersed one
(2.6 h�1) at 30˚C. The results are similar to those using
CMC as stabilizer to degrade para-nitrochlorobenzene
(PNCB) [27] and to degrade TCE [30] with Pd-Fe
bimetallic nanoparticles reported in the literatures. As
shown in Table 1, the kobs value of 10.5 h�1 was
observed the highest for the test of 5 gL�1 1:100 Pd/
Fe with CMC dispersant resulting in a complete PCE
degradation within 30min.

3.3. Effect of Pd mass contents

For the purpose to further compare the dechlorina-
tion capacity of various metal particles to PCE, the
kobs values can be normalized to the specific surface
area (as) and the mass concentration (qm) of metal par-
ticles according to Eq. (5), where they then become no
longer as and qm specific.

kSA ¼ kobs
asqm

ð5Þ

As shown in Table 1, PCE degradation capacity per
unit surface area, kSA, of 1:100 Pd/Fe (10mg Pd/g Fe)
was slightly greater than those of 1:250 (4mg Pd/g Fe)
and 1:500 Pd/Fe (2mg Pd/g Fe) but much higher than
that of NZVI at reaction temperature of 30˚C without
addition of CMC. As shown in Fig. 2, the variations of
residual PCE of 1:250 Pd/Fe mass contents were simi-
lar to those of 1:500 ones. Therefore, their kSA values
were close to each other. In the absence of dispersant,
the kSA values of 5 gL�1 1:100 and 1:250 Pd/Fe parti-
cles were 18.6 and 12.4 times higher than this of
5 gL�1 NZVI. He and Zhao indicated that as Pd/Fe
loadings were higher than 1:1,000, respectively. kSA
values on TCE degradation remained nearly
unchanged [29]. Similar results were also observed
that the increase in kobs values became much less con-
siderable as the Pd loading was raised more than 1mg
Pd/g Fe for microsacle Pd/Fe [33] and stabilized
nanoscale Pd/Fe particles [27]. For the case of addition
of dispersant, the kSA values of 5 g and 1 g 1:100 Pd/Fe
nanoparticles were nearly the same that were about 3.9
and 73 times higher than those of nondispersed and
NZVI ones, respectively. In other words, the Pd-modi-
fied technology actually enhanced the degradation
capacity of Fe particles to PCE in solution. He and
Zhao [29] reported that the kobs values of TCE degra-
dation increased with higher Pd loadings (0, 1:2000,
and 1:1,000 Pd/Fe) with 0.2wt.% CMC dispersant.
Dong et al. [27] also presented that the kobs values of
PNCB degradation also increased with higher Pd load-
ings with 0.8wt.% CMC dispersant.

3.4. Effect of temperature

The experiments of PCE dechlorination with 1:100
Pd/Fe particles were conducted at temperatures of 20,
30, and 40˚C. As shown in Fig. 3, 5mgL�1 PCE was
effectively degraded by 5 gL�1 1:100 Pd/Fe particles.
Complete removal of PCE was faster at 40˚C (within
60min) than at 30˚C (within 120min) and 20˚C (within
150min). As shown in Table 1, the higher the reaction
temperature, the larger the kSA values were, that is,

Fig. 2. Variations of PCE concentrations (C0 = 5mgL�1)
with 5 gL�1 (a) nondispersed; (b) CMC-dispersed NZVI or
Pd/Fe at 30˚C.
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the faster the PCE was degraded by 1:100 Pd/Fe par-
ticles. Therefore, the remediation of PCE with Pd/Fe
particles may be restrained in the cold area. Similarly,
the kobs values on degradation of 2,4-dichlorophenol
[24] and PNCB [27] with respective nondispersed and
dispersed Pd/Fe nanoparticles also increased with
higher temperatures.

3.5. Effect of dispersant

As reported in literatures, the metal nanoparticles
bring together rapidly to form larger aggregates in
water [27,28]. Therefore, CMC was employed as a
dispersant to prepare the suspensions of NZVI and
nano Pd/Fe to prevent the metal particles from
agglomeration and precipitation and to preserve their
high specific surface area. NZVI and Pd/Fe particles
were observed to maintain suspended over 24 h of
the dispersed metal tests, but they quickly precipi-
tated within a few min of the nondispersed ones
after the experiments had finished and stopped stir-
ring. As shown in Table 1 and Fig. 2, 30% of CMC-
to-metal mass ratio effectively dispersed the NZVI
and 1:100 Pd/Fe particles in water and enhanced
their kSA values of 5mgL�1 PCE degradation tests by
a factor of about 33 and 4 or the kobs values around
29 and 4 times, respectively (i.e. CMC was increased
from 0 to 30% mass ratio with a fixed NZVI and
Pd/Fe concentration of 5 gL�1). He and Zhao [29]
obtained the similar results and the kobs values of
20mgL�1 TCE degradation increased from 0.86 to
6.8 h�1, around 7.9 times, as the CMC-to-Fe molar
ratio increased from 0 to 0.0124. Degradation of
PNCB [27] and chlorinated hydrocarbon (TCE and

PCBs) [28] were also ameliorated by the CMC dis-
persed Pd/Fe particles. Besides, the method for sus-
pensions prepared in this study was different from
those proposed in the literatures by mixing the CMC
solution with already prepared NZVI and nano Pd/
Fe particles [27–30]. The results showed that the
CMC-dispersed technology could be integrated with
commercial metal particles that were already synthe-
sized in advance.

3.6. Effect of mass concentration of metal particles

Experiments were also performed by employing
various mass concentrations (5, 2.5, and 1 gL�1) of
1:100 Pd/Fe nanoparticles without a dispersant at 30˚C
(Fig. 4(a)). For 1 gL�1 particles, 94% of PCE was
removed at the end of test with kobs value of 0.6 h�1.
The kobs values increased to 1.5 and 2.6 h�1 as the mass
concentrations were raised to 2.5 and 5 gL�1, and PCE
was completely removed within 150 and 120min,
respectively. Dong et al. [27] also presented that the
kobs values of PNCB degradation also raised with
higher CMC-dispersed Pd/Fe mass concentration [27].

The respective kSA values of 5 g 1:100 Pd/Fe nano-
particles at 30˚C were very close to each other that
ranged between 9.3� 10�3 and 10.7� 10�3 L h�1m�2.
The results of various mass concentrations of dis-
persed 1:100 Pd/Fe shown in Table 1 and dispersed
NZVI tests shown in Fig. 4b were similar to those of
nondispersed 1:100 Pd/Fe particles. The kSA values
(10.2 ± 0.81� 10�3 L h�1m�2) at 30˚C obtained in this
study were close to the reported values (12.2
± 0.36� 10�3 L h�1m�2) at 22˚C [16].

3.7. Effect of pH

He and Zhao [29] presented that pH affected the
reaction rates of Fe corrosion and TCE degradation
with stabilized Pd/Fe nanoparticles in water. To mas-
ter the influence of pH on the degradation efficiency
of PCE by Pd/Fe particles, three experiments were
performed with 5 gL�1 1:100 Pd/Fe particles without
CMC at 30˚C. Those tests were conducted at pH 4
and 7 with buffer solution of Na2HPO4 and
C8H6O7�H2O as well as at pH 9 with NaHCO3 and
Na2CO3�9H2O. The results indicated that 5mgL�1

PCE was completely removed within 3 min (the first
sampling time) at pH 4 and 7, but only 11% PCE
degraded at the end of test (300min) at pH 9. This
may be due to the sufficient H+ in solution which
promoted the degradation rate of PCE by Pd/Fe
under the acid and neutral condition. This result is

Fig. 3. Variations of PVariations of PCE concentrations
with reactor temperatures, 5mgL�1 PCE with 5 gL�1

nondispersive 1:100 Pd/Fe.
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consistent with the previous reports that the trend of
dechlorination rate of TCE or PNCB by CMC-stabi-
lized nanoparticles [27,29] and 2,4-dichlorophenol by
Pd/Fe nanoparticles [24] decreased with increasing
pH. Further study will be conducted with higher
temperature, lower Pd/Fe mass concentration, and
smaller pH range buffer to investigate the effect of pH
between 7 and 9 on PCE dechlorination.

3.8. Variations of Cl�, Fe2+, redox, and pH

As shown in Fig. 5(a) and (b), Cl� and Fe2+ contin-
uously released and accumulated in solution as PCE
was dechlorinated by various loadings of Pd/Fe. Fe2+

concentrations were not greater than 4mgL�1 during
the tests without CMC as shown in Fig. 5(b), but over

14mgL�1 with CMC. Obviously, CMC enhanced the
reactivity of Pd/Fe particles resulting in more Fe2+

released from Fe corrosion. In the experiments of PCE
degradation using NZVI also released more Fe2+

when CMC was employed (not shown).
Fig. 5(c) shows that the ORP in solutions des-

cended to reductive condition immediately at the
beginning of experiments and kept in the range
between around �700 and �850mV to the end of
tests. In the absence of CMC, the ORP of nondi-
spersed 1:100 Pd/Fe particles test at 30˚C was not
lower than �800mV during the test. But it was
observed to reach about �860mV for the test of dis-
persed 1:100 Pd/Fe at 30˚C. This might be attributed
to the effect of CMC dispersant that improved the
reduction capacity of Pd/Fe particles to PCE [12].
Because H+ was continuously consumed, while PCE
was degraded by NZVI and Pd/Fe according to
Eq. (1), pH quickly increased from about 5–6 to 8–9 at
the beginning of tests and then maintained at about
8–9 to the end of tests as shown in Fig. 5(d). Similar
results were observed in previous studies for TCE,
2,4-dichlorophenol, and PNCB degraded by NZVI
[34], Pd/Fe [24], and CMC-stabilized Pd/Fe [27] nano-
particles, respectively. The variations of ORP and pH
for the other tests listed in Table 1 were similar to
those shown in Fig. 5(c) and (d).

3.9. Mass balance of dechlorination products

The preceding studies showed that PCE could be
completely dechlorinated by Pd/Fe particles to form
ethane as a final product [16,21]. In this study, the
concentrations of residual PCE and its potential chlori-
nated by-products derived from PCE dechlorination
such as TCE, 1,1-DCE, cis-1,2-DCE, tran-1,2-DCE, and
VC in solutions were monitored at various reaction
times to identify the degradation levels of PCE. Poten-
tial chlorinated by-products were not detected in each
test. This is similar to the earlier findings of Lien and
Zhang [16] that only trace amount of TCE (around
10 lgL�1) was detected. The slight variations may be
due to the experimental conditions in both studies. As
the results revealed, Pd/Fe particles showed a fast
and complete dechlorination capacity to 5mgL�1 PCE
in solution.

Fig. 6(a)–(d) presented the variations of PCE and
Cl� concentration along the tests with 5 g L�1 Pd/Fe
of various mass ratios and NZVI at 30˚C. In the con-
trol tests of NZVI and Pd/Fe without addition of
PCE, Cl� was detected around 0.78mgL�1 on aver-
age. The measured Cl� concentrations were deducted
by 0.78mgL�1 first for the following mass balance

Fig. 4. Variations of PCE concentrations (C0 = 5 mg L�1)
with mass concentrations of (a) nondispersed 1:100 Pd/Fe;
(b) CMC-dispersed NZVI at 30˚C.
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calculation. Hence, the concentration curve of the
sum of PCE and Cl� started from the initial PCE con-
centration and tended to reach the theoretical Cl�

concentration at the end of tests. The theoretical Cl�

concentration calculated from the measured initial
PCE concentration of each test is the prospective
amount of Cl� released into solution, when the par-
ent PCE is completely dechlorinated. The NZVI and
nano Pd/Fe particles used in this study were synthe-
sized by sulfate method instead of chloride method.
Therefore, theoretically, no Cl� would be released
from the particles matrix through the tests that
should not interfere with the mass balance calcula-
tion. The variations between the theoretical and mea-
sured Cl� concentration at the end of tests indicated
that PCE was almost completely degraded by Pd/Fe
particles. The results obtained in this study were con-
sistent with the previous findings on the TCE
degraded by Pd/Fe particles [28,30]. The mass bal-
ances for the other tests listed in Table 1 were similar
to those shown in Fig. 6.

4. Conclusion

PCE in solution is effectively dechlorinated by
dispersed NZVI and nondispersed or dispersed nano
Pd/Fe bimetallic particles. Pd/Fe nanoparticles
showed higher degradation capacity per unit surface
area (kSA) than NZVI, and yielded a quicker and more
complete PCE degradation. The Pd-modified technol-
ogy really promoted the reactivity of Fe particles to
PCE degradation. The observed reaction rates (kobs) of
PCE dechlorination were obviously influenced by the
system temperatures. The results indicated that the
higher the reaction temperature, the faster the PCE
degraded by metal particles. CMC successfully
dispersed NZVI and nano Pd/Fe particles in water and
enhanced their reactivity of unit surface area. PCE
degradation rates were raised under acid and neutral
conditions. The dispersed Pd/Fe bimetallic technology
for the removal of PCE contaminants are quite promis-
ing and may provide some valuable information to
develop an efficacious system for the remediation of

Fig. 5. Variations of (a) Cl- concentrations; (b) Fe2+ concentrations; (c) ORP; (d) pH along the tests of 5 mg L�1 PCE with
5g L�1 Pd/Fe at 30˚C.
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aquifer contaminated by chlorinated solvents. How-
ever, the possibilities or the levels of Fe or Pd/Fe lea-
ched out to the solution during the dechlorination
process will be worthwhile for further study.
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