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This paper examined the potential of using Pd/Fe bimetallic nanoparticles to dechlorinate chlorinated
methanes including dichloromethane (DCM), chloroform (CF) and carbon tetrachloride (CT). Pd/Fe
bimetallic nanoparticles were prepared by chemical precipitation method in liquid phase and character-
ized in terms of specific surface area (BET), size (TEM), morphology (SEM), and structural feature (XRD).
With diameters on the order of 30-50 nm, the Pd/Fe bimetallic nanoparticles presented obvious activity,
and were suited to efficient catalytic dechlorination of chlorinated methanes. The effects of some impor-
tant reaction parameters, such as Pd loading (weight ratio of Pd to Fe), Pd/Fe addition (Pd/Fe bimetallic
nanoparticles to solution ratio) and initial pH value, on dechlorination efficiency were sequentially stud-
ied. It was found that the maximum dechlorination efficiency was obtained for 0.2 wt% Pd loading. The
dechlorination efficiency was observed to increase with increasing Pd/Fe addition. The optimal pH value
for dechlorination reaction of chlorinated methanes was about 7. Kinetics of chlorinated methane dechlori-
nation in the catalytic reductive system of Pd/Fe bimetallic particles were investigated. The dechlorination
reaction complied with pseudo-first-order kinetics.
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system as a catalyst. Briefly, the effectiveness of Pd/Fe bimetallic
particles was most likely ascribed to the ability of Pd to facilitate

1. Introduction

Chlorinated organic compounds (COCs) are widespread envi-
ronmental contaminants found both in groundwater and soil, many
of which are toxic, persistent and poorly biodegradable to biota.
They can accumulate gradually in the environment and turn to be
a threat to human and ecosystem long-standingly [1,2]. The reme-
diation of groundwater and soil contaminated by COCs has spurred
an extensive concern and is becoming a significant priority. Gill-
ham and co-worker recognized that zero-valent iron could act as
a reductant to dechlorinate COCs for the first time in 1994, and
proposed that in situ permeable reaction wall might be applica-
ble for resolving a wide range of COC contamination problems [3].
The zero-valent iron technology immensely interests a great deal of
researchers because of the abundance, low cost and non-toxicity of
iron, and is at a critical stage of its developmental process up to the
present [4]. Muftikian et al. deposited a second metal such as Ni,
Cu, Pt or Pd as a catalyst onto the surface of iron to enhance dechlo-
rination efficiency and speed up dechlorination reaction rate [5-9].
As one of the transition metals, noble metal Pd has void orbit, and
can form transitional complex compound with chlorine of COCs.
On the surface of Pd/Fe particles there forms a high concentra-
tion of reactive phase. Pd plays an essential role in the reaction
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hydrogen adsorption. Catalytic reductive dechlorination of COCs by
Pd/Fe bimetallic particles follows these steps: (I) the corrosion of
iron leads to the emergence of H,; (II) Pd and H, are combined
to form a transitional compound Pd-H, with H, embedded in Pd
crystal lattice; (III) Pd-H, dechlorinates COCs. The reaction could
be depicted by Eqs. (1)-(6) and Fig. 1:

(I)Fe + 2H' — Fe2* + H,(in acidic solution) (1)
Fe + 2H,0 — Fe?* 4+ H, +20H(in alkaline solution) (2)
Fe + RCl + H* — RH + Fe?* +CI- (3)
(IDPd + H, — Pd-H, (4)
Pd + RCl — Pd.-.Cl.- R (5)
(IPd-H, + Pd- - -Cl-- R — RH + H* +Cl- +2Pd (6)

In the presence of transitional compound, the dechlorination
activation energy is decreased [10-14]. The diameter of Pd/Fe
bimetallic nanoparticles is typically less than 100 nm. The surface
area of Pd/Fe bimetallic nanoparticles (averagely about 33.5 m2/g)
is notably larger than that of microscale iron powder (usually
less than 0.9m2/g) [15]. Due to the large surface area and the
catalytic function of Pd, Pd/Fe bimetallic nanoparticles possess a
high reactivity and effective dechlorination capability. In addition,
the nanoscale bimetallic system used for treatment of COCs has
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Fig. 1. Scheme of COC catalytic dechlorination by Pd/Fe bimetallic particles: (a) in
acidic solution; (b) in basic solution.

unique advantages. Nanoparticles remain suspended in aqueous
when being agitated gently. Gravity has little effect on transport
and deposition of nanoparticles in porous media, and Brownian
motion is the dominative motion of nanoparticles. Accordingly, the
superiorities of using bimetallic nanoparticles for environmental
remediation include: (1) the nanoparticles may be delivered to
deep contamination zones by injection, and (2) bimetallic nanopar-
ticles are more effective at degrading some contaminants [12,14].
Chlorinated methanes are typical and ubiquitous COCs. They
are associated with a broad range of industrial or water treatment
processes, and exceptionally environmental recalcitrant. Carbon
tetrachloride (CT) and chloroform (CF) are applied as solvent in
many fields, such as degreasing, cleaning and extracting. Substan-
tial amounts of chlorinated methanes would give rise to ozone
depletion when being released into the environment intentionally
or inadvertently. The detrimental effects of chlorinated methanes
to the environment cannot be overlooked. Therefore, the detoxifica-
tion of chlorinated methanes becomes a challenging environmental
problem. Generally the early researches focused on the dechlori-
nation of many kinds of COCs, such as chlorinated aromatic and
olefin hydrocarbons [16-20]. However, the interests have already
been aroused to detoxify chlorinated methanes. Song and Carraway
dechlorinated CT, CF and dichloromethane (DCM) by using nano-
sized iron [21]. Lien et al. explored the effects of heavy metals (e.g.
Cu, Pb and As) on the dechlorination of CT by iron nanoparticles
[22]. Feng and Lim addressed the area of dechlorinating several
chlorinated and brominated methanes by nanoscale Pd/Fe bimetal-
lic particles, and suggested that much work should be done to

establish robust and versatile liner free energy relationships for
reductive dehalogenation of various halogenated aliphatics [23].
This study aimed at assessing the effectiveness of Pd/Fe bimetal-
lic nanoparticles in dechlorinating chlorinated methanes, and the
effects of several main parameters, such as Pd loading, Pd/Fe addi-
tion, and initial pH value of solution, on dechlorination efficiency.
The data from this paper are expected to provide helpful infor-
mation for the designing of the effective Pd/Fe bimetallic system
to treat chlorinated methane contaminated site in a very practical
point of view. The dechlorination intermediates and final products
were monitored. Furthermore, reaction kinetics and mechanisms
of chlorinated methane dechlorination were discussed.

2. Experimental
2.1. Chemicals

The chemicals used were potassium borohydride (KBHg4, 99%),
ferric chloride (FeCl3-6H,0, analytic reagent), palladium acetate
([Pd(CyH3042),13, 47.4 wt% Pd), potassium hydrate (KOH, analytic
reagent), methanol (analytic reagent), ethanol (analytic reagent),
acetone (analytic reagent), CCly (99.8%), CHCl3 (99.8%), CH,Cl,
(99.5%), CHy4 (99.9999%, v/v).

All the chemicals are pure and were used without purification.

2.2. Pd/Fe bimetallic nanoparticles preparation procedure

Nanoscale iron was prepared by adding 30 g of KBH4 solution
dropwise to 1.0 M FeCl3-H5O0 solution with vigorous magnetic stir-
ring for complete admixture in an anaerobic glove chamber in an
effort to keep O, away, otherwise the particles would be oxidized
rapidly on the surface. The solution was stirred for additional 5 min
after KBH4 was added to FeCls solution. Zero-valent iron could be
synthesized according to the following equation:

4Fe3+ £ 3BH;~ +9H,0 — 4Fe| +3H,BO03~ +12H' +6Hyt  (7)

The iron metal particles were rinsed three times with deion-
ized water and then harvested by vacuum-filtering through a piece
of membrane with a pore size of 0.22 wm. No chloride ions were
detected in filtrate. Freshly made nanoscale Fe was charged into
ethanol solution of palladium acetate. This caused the reduction
and deposition of Pd on nanoscale Fe surface. The reaction can be
represented as:

Pd?* 4+ Fe® — PdO + Fe?* (8)

The Pd/Fe bimetallic nanoparticles were rinsed seriatim with
ethanol and acetone till no chloride ions were detected in filtrate,
then vacuum-filtered through a piece of polyvinylidene fluoride
membrane. The wet freshly prepared Pd/Fe bimetallic nanoparti-
cles were dried in a vacuum oven for 6h at 100°C. Next, Pd/Fe
bimetallic nanoparticles were restored in vials.

2.3. Characterization of Pd/Fe bimetallic nanoparticles

The BET (Brunauer-Emmett-Teller) surface area of Pd/Fe
bimetallic nanoparticles was determined using Autosorb-1 surface
analyzer (Quantachrome Instruments, USA) by employing nitrogen
adsorption method. The morphology of Pd/Fe bimetallic nanopar-
ticles was viewed with MX2600FE SEM (Camscan Ltd., the UK).
Localized Pd/Fe bimetallic information from the chosen region was
obtained with INCA EDS (Oxford Instruments, the UK) in con-
junction with SEM. The Pd/Fe bimetallic particles size and size
distribution were observed with a JEM-1200EX TEM (JEOL Ltd.,
Japan), and the crystal structure of Pd/Fe bimetallic nanoparticles
was examined with a D/Max-rB XRD (Rigaku Corporation, Japan).
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2.4. Dechlorination of chlorinated methanes

The stock solution of chlorinated methane was achieved by
using methanol as solvent. A chlorinated methane solution of a
desired concentration was prepared by spiking a known volume
of the stock solution into an aqueous solution. Each batch reac-
tion took place in a serum bottles fitted with a teflon-lined butyl
rubber septa crimpstyle cap. In most cases, the bottles containing
Pd/Fe bimetallic nanoparticles were filled with solutions contain-
ing chlorinated methane, and then sealed immediately with septa.
These bottles were placed on a rotary shaker (170 rpm, 22 +1°C).
For the measurement of chloride ion, liquid samples were taken
off from the supernatant using a gastight syringe in the respec-
tive reaction vial at the desired sampling times, and then filtered
through a piece of membrane filter with a pore size of 0.45 wm.
For the measurement of chlorinated methanes and dechlorina-
tion intermediates, batch experiments were conducted in 150 mL
serum bottles. Each sample bottle was prepared for the chlorinated
methane concentration analysis only at each correspondent reac-
tion time. To identify the methane presumably generated during
the reaction, batch experiments of dechlorination were repeated
with serum bottle and headspace was left in each bottle.

2.5. Analytical method

Chloride ion was analyzed by using 4500i IC (Dionex Cor-
poration, USA). Column size: 4mm x 250 mm; eluent: 1.7 mM
NaHCO3; +1.8 mM Na,CO3 (with chemical suppression); sample
size: 20 wL; flow rate: 1.0 mL/min; detector: suppressed conduc-
tivity detector. Prior to injection, sample solutions were filtered
through a 0.45 pm membrane filter. Dechlorination efficiency was
calculated as the ratio of free chloride measured to free chloride
ion concentration theoretically produced by the complete dechlo-
rination of chlorinated methane (i.e., dechlorination efficiency =
(Cer- /4Ccr) x 100%).

Chlorinated methane (CT, CF, and DCM) concentrations were
measured by the static headspace gas chromatograph (GC) method.
At selected time intervals, a 60 wL headspace aliquot was with-
drawn with a gastight syringe from the batch bottle for GC
analysis by using HP4890 GC (Agilent Company, USA). The detec-
tor is an electron capture detector (ECD). Capillary column is
30m x 0.32 mm (Agilent). Temperature conditions were set herein
as follows: the oven temperature at 65 °C; the injection port tem-
perature at 200°C; the detector temperature at 300 °C; carrier gas
for GC was ultra-pure nitrogen at a flow rate of 5 mL/min. The reten-
tion time of CT, CF and DCM was 3.9, 3.2 and 2.5 min, respectively.
The detection limits for the chlorinated methanes were between 2
and 5 pL/L.

As for methane measurement, vials with aqueous samples from
batch bottles were equilibrated at 25 °C for 6 h. Headspace samples
(100 L) were withdrawn with a gastight syringe and measured
by using HP4890 GC equipped with a flame ionization detector
(FID) and an AT-Q column. The constant temperatures of the oven,
injection, and detector were set at 85, 200, and 300°C, respec-
tively.

3. Results and discussion
3.1. Characterization of Pd/Fe bimetallic particles

3.1.1. Specific surface area, size, and morphology of Pd/Fe
bimetallic nanoparticles

Surface area is taken into account by evaluating the reactivity of
nanoparticles and calculating the normalized dechlorination reac-
tion rate constant. More reactive sites are provided when available

# 4

Fig. 2. SEM image of Pd/Fe bimetallic nanoparticles.

surface area is increased, thus the effectiveness of the bimetal-
lic system is enhanced. Furthermore, the specific surface area is
an important factor of reaction rate and has significant impact
on the kinetics of the system. In order to have an in-depth treat-
ment of the pseudo-first-order model, Tratnyek et al. introduced
this parameter for the first time in their study. Reaction rate con-
stant can be normalized using the specific surface area [28]. Pristine
Pd/Fe bimetallic nanoparticles of this work were found to have
a BET specific surface area of 51.4m?/g. This resulting value is
appreciably higher than those reported ones, and it appears that
the synthesis methodology and conditions of nanoparticles might
cause the large deviation of their surface areas. In comparison,
nanoscale zero-valent iron has a typical BET surface area of about
31.4-36.5 m2/g accordingly based on the literature [14,24-27]. Liu
et al. stated total surface area of Pd/Fe particles was larger than
Fe particles and increased with the bulk loading of Pd [7]. The
information revealed herein coincides with the abovementioned
assertion.

The SEM image of Pd/Fe bimetallic nanoparticles is shown in
Fig. 2. It could be observed that nanoparticles were roughly spher-
ical and aggregated each other; their diameter ranged from 30 to
50 nm. The morphology of dendritic and chainlike Pd/Fe nanoparti-
cles supports the observation of morphology of iron nanoparticles
shown in previous studies [22]. As the dechlorination reaction was
considered to take place in the surface of the Pd/Fe bimetallic
particles, the coarse and rough morphology of Pd/Fe bimetallic
nanoparticle could provide more reactive sites than the smooth
morphology, and thereby, was in favor of the dechlorination reac-
tion [6].

The well dispersion degree of Pd on the surface of Pd/Fe bimetal-
lic nanoparticles can advantageously affect the dechlorination
reaction. Pd is capable to promote dechlorination reaction in two
ways: (1) adsorbing hydrogen and accelerating the dissociation of
chlorinated hydrocarbons, (2) preventing iron from being oxidized,
especially since Fe particles are known to be active. During the
process of dechlorination, H, adsorbed by Pd is dissociated into
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Fig. 3. EDS patterns of Pd/Fe bimetallic nanoparticles.

atomic H, which is one of the strongest reductants, and thereafter
chlorine of COCs is replaced by the atomic H [7]. If Pd was poorly
dispersed on iron nanoparticles, such as some Pd were overlapped,
then not all Pd nanoparticles could be made full use of as cata-
lyst, and therefore the above two roles of Pd cannot be carried out
effectively.

Fig. 3 is the localized elemental information of Pd/Fe bimetallic
nanoparticles. The EDS analysis profile reveals that Pd distributed
and attached to the iron surface evenly and noncontinuously. Met-
rical Pd loadings of four randomly chosen regions were in the range
of 0.19-0.24 wt%. The realistic Pd loadings are close to theoretic Pd
loading 0.2 wt%.

In the previous report, Pd was concentrated and mainly coated
on the surface of nanoscale iron particles, and the surface content
of Pd was higher than the theoretical Pd content [23]. In compar-
ison, a presumption can be deduced from the SEM-EDS spectrum
presented in this study that Pd was dispersed rather than forming
clusters on the iron particles. A possible explanation for this phe-
nomenon could be partly associated with the efficient mixing of
nanoscale iron particles in the ethanol solution of palladium acetate
during the preparation of Pd/Fe bimetallic particles to some extent.

The TEM image of Pd/Fe bimetallic nanoparticles exhibits an
average particle diameter of approximately 30-50 nm (Fig. 4). The
forming of chains is likely due to magnetic interactions between
the metallic particles and the natural tendency to remain in
the more thermodynamically stable state [29]. The nanosized
particles, with diameter in the range of 1-100nm, resulted in
high levels of stepped surfaces that increased their reactivity
[30,31].

3.1.2. Structural feature of Pd/Fe bimetallic nanoparticles

The three characteristic peaks of iron metal that appeared
at 44.66°, 65.16°, and 82.36° in XRD pattern of Pd/Fe bimetallic
nanoparticles were Fe-110, Fe-2 00 and Fe-2 1 1 diffraction peaks,
respectively (Fig. 5). The crystal structure of iron was a regular bcc
a-Fe crystalline state. No characteristic diffraction peaks of Fe,03
and Fe304 that indicated the oxidation of zero-valent iron were
found. The major surface species of freshly prepared nanoscale
Pd/Fe is Fe0. The diameter of the Pd/Fe bimetallic nanoparticles cal-
culated by Scherer’s equation was 38.44 nm. Due to the extreme
small Pd content (0.2 wt%) of Pd/Fe bimetallic nanoparticles, no
characteristic peaks of Pd appeared in Fig. 5. Nevertheless, Pd parti-
cles that deposited onto the iron surface were deemed to be in the
form of nanoparticles [32].

Fig. 4. TEM image of Pd/Fe bimetallic nanoparticles.

3.2. Dechlorination of chlorinated methanes

3.2.1. Effect of Pd loading on dechlorination efficiency

Bimetallic nanoparticles can be prepared using two methods:
(1) consecutive reduction of the second metal ions and subsequent
deposition onto the first metal particles, and (2) simultaneous
reduction of two metal ions. The former method results in the
formation of core/shell structure nanoparticles, while the lat-
ter method causes the formation of alloy structure nanoparticles
[33,34]. Mandal et al. claimed that an average molar ratio of the
two metals in the core region was different with that in the shell
region, and the result indicated that presence of core/shell struc-
ture nanoparticles prepared using the former method [35]. In this
experiment, Pd/Fe bimetallic nanoparticles were prepared by the
reduction of Pd%* over iron, providing an indication of the core/shell
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Fig. 5. XRD pattern of Pd/Fe bimetallic nanoparticles.
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Fig. 6. Effect of Pd loading on dechlorination efficiency (Pd/Fe addition was 10 g/L,
initial concentration of chlorinated methane was 100 mg/L, and reaction time was
180 min).

structure of achieved Pd/Fe bimetallic nanoparticles. Based on this
deduction, the effect of Pd loading on dechlorination of chlorinated
methanes cannot be neglected.

The addition of Pd to nanoscale iron particles enables the dechlo-
rination rate increasing rapidly, but it also incurred the increase of
the treatment cost. Therefore, finding the lowest level of Pd loading
that can be still effective to dechlorinate COCs is economically desir-
able [25]. Fig. 6 demonstrates that the dechlorination efficiency is
dependent on Pd loading. It is clearly observed that as the Pd load-
ing increased, so did the dechlorination efficiency when Pd loading
was less than 0.2 wt%. The relatively high dechlorination efficiency
could be obtained when Pd loading increased to around 0.20 wt%. In
Grittini’s hypothesis, the dechlorination of COCs occurs once they
are adsorbed on the Pd/Fe surface. Pd on zero-valent Fe surface
plays the role of a collector of hydrogen gas that results from the cor-
rosion of Fe [10]. Other researchers have well documented the effect
of the loading of the second metal on dechlorination [36,37]. An
increase in catalytic metal (e.g. Pd, Ag, or Ni) content with bimetal-
lic particles (e.g., Ag/Fe, Ni/Fe, and Pd/Fe) could promote the iron
oxidation and consequently the rate and extent of dechlorination.
A higher catalytic metal loading could increase the number of cat-
alytic metal ‘islands’ (i.e., galvanic cells) and/or the total cathodic
areas on the iron surface.

Interestingly, the experimental data showed that increased Pd
loading resulted in decreased dechlorination efficiency when Pd
loading was more than 0.20 wt%. The increased amount of Pd coat-
ing on Fe® might hinder the formation of H, by Fe® corrosion.
Dechlorination reaction depended on an active iron surface, and
presumably the number of active sites on the surface was not large
enough for effective dechlorination, thus the dechlorination effi-
ciency decreased when Pd loading was more than 0.20 wt%.

3.2.2. Effect of Pd/Fe bimetallic nanoparticles addition on
dechlorination efficiency

It can be ascertained from Fig. 7 that the dechlorination effi-
ciency varied with Pd/Fe additions (3, 5, 10, 14, and 20g/L). High
dechlorination efficiencies of CT and CF could be obtained within
180 min when Pd/Fe addition was 10g/L (near 80%). Note that
the dechlorination efficiency of DCM altered inconspicuously and
was still considerably low (the dechlorination efficiency had not
reached 20% under 20 g/L Pd/Fe addition within 180 min). In light

100

Dechlorination Efficiency (%)

Pd/Fe Addition (g/L)

Fig. 7. Effect of Pd/Fe addition on dechlorination efficiency (Pd loading was 0.2 wt%,
initial concentration of chlorinated methane was 100 mg/L, and reaction time was
180 min).

of previously published data, dechlorination efficiency or observed
rate constants could increase with the increase the metal addi-
tion [21,38]. The increase of Pd/Fe addition would be expected to
increase the reactive Fe site concentration and adsorptive Pd con-
centration simultaneously followed the increase of dechlorination
efficiency.

From Fig. 7, the dechlorination efficiency of CT and CF results
in a very little increase when Pd/Fe bimetallic nanoparticles
addition was higher than 10g/L. This evidence revealed that
the dechlorination efficiency of chlorinated methanes might not
be increased unlimitedly with increasing the addition of Pd/Fe
bimetallic nanoparticles. Gillham and O’Hannesin confirmed that
there has to be contact between the iron surface and COCs in order
for the reduction to occur at significant rate [3]. As pointed out by
Matheson and Tratnyek, excessive hydrogen suppressed the con-
tinuation of both corrosion of iron and reduction reaction of COCs
[4]. Similarly, the present investigation suggested that more than
enough hydrogen acted as a site blocker, and became the major
and limiting factor for the occurrence of dechlorination when the
addition was higher than 10 g/L. Thus, 10 g/L Pd/Fe addition is high
enough to provide sufficient reactive capacity, and was chosen as
optimal metal addition in the following experiments of this study.

3.2.3. Effect of pH value on dechlorination efficiency

The pH value of reaction system is known to affect dechlori-
nation of COCs with zero-valent iron by either producing more
corrosion (at lower pH) or more passivation (at higher pH) of
iron [4,39]. Jeffers et al. indicated that the dechlorination of pen-
tachloroethane and 1,1,2,2-tetrachloroethane at pH 7 and above
became most significant [40]. To extrapolate the result to the full
range of conditions in water, evaluating the effect of pH on dechlo-
rination efficiency is necessary. In this study, the initial pH value
of the system was adjusted with 0.1% sodium hydroxide solution
and 0.1% sulfuric acid solution. The result in Fig. 8 suggests that the
optimal initial pH value for the dechlorination of CT, CF and DCM
by Pd/Fe bimetallic nanoparticles was 7. The effect of the initial
pH value on dechlorination might be attributed to the participa-
tion of protons during the reaction. At pH 7, more hydrogen was
adsorbed by nanoparticles and dissociated into atomic H to join
in the dechlorination of chlorinated methanes. In the lower pH
value, the corrosion of iron was initiated leading to production of
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Fig. 8. Effect of pH value on dechlorination efficiency (Pd loading was 0.20 wt%, ini-
tial concentration of chlorinated methane was 100 mg/L, Pd/Fe addition was 10 g/L,
and reaction time was 180 min).

large quantity of H, (Eq. (9)), and the minute gas bubbles might act
as a barrier to inhibit the contact of particles and target pollutant
[4,41-43]. Lowing solution pH expedited the disappearance of zero-
valent iron and hence decreased the zero-valent iron concentration
[11].

Fe® + 2H* — Hy + Fe?* (9)

At pH > 7, the system was lacking in hydrogen indispensable for
dechlorination of chlorinated methanes, and the electrons released
by iron might be easily obtained by dissolved oxygen in water (Eq.
(10)). In alkaline condition, the surface passivating layers formed by
the precipitation of metal hydroxides and metal carbonates could
likely deactivate Pd/Fe bimetallic nanoparticles [19].

02 +2H,0 + 4e~ — 40H- (10)

3.2.4. Change of pH value during the process of dechlorination of
chlorinated methanes

Monitoring the pH change over the duration experiment is
worthy to be considered for providing a more favorable environ-
ment because pH value is liable to evolve in dechlorination. The
changes of pH value of the dechlorination reaction solution ver-
sus were shown in Fig. 9. The initial pH value of reaction solution
was adjusted to 7. Evidently, the changes of pH value were unob-
vious with the trend of increase by less than 1 unit. The pH value
of CT reaction solution increased steadily at first and then became
constant, and the change of pH value within 360 min was 0.3. The
changing tendency of pH value of CF solution was the same with
that of CT. The changes in pH of CF and DCM reaction system in
the same time frame were 0.6 and 0.25, respectively. The reasons
that result in the change in pH are complicated. The increase of
pH value might be attributable to the consumption of H* (Eq. (9)).
Nonetheless, the reaction shown in Eq. (11) implied a likelihood of
the consumption of OH~. On all accounts, the change of pH value
during dechlorination reaction was insignificant.

Fe?* + 20H™ — Fe(OH),| (11)
3.3. Analysis of intermediates and final products

The identification of intermediate and final product formation
of dechlorination of chlorinated methanes is one of the focuses in
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Fig. 9. Change of pH during dechlorination (Pd loading was 0.20 wt%, initial con-
centration of chlorinated methane was 100 mg/L, and Pd/Fe addition was 10 g/L).

this study. As depicted in Fig. 10, C denotes the concentration of
chlorinated methane, and Cy denotes the initial concentration of
chlorinated methane in the aqueous phase. Blank samples with-
out Pd/Fe bimetallic nanoparticles were used to determine the loss
of target pollutant on the basis of its volatilization. The results
showed that the volatilized target pollutant was negligible during
the reaction, and low-chlorinated methanes underwent dechlori-
nation slower than high-chlorinated methanes in the same reaction
conditions (Fig. 10). The reaction rates typically followed the trend
of CT>CF>DCM. As for the chlorinated hydrocarbons, increasing
the number of chlorine substituents decreases the electron cloud
density of carbon atom, and increases the degree of reactivity of
getting electron. Thus chlorinated methane with more chlorine
atoms would be more prone to be reduced during the process of
dechlorination.

Fig. 10(a) reveals that the dechlorination final products and
intermediates of CT were CF, DCM, and methane. Concomitant
to the dechlorination of CT, methane could be identified imme-
diately after Pd/Fe bimetallic nanoparticles were added to the
reaction system. The CF concentrations increased promptly at first,
and afterwards decreased slowly after 90 min (<5.58%). The DCM
concentrations increased stably and continuously, and remained
constant after 60 min. CT might be transformed into methane
directly or be dechlorinated to CFand DCM, and then CF was dechlo-
rinated to DCM. According to the decrease of CT concentration,
almost 100% of CT was transformed within 180 min. Meanwhile, C1~
concentration increased, but not all CT was dechlorinated (dechlo-
rination efficiency of CT was 81% within 180 min). The discrepancy
could be explained by two reasons: (1) the adsorption of CT on the
surface of Pd/Fe bimetallic nanoparticles, which basically caused
the result that the amount of determined CT was less than actual
amount; (2) the presence of intermediates such as CF and DCM.
Specifically, the 77.48% of CT was reduced to CF, DCM and CHy in
the first 30 min, and 15.98% of CT was reduced in the second 30 min.
This phenomenon suggests that intermediate products CFand DCM
were more difficult to reduce than CT.

Fig. 10(b) shows that the reduction of CF proceeded rapidly. The
major intermediate of the CF dechlorination reaction was DCM.
Concomitant to the dechlorination of CF, the concentration of DCM
increased gradually and then decreased insignificantly. As a whole,
more than 99% of CF was transformed within 240 min. Methane was
the major product of the CF dechlorination. It could also hypothe-
sized from Fig. 10(b) that the adsorption of CF on Pd/Fe bimetallic
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Fig. 10. Reaction of chlorinated methanes dechlorination by Pd/Fe bimetallic nanoparticles (Pd loading was 0.20 wt%, Pd/Fe addition was 10 g/L, and initial concentration of

chlorinated methane was 100 mg/L).

nanoparticle surface and the presence of intermediates such as
DCM led to the result that not all of the CF was dechlorinated within
240 min.

Fig. 10(c) illustrates the slight decline of the DCM concentra-
tion as time continued. The measured methane of reaction was
a small amount, and about 15% of the initial DCM was trans-
formed within 480 min. The decrease of initial DCM concentration
might involve both adsorption and dechlorination. Burris et al. had
testified that most intermediates of polychlorinated organic com-
pound adhered to the Pd/Fe bimetallic particle surface during the
process of dechlorination. Only a small amount of intermediates
departed from the particles surface after being dechlorinated one
chloride. As a result, the production of intermediate was detected
in small amounts [2]. The low yield of chlorinated intermediates is
an obvious advantage for the utility of Pd/Fe bimetallic nanoparti-
cles.

3.4. Reaction kinetics of chlorinated methanes dechlorination by
Pd/Fe bimetallic nanoparticles

The dechlorination of chlorinated methanes is a multistep reac-
tion. The rate of transformation for CT, CFand DCM in a batch system
was treated by a pseudo-first-order equation (Eq. (12)). Observed
reaction rate constant (kyps) is the measured rate constant. The
natural logarithm of C/Cy as a function of time for chlorinated
methanes is shown in Fig. 11 (R? denotes square of fitting line cor-
relation coefficient). The logarithmic plots versus time were linear
(R?>0.97). The slope of the line in Fig. 11 is kyps. The surface-area-

normalized rate coefficient (ksa) is obtained using the following
equations:

c
In (CTJ) = kgt (12)
kobs = ksals om (13)
= CT
o CF
s+ DCM
S
O
=4
-6 T T T T g T T T T
0 100 200 300 400 500

Reaction Time (min)

Fig. 11. Correlation for In(C/Cy) and reaction time.
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Table 1

Kobs, ksa, t1/2, and R? values for catalytic dechlorination of chlorinated methanes
Chlorinated kobs (1/min) ksa (L/min m?) ty)> (min) R?
methanes

CT 3.080 x 102 5.992 x 10> 22.50478 0.9719
CF 2.285 x 102 4.446 x 10> 30.33467 0.9943
DCM 3.03x 104 5.895 x 107 2333.043 0.9798

where as is the specific surface area (=51.4m?/g), and pn, is the
Pd/Fe addition (=10 g/L). The calculation results are summarized in
Table 1. In comparing different chlorinated levels, the dechlorina-
tion rate decreased with a decreasing number of chlorine atoms in
the chlorinated methane molecule.

The following standard potentials (AE) for reduction of chlori-
nated methanes with elemental iron (pH 7, 25 °C) were calculated
by Helland et al. [44].

Fe® + CCly + Ht - Fe?T +CHCl3 +Cl-, AE=1.11V
Fe® + CHCl; + HT — Fe?* 4+ CH,Cl, +Cl-,  AE= 1.00V
Fe® + CH,Cl, + HY — Fe?* +CH5Cl + Cl-, AE= 0.93V
Fe® + CH3Cl + H* — Fe?* +CH4+Cl-,  AE= 091V

The above variation in standard potential might be a theoretical
explanation of the result that the dechlorination rates of chlori-
nated methanes followed the order of CT > CF>DCM.

4. Conclusion

The catalytic dechlorination of chlorinated methanes by Pd/Fe
bimetallic nanoparticles is effective and feasible. The advantages of
Pd/Fe bimetallic nanoparticles for dechlorination are an expended
surface area of particles, enhanced reactivity, and low concentra-
tion of intermediates. The dechlorination efficiencies of chlorinated
methanes followed the order of CT > CF > DCM. The Pd loading, Pd/Fe
addition, and initial pH value affected the dechlorination efficiency.
The dechlorination efficiency increased with the increase of Pd/Fe
addition. The optimal Pd loading and initial pH value for chlori-
nated methane dechlorination was 0.2 wt% and 7, respectively. The
reactions were found to be pseudo-first-order with respect to chlo-
rinated methane loss over time.
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Glossary

SEM: scanning electron microscope

EDS: energy disperse X-ray spectroscopy
BET: Brunauer-Emmett-Teller

XRD: X-ray power diffraction

TEM: transmission electron microscope
COCs: chlorinated organic compounds
DCM: dichloromethane

CF: chloroform

CT: carbon tetrachloride

PTFE: polytetrafluorethylene

IC: ion chromatography.

GC: gas chromatograph

ECD: electron capture detector

FID: flame ionization detector

Pd loading: weight ratio of Pd to Fe

Pd/Fe addtion: Pd/Fe bimetallic nanoparticles to solution ratio
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