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a b s t r a c t

Pd/Fe bimetallic nanoparticles were synthesized for treatment of 2,4-dichlorophenol (2,4-DCP) in the
presence of humic acid (HA), in order to understand their applicability for in situ remediation of ground-
water. In this case, 2,4-DCP was catalytically dechlorinated to form the final products – phenol (P) via
two intermediates, namely o-chlorophenol (o-CP) and p-chlorophenol (p-CP). We demonstrated that the
carbon mass balances during the dechlorination were in the range of 82–91%, and other carbons were
absorbed on the surface of Pd/Fe bimetallic nanoparticles. Our results suggest the dechlorination reaction
of 2,4-DCP by Pd/Fe bimetallic nanoparticles in the presence of HA followed pseudo-first-order kinetics.
HA competed for reaction sites on the Pd/Fe bimetallic nanoparticles with 2,4-DCP, and thus reduced the
atalytic reduction

,4-DCP
umic acid

efficiency and rate of the dechlorination of 2,4-DCP. Efficiencies of dechlorination and phenol formations
increased significantly as the Pd content increased from 0.10 wt.%, 0.15 wt.% to 0.20 wt.%, the removal
percentage of 2,4-DCP increased from 70.4%, 98.4% to 99.4% within 300 min, respectively, the nitrate
(NO3

−) content in water also has a significant impact on 2,4-DCP dechlorination efficiency. Our results
show that no other intermediates were generated besides Cl−, o-CP, p-CP and phenol during the catalytic
dechlorination of 2,4-DCP.
. Introduction

Chlorinated phenols (CPs) constitute an important class of pol-
utants because of their wide use in the production of wood
reservers, pesticides and biocides. Due to their reactive nature,
Ps are highly toxic, mutagenic and possibly carcinogenic. Fur-
hermore, they are biorefractory and tend to accumulate in animal
issues. Once released into the environment, CPs will accumulate
n the surrounding areas and pose a great health threat to humans
nd ecosystems over a long period of time [1–3], hence their fate
n the environment is of great importance in waste treatment.

Although CPs have been reported to be degraded by bacteria or
lants, long reactor residence times are often required to achieve
reatment goals [4,5]. Some physical and chemical methods have
lso been used for the removal of CPs and their derivatives from
astewater including adsorption over activated carbon, air strip-

ing, chemical oxidation, solvent extraction, ultraviolet light and
zone, etc. [1]. However the high cost and low efficiency of these
rocesses limit their applicability.

∗ Corresponding author. Tel.: +86 571 87951239; fax: +86 571 87952771.
E-mail addresses: xuxinhua@zju.edu.cn, xhxu@hzcnc.com (X. Xu).
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Permeable reactive barriers (PRBs) packed with zero-valent
iron (ZVI, Fe0) have shown to be an effective technology for
the remediation of contaminated groundwaters [6,7]. A rapid
and complete dechlorination of chlorinated solvents involving
the use of bimetallic Pd/Fe nanoparticles that led to the forma-
tion of non-chlorinated hydrocarbons was also reported [8]. Pd/Fe
bimetallic nanoparticles, compared to the conventional large par-
ticles, have some advantages, these include high specific surface
area, high surface reactivity and high efficiency for dechlorination
of many chlorinated organic compounds (COCs) due to the pres-
ence of palladium, as well as a much lower loading required in
the hydrodechlorination process comparing to the common iron
or Pd/Fe particles [9,10]. Furthermore, the nanoparticles could
remain suspended under conditions of gentle agitation, so it may
be possible to inject them into the contaminated soils, sedi-
ments and aquifers for in situ remediation of chlorinated organic
pollutants [9].

Although nanoscale bimetallic system is effective on the dechlo-
rination of contaminants, the reactivity of the zero-valent metals

is highly controlled by the surface characteristics of metals and
water chemistry of groundwater. In subsurface environments, nat-
ural humic matter is abundant and always plays important roles in
both electron transfer and adsorption processes. The inhibition of
chlorinated hydrocarbons dechlorination by zero-valent metals in
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he presence of natural humic matter was reported by Johnson et
l. [11]. They suggested that any non-reactive adsorbates that out-
ompete the contaminants for reactive surface sites would result
n a decrease in the degradation rate.

In the present work, we investigated the role of humic acid in
he dechlorination of chlorinated hydrocarbons by Pd/Fe bimetallic
anoparticles in order to evaluate the performance of the nanoscale
imetallic systems in the remediation of contaminated ground-
ater. 2,4-DCP was selected as a model compound due to its

bundance in the contaminated groundwater. In addition, other
actors such as NO3

− concentration and Pd loading that may also
ffect 2,4-DCP reduction were also addressed.

. Experimental

.1. Chemicals

Unless noted otherwise, all chemicals including iron sulfate hep-
ahydrate (analytical reagent grade), 2,4-DCP (chemically pure, or
P grade), o-CP (CP grade), p-CP (CP grade), phenol (CP grade)
nd other reagents were purchased from the Sinopharm Group
hemical Reagent Co., Ltd., China, and used as received without

urther purification. Potassium hexachloropalladate (K2PdCl6, 99%)
nd HA were obtained from Sigma–Aldrich. The HA stock solution
500 mg L−1) was prepared by dissolving 0.25 g of HA in 2 mL of a
.1 M NaOH aqueous solution, followed by sonication, dilution with
eionized water to 500 mL, and the pH was adjusted to 7.0. The
nal HA solution was then filtered through a 0.45 �m pore diam-
ter millipore membrane, HA solutions were stored at 4 ◦C before
se. 2,4-DCP was dissolved in deionized water and stored at 4 ◦C.
oth Fe0 and Pd/Fe nanoparticles were synthesized immediately
efore use.

.2. Synthesis and characterization

Pd/Fe bimetallic nanoparticles were prepared in a 1000 mL
hree-necked flask under nitrogen gas. Fe nanoparticles were syn-
hesized by dropwise addition of stoichiometric amounts of NaBH4
queous solution into a flask containing FeSO4·7H2O aqueous
olution while stirring at 25 ◦C. The ferrous iron was reduced to
ero-valent iron according to the following reaction:

e(H2O)6
2+ + 2BH4

− → Fe0 + 2B(OH)3 + 7H2 (1)

The Fe0 nanoparticles were then rinsed several times with
eionized water. Subsequently, Pd/Fe bimetallic nanoparticles
ere prepared by reacting the wet Fe0 nanoparticles with an

queous solution of potassium hexachloropalladate under stirring
ccording to the following equation:

e0 + Pd2+ → Fe2+ + Pd0 (2)

The bimetallic nanoparticles were then rinsed with copious
mounts of deionized water to remove excess SO4

2−, Cl−, Na+ and
+ ions.

.3. Batch experimental procedures

The batch experiments for 2,4-DCP dechlorination in the pres-
nce of HA were performed in the same three-necked flask into
hich Pd/Fe nanoparticles were added. Desired volumes of HA,
,4-DCP stock solutions and a certain amount of deoxygenated
eionized water were added into the flask containing freshly pre-
ared Pd/Fe nanoparticles. The reaction solution was stirred under
itrogen flow. Aliquots of samples were periodically collected with
lass syringes and the reaction was quenched by passing through
.22 �m membrane filters.
Materials 182 (2010) 252–258 253

2.4. Method of analyses

Fresh metal particles (with a Pd bulk loading of 0.1–0.2%) were
visualized under a JEOL JEM 200CX transmission electron micro-
scope (TEM) at 160 kV for morphological measurements. Prior to
TEM analysis, the particles were immersed in deionized water and
dispersed by a ultrasonator.

Organic compounds such as 2,4-DCP, p-CP, o-CP and phenol
were analyzed by SHIMADZU High Performance Liquid Chromatog-
raphy. Agilent TC-C18 Column, 150 × 4.6. Mobile phase: MeOH/H2O
(60/40, v/v), flow rate: 1.0 mL min−1, detector: UV at 280 nm, sam-
ple size: 20 �L.

Chloride analysis was performed by ion chromatography
(792 Basic IC, Metrohm). Column: Metrosep A Supp 4, col-
umn size: 4 mm × 250 mm. Analysis condition—eluent: 1.7 mM
NaHCO3 + 1.8 mM Na2CO3 (with chemical suppression), sample
size: 20 �L, flow rate: 1.0 mL min−1, detector: suppressed con-
ductivity detector. Before injection, sample solutions were always
filtered through a 0.45-�m membrane filter.

3. Results and discussion

3.1. Characterization of Pd/Fe nanoparticles

Freshly prepared Pd/Fe nanoparticles were black and remained
as floccule morphology. Since the size of nanoparticles is smaller
than the wavelength of visible light, they serve as a perfect black
body that absorbs light. Fig. 1 shows the TEM images of (a) freshly-
synthesized Pd/Fe nanoparticles and (b) Pd/Fe nanoparticles in HA
solution. The particles are of spherical shape and have a size ranging
from 20 nm to 100 nm in diameter. Spherical particles aggregate to
form dendrites due to geomagnetic forces between nanoscale par-
ticles and small particles, and their surface tension interactions. A
mucous layer was adhered onto the surface of Pd/Fe nanoparticles
in HA solution, reflecting the possibility of lowering the dechlo-
rination efficiency. A more thicker mucous layer was shown on
the surface of the Pd/Fe nanoparticles after 2 h of reaction. More
organic components such as HA and 2,4-DCP, as well as metal
hydroxides and carbonate passivating layers on the nanoparticles’
surface inhibited the particles’ active sites, likely leading to lower
dechlorination efficiency. These findings are consistent with the
observation that HA and contaminations would compete for reac-
tive surface sites [9,12,13].

3.2. Inhibition by humic acid

HA (20 mg L−1) adsorption on Pd/Fe bimetallic nanoparticles
was investigated with Pd/Fe nanoparticles dosage of 6.0 g L−1 and
at an initial pH of 5.7, about 60% adsorption of HA was observed in
1-min period, and more than 95% adsorption of HA occurred after
60 min.

Catalytic dechlorinations of 2,4-DCP over Pd/Fe bimetallic
nanoparticles with and without HA are shown in Figs. 2 and 3.
2,4-DCP was first adsorbed by the nanoparticles then reduced to
o-CP and p-CP, and later converted to phenol, phenol was the sole
final organic product. No other chlorinated intermediates or final
organic products were detected.

The concentration of 2,4-DCP decreased rapidly and the removal
percentage reached 98% in 180 min, then reached nearly 100% in
240 min for Pd/Fe nanoparticles in the absence of HA. In contrast,
only about 85% and 95% of the removal percentage were obtained

in the presence of 10 mg L−1 HA during the same reaction periods,
respectively. And the concentration of CP remained at low levels
during the whole reaction in the absence or presence of HA, the
maximum concentration of CP was 0.0225 mM (2.891 mg L−1) in
60 min in the absence of HA, which accounted for 18.6% of the
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Fig. 1. TEM images of (a) nanoscale Pd/Fe particles in the absence of HA and (b)
nanoscale Pd/Fe particles in the presence of HA.

Fig. 2. Dechlorination of 2,4-DCP by Pd/Fe nanoparticles in the absence of HA
(T = 30 ◦C, pHin = 5.7, C2,4-DCP = 20 mg L−1, CPd/Fe = 6 g L−1, stirring at 400 rpm, the Pd
content was 0.15 wt.%).
Fig. 3. Dechlorination of 2,4-DCP by Pd/Fe nanoparticles in the presence of HA
(T = 30 ◦C, pHin = 5.7, C2,4-DCP = 20 mg L−1, CHA = 10 mg L−1, CPd/Fe = 6 g L−1, stirring at
400 rpm, the Pd content was 0.15 wt.%).

original carbon. The addition of 10 mg L−1 HA reduced the removal
percentage of 2,4-DCP. Meanwhile the addition of 10 mg L−1 HA
also lowered the production rate of CP and phenol, which was
expressed as the ratio of the total amount of phenol being produced
to the theoretical amount of phenol during the complete dechlo-
rination of 2,4-DCP, from 86% in the absence of HA to 78% in two
hours, and the maximum concentration of CP was just 0.0199 mM
(2.558 mg L−1) in 120 min, which accounted for 16.4% of the orig-
inal carbon. Phenol and inorganic chlorine were detected as the
final products of the dechlorination reaction. Compared to initial
concentration (20 mg L−1 2,4-DCP), the carbon mass balances were
in the range of 82–91%, so approximately 9–18% carbon mass losses
were observed. This indicates that a fraction of organic compounds
was absorbed or covered by surface passivating layers due to the
precipitation of metal hydroxides on the surface of iron and Pd/Fe
particles. This is also evidenced by the fact that the 2,4-DCP con-
centration dropped rapidly in the first 10 min, but the phenol being
generated was much less than the maximum attainable. The non-
detected fraction of intermediates may be associated with Pd/Fe
nanoparticles, which appear to serve as non-reactive sorption sites
for intermediates.

The generation and further catalytic degradation process of
p- and o-CP during the same reaction period with different HA
concentrations are presented in Fig. 4. HA concentrations were
selected as 0 mg L−1, 10 mg L−1 and 20 mg L−1 as these concentra-
tions were close to those in groundwater and surface water. The
results demonstrated that the generation of o-CP was more than
that of p-CP, although in the further catalytic degradation pro-
cess, o-CP was easily reduced to phenol appreciably than p-CP, so
the concentration of o-CP is much higher than the concentration
of p-CP during the catalytic dechlorination of 2,4-DCP. The maxi-
mum concentrations of o-CP were 2.135 mg L−1, 1.687 mg L−1 and
1.835 mg L−1 with HA 0 mg L−1, 10 mg L−1 and 20 mg L−1 in 60 min,
120 min and 240 min, respectively, the maximum concentrations of
o-CP appears delayed as the increase of HA in solution, but for p-CP,
the maximum concentrations were just 0.756 mg L−1, 0.871 mg L−1

and 1.311 mg L−1 in 60 min, 120 min and 300 min, respectively,
much less than those of o-CP. Obviously, the catalytic degradation
process slowed down as the increase of HA in solution, the maxi-
mum concentrations of o-CP and o-CP appears delayed, leading to
the increase of o-CP and o-CP concentrations in 300 min when the
reaction were terminated, and with the degradation process going

on o-CP and p-CP would be reduced to phenol.

During the catalytic degradation process, most 2,4-DCP are first
transformed into o-CP and p-CP then reduced rapidly to phe-
nol. This was evident from the concentration changes during the
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Fig. 4. Effects of HA on the production of o-CP and p-CP during 2,4-DCP
dechlorination by nanoscale Pd/Fe in the presence of HA (T = 30 ◦C, pHin = 5.7,
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acid was further examined. Fig. 6(a) illustrates the dechlorination of
2,4-DCP by Pd/Fe nanoparticles at various concentrations of NO3

−

2,4-DCP = 20 mg L , CPd/Fe = 6 g L , stirring at 400 rpm, the palladium content was
.15 wt.%).

eduction of 2,4-DCP, while more and more phenol was produced,
he concentration o-CP and p-CP was initially increased in the
rophase reaction, followed by a slow decrease. Phenol and inor-
anic chlorine were detected as the final products of the reaction.
he dependence of the reaction rate constant on the structure of
he substrates is not surprising. While the values of �Gf

0 of o-CP
nd p-CP are −56.8 kJ mol−1 and −53.1 kJ mol−1 [14], respectively,
he variation of the reaction rate constants obtained here is consis-
ent with the previous analysis by Dolfing and Harrison [15]. They
howed that the rate constant for the reduction of halogenated aro-
atics in anaerobic estuarine sediment was proportional to the
ibbs free energy or the activation energy of Ea formation, where
a is one of the physical chemical parameters of compounds with
ifferent molecular structures:
(3)
Materials 182 (2010) 252–258 255

3.3. Effects of Pd content on 2,4-DCP dechlorination in the
presence of humic acid

It has been elucidated that zero-valence iron can promote a
hydrogenolysis reaction where a chlorine in the organic chlorinated
compounds is replaced by a hydrogen atom. Pd is a well-known
excellent catalyst for the hydrogenolysis. The co-existence of Pd
and iron in the particles has been proved to be very effective to
accelerate the dechlorination. Therefore, the content of Pd load-
ing in the Pd/Fe nanoparticles may be one of the important factors
in influencing dechlorination efficiency. As shown in Fig. 5(a), the
efficiencies of dechlorination and phenol formations increased sig-
nificantly as the Pd content was increased from 0.10 wt.%, 0.15 wt.%
to 0.20 wt.%. The removal percentage of 2,4-DCP reached from
70.4%, 98.4% to 99.4% within 300 min, respectively. Accordingly, the
production yield of phenol increased from 27.4%, 77.6% to 84.7%.
The increase in the Pd content from 0.15 wt.% to 0.20 wt.% caused
only slight improvement in the dechlorination efficiency. The most
likely explanation for this is that the maximum Pd coverage is less
than one layer, and in this way, the loss of available catalytic reac-
tive sites due to the overlapping between Pd atoms can be excluded.
Nonetheless, the amount of hydrogen gas absorbed by Pd atoms
increased with the increasing Pd content [16,17], and so do the
efficiencies of dechlorination and phenol formations. The slight
improvement of the removal efficiency at Pd content >0.15 wt.%
is that the accumulation of excessive hydrogen gas hinders the
contact between target pollutant and metal particles and reduces
the surface area available for 2,4-DCP dechlorination. This phe-
nomenon is in agreement with previously reported results [10,18].
The optimal Pd content was selected to be about 0.15 wt.% for effi-
cient dechlorination with minimal Pd usage.

The variation of product generation and further catalytic degra-
dation process of p- and o-CP during the same reaction period under
different Pd mass fractions by Pd/Fe bimetallic nanoparticles in
the presence of HA is presented in Fig. 5(b). The results demon-
strated that more o-CP was generated than p-CP during the process,
although in the further catalytic degradation process, o-CP was eas-
ily reduced to phenol appreciably than p-CP, the maximum concen-
trations of o-CP were 1.693 mg L−1, 1.687 mg L−1 and 2.109 mg L−1

in 240 min, 120 min and 30 min with a Pd loading of 0.10%, 0.15%
and 0.20%, respectively, but for p-CP, the maximum concentrations
were just 1.567 mg L−1, 0.871 mg L−1 and 1.036 mg L−1 in 240 min,
120 min and 30 min, respectively. With the increase of Pd loading,
the removal efficiency of 2,4-DCP increased proportionally, and the
generation of p- and o-CP also reached a maximum in 30 min for
a Pd loading of 0.20%, but it will be 240 min for a Pd loading of
0.10%. Similarly, the catalytic degradation process accelerated for
the increasing Pd content, and the maximum concentrations of o-
CP and o-CP appeared advanced, leading to the decrease of o-CP and
o-CP concentrations in 300 min when the reaction was terminated.

3.4. Effects of NO3
− on 2,4-DCP dechlorination in the presence of

humic acid

In subsurface environments, NO3
− is abundant and plays impor-

tant roles, NO3
− pollution of groundwater and surface water has

become a serious environmental problem in many parts of the
world. Nitrate or nitrite reduction by Fe0 [19–22] has also received
great attention as a potential means for natural attenuation since
1990s. So the concentration effect of NO3

− on the catalytic dechlo-
rination of 2,4-DCP by Pd/Fe nanoparticles in the presence of humic
ranging from 0 mg L−1 to 50 mg L−1 with HA 10 mg L−1 to simulate
the actual senario in groundwater and surface water. The NO3

−

concentration was increased from 0 mg L−1, 10 mg L−1, 20 mg L−1,
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Fig. 5. Effects of the Pd content on catalytic dechlorination of 2,4-DCP by nanoscale Pd/Fe particles in the presence of HA (T = 30 ◦C, pHin = 5.7, C2,4-DCP = 20 mg L−1,
CHA = 10 mg L−1, CPd/Fe = 6 g L−1, stirring at 400 rpm). (a) 2,4-DCP and phenol and (b) o-CP and p-CP.

Fig. 6. Effects of NO3
− on catalytic dechlorination of 2,4-DCP by nanoscale Pd/Fe particles in the presence of HA (T = 30 ◦C, pHin = 5.7, C2,4-DCP = 20 mg L−1, CHA = 10 mg L−1,

CPd/Fe = 6 g L−1, stirring at 400 rpm, the palladium content was 0.15 wt.%). (a) 2,4-DCP and phenol and (b) o-CP and p-CP.
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Table 1
k values obtained in the presence of humic acid.

Reaction conditions 1 − ˛ k1 R k2 R

Pd ratio in Pd/Fe (wt.%)
0.10 0.82 0.0039 0.9987 0.005 0.9658
0.15 0.86 0.0086 0.9932 0.018 0.9968
0.20 0.89 0.0230 0.9993 0.022 0.9949

NO3
− concentration (mg L−1)

0 0.86 0.0086 0.9932 0.018 0.9968
10 0.84 0.0066 0.9986 0.014 0.9950
Z. Zhang et al. / Journal of Haza

0 mg L−1, 40 mg L−1 to 50 mg L−1, which led to a decrease in 2,4-
CP removal percentage from 98.4%, 91.7%, 86.7%, 82.0%, 77.7% to
2.4% in 300 min, and this trend was indeed obvious at much lower
O3

− concentrations, whereby the same set of NO3
− concentra-

ions led to a decrease in 2,4-DCP removal percentage from 99.6%,
2.8%, 87.7%, 83.0%, 78.7% to 73.3% in 300 min in the absence of
umic acid, respectively. Because HA competed for reaction sites
n the Pd/Fe bimetallic nanoparticles with 2,4-DCP, the dechlori-
ation efficiency and rate of 2,4-DCP in the presence of humic acid
ill less than in the absence of humic acid with the same NO3

−

oncentration. Meanwhile the production rates of phenol dropped
rom 76.8%, 67.9%, 60.4%, 55.3%, 50.4% to 44.2% with a HA concen-
ration of 10 mg L−1, comparing to 85.8%, 77.6%, 67.4%, 61.7%, 56.2%
o 52.0% in the absence of humic acid, respectively. And they were
ound less than those of the dechlorination. The decrease of both
,4-DCP removal percentages and phenol production rates with
he increase of NO3

− concentrations suggests that the existence of
O3

− has a significant impact on 2,4-DCP dechlorination efficiency.
The generation and subsequent catalytic degradation of p-CP

nd o-CP during the same reaction period at different NO3
− con-

entrations are presented in Fig. 6(b). The results demonstrated
hat more o-CP was also formed than p-CP during this procedure,
nd in the subsequent catalytic degradation process, although o-CP
as easily reduced to phenol appreciably than p-CP. The maxi-
um concentrations of o-CP were 1.687 mg L−1, 1.652 mg L−1 and

.518 mg L−1 at a NO3
− concentration of 0 mg L−1, 30 mg L−1 and

0 mg L−1, respectively, but for p-CP, the maximum concentrations
ere just 0.871 mg L−1, 0.705 mg L−1 and 0.627 mg L−1, respec-

ively.

.5. Kinetics for aqueous phase dechlorination of 2,4-DCP with
reshly-synthesized Pd/Fe nanoparticles in the presence of humic
cid

The transformations of 2,4-DCP to phenol over Pd/Fe nanopar-
icles are shown in Figs. 2 and 3. Concentrations in these figures
re expressed as molar ratio to initial organic concentration. The
roducts consist of phenol, p- and o-CP, so it is assumed that 2,4-
CP was hydrodechlorinated according to the following sequence
f steps. In the following equations, 2,4-DCP, CP and P are the
bbreviated forms of 2,4-dichlorophenol, chlorophenol, and phe-
ol, respectively:

, 4-DCP
k1−→CP + Cl−

k2−→P + 2Cl− (4)

here CP represents the total molecules of o-CP and p-CP in
he reaction. Previous studies have shown that the degradation
eaction of chlorinated solvents by Pd/Fe nanoparticles follows a
seudo-first-order kinetics. The corresponding reaction rate equa-
ions for the disappearance of 2,4-DCP, the transient formation of
P (including o-CP and p-CP) intermediate, and the accumulation
f P in the batch system are shown as follows:

−dC2,4-DCP

dt
= k1C2,4-DCP (5)

dCCP

dt
= k1C2,4-DCP − k2CCP (6)

dCP

dt
= k2CCP (7)

The above simultaneous rate equations are solved, leading to
he following molar fractions:

−k t

2,4-DCP = e 1 (8)

CP = k1

k2 − k1
(e−k1t − e−k2t) (9)

P = 1 − ˛2,4-DCP − ˛CP (10)
20 0.87 0.0060 0.9984 0.013 0.9992
30 0.91 0.0056 0.9993 0.013 0.9900
40 0.89 0.0050 0.9982 0.011 0.9930
50 0.88 0.0046 0.9892 0.012 0.9680

where ˛ represents the molar fraction of the subscript compound
to the initial concentration of the parent compound (i.e., 2,4-DCP).
Since the carbon mass balances were in the range of 82–91%, other
carbons were absorbed on the surface of Pd/Fe nanoparticles, the
actual concentration of the organic compound in aqueous phase has
to be revised. As the production of P was stepwise, the equilibrium
time for organic compounds absorbed onto Pd/Fe nanoparticles was
little, and the total molar fraction of the organic compounds did
not change, the proportion of P in the aqueous phase can be seen
as invariable, as a result, Eq. (10) can be revised as follows:

˛′
p = ˛p × (1 − a) (11)

where ˛ represents the molar fraction of the organic compounds
which were adsorbed onto Pd/Fe nanoparticles to the initial con-
centration of the parent compound (i.e., 2,4-DCP). Then k values
were derived from fitting the experimental data into Eq. (8) accord-
ing to the non-linear least-square regression. k values at different
reaction conditions are listed in Table 1. The results show that k val-
ues for 2,4-DCP dechlorination were increased from 0.0039 min−1,
0.0086 min−1 to 0.0230 min−1 as the Pd content was increased
from 0.10 wt.%, 0.15 wt.% to 0.20 wt.%. In short, k values for 2,4-
DCP dechlorination dropped from 0.0086 min−1, 0.0066 min−1,
0.0060 min−1, 0.0056 min−1, 0.0050 min−1 to 0.0046 min−1 with
the increase of NO3

− concentrations from 0 mg L−1, 10 mg L−1,
20 mg L−1, 30 mg L−1, 40 mg L−1 to 50 mg L−1, respectively.

4. Conclusion

Our experimental results suggest that HA has an inhibitory effect
on the 2,4-DCP dechlorination, and this inhibitory effect was more
marked at low HA concentrations. During the dechlorination of
chlorinated hydrocarbons, HA could act as an adsorbate to com-
pete reactive sites on the surface of Pd/Fe nanoparticles to decrease
the dechlorination rate. The Pd loading in the Pd/Fe nanoparticles
is one of the important factors in influencing dechlorination effi-
ciency. And the decrease of both 2,4-DCP removal percentages and
phenol production rates with increasing NO3

− concentrations sug-
gests that the existence of NO3

− also has a significant impact on
2,4-DCP dechlorination efficiency. It is of great importance to us, as
the study helps to better understand the inhibitory mechanisms of
HA and other factors on 2,4-DCP dechlorination rates, which will
then enable us to optimize reaction conditions in the dechlorination
of chlorinated hydrocarbons in order to minimize these inhibitory
effects.
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