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Abstract
Fe-Ni bimetallic nanoparticles supported on CNTs (Fe-Ni/CNTs) were synthesized, characterized, and applied for removal of
2,4-dichlorophenol (2,4-DCP) in aqueous solution. The removal performance was enhanced drastically on Fe-Ni/CNTs with
respect to monometallic Fe/CNTs. The synergistic effect between Fe-Ni nanoparticles and CNTs has been studied in detail. The
research results indicated that the doping of Ni played an important role in promoting the catalytic degradation of 2,4-DCP. And
the presence of CNTs not only could effectively reduce the aggregation of nanoparticles but also facilitate the mass transfer of
2,4-DCP and the formation of active atomic hydrogen during the catalytic process. In addition, the removal kinetics of 2,4-DCP
by Fe-Ni/CNTs were in agreement with a pseudo-first-order model, and the rate constants were dependent on a number of factors
including the initial concentration of 2,4-DCP, the dosage of Fe-Ni/CNTs, pH value of the solution, and doping amount of Ni. The
degradation mechanism involved the adsorption by CNTs and catalytic reduction by Fe under the stimulating of Ni, and the
preferred dechlorination followed the order of para-Cl > ortho-Cl. The study confirmed that Fe-Ni/CNTs had a potential to be a
promising catalytic material for removal of chlorophenol and had a great prospect for practical application.
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Introduction

As an important member in the family of chlorinated phenols,
2,4-dichlorophenol (2,4-DCP) is a kind of significant indus-
trial raw materials, which is extensively employed in the man-
ufacture of wood preservatives, pesticides, fungicides, and
herbicides (Sun et al. 2013; Nasser and Mingelgrin 2014;
Fang et al. 2018). However, it has also been regarded as pri-
ority pollutants by the United States Environmental Protection
Agency owing to its high toxicity, carcinogenicity,

recalcitrance, and bioaccumulation (Contreras et al. 2003;
Pulido Melian et al. 2013). The widespread use of 2,4-DCP
engenders discharge of 2,4-DCP into water and soil environ-
ments, resulting in great health threat to humans and ecosys-
tems over a long period of time (Witonska et al. 2014; Li et al.
2015). It is thus urgent to develop effective treatment methods
for the removal of 2,4-DCP prior to disposal.

Nanoscale zero-valent iron (nZVI) has been suggested as a
promising candidate for removal of a variety of chlorinated
organics with a high reactivity and relatively low economic
and environmental costs (Song and Carraway 2005; Cheng
et al. 2007; Tsang et al. 2009; Shih et al. 2011; Zhang et al.
2012). It is widely accepted that the removal pathways of
reductive dechlorination involve either electron transfer or
reaction with H2 generated from nZVI corrosion (Wei et al.
2006; Gao et al. 2016). However, unlike chlorinated ali-
phatics, its reaction rate is generally slow due to chlorinated
aromatics, which may result in the accumulation of toxic
byproducts from partial dechlorination and introduction of
new contaminants in the environment (Zhou et al. 2010; Li
et al. 2013). Furthermore, the formation of iron oxide or hy-
droxide over the surface of nZVI is inevitable (Zhang et al.
2009; Nagpal et al. 2010), which considerably decreases the
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effective use of nZVI. Therefore, the nZVI system has been
further advanced through coating the second metal such as Pd
or Ni on the substrate-metal surface to form bimetallic nano-
particles (Wei et al. 2006; Cheng et al. 2010; O’Carroll et al.
2013; Sahu et al. 2018). Ni is a preferred doping metal in the
nZVI system because of its availability and reasonable cost
compared with noble metal (Cheng et al. 2010; Li et al. 2017).
The H2 produced from nZVI corrosion may be further activat-
ed by doping catalytic metal and utilized to accelerate the
dechlorination process (Gao et al. 2016; Zhou et al. 2016).
Our previous study has also proved that Ni possesses excellent
catalytic hydrogenation performance, and the hydrogen can be
dissociated to active atomic hydrogen over Ni surface (Sun
et al. 2016). Overall, Ni with excellent adsorption-dissociation
capacity for hydrogen can change the customary electron-
transfer mechanism to catalytic hydrodechlorination mecha-
nism, which brings about a rapid, effective, and complete
dechlorination process (Fang et al. 2011; Wu et al. 2014; Liu
et al. 2015). Nevertheless, freshly prepared Fe-based nanopar-
ticles are apt to aggregate due to the high surface energies and
intrinsic magnetic interactions (Li et al. 2017), leading to ad-
verse effects on its reactivity. Hence, how to improve the dis-
persion and prevent aggregation has become a new challenge
for Fe-based nanoparticles application.

To address this issue, various supports including montmo-
rillonite, bentonite, vermiculite, silica, and resin have been
developed to immobilize nanoparticles for eliminating the pol-
lutants in aqueous solution (Chen et al. 2009; Su et al. 2011;
Wu et al. 2014; Doong et al. 2015; Zhou et al. 2016; Mishra
et al. 2017). As a novel nanostructured carbon material, car-
bon nanotubes (CNTs) have attracted great research interest
due to their unique characteristics such as large specific sur-
face area, high mechanical strength, high adsorption capacity
for hydrogen, and the exhibition of their extensive applica-
tions as adsorbent and catalyst support (Kim et al. 2005;
Kragulj et al. 2015; Chaudhary et al. 2017). Compared with
other support materials, CNTs also have excellent electrical
property, which is advantageous for electron transfer (Sun
et al. 2016). We expect to improve the degradation perfor-
mance of Fe-based bimetallic nanoparticles for pollutants in
the presence of CNTs. To our knowledge, no study has been
reported to remove 2,4-DCP in aqueous solution over the Fe-
Ni bimetallic nanoparticles supported on CNTs (Fe-Ni/CNTs).
More complete and systematic studies of the catalytic removal
of 2,4-DCP using Fe-Ni/CNTs and especially an understand-
ing of promoting action of Ni in the presence of CNTs are
needed.

Herein, we prepared Fe-Ni/CNTs by the liquid-phase
chemical reduction method for the catalytic removal of 2,4-
DCP with higher concentration in aqueous solution. In this
study, we mainly focused on the following: (1) the synthesis
and characterization of Fe-Ni/CNTs, (2) a number of impor-
tant parameters that affect the hydrodechlorination of 2,4-

DCP, (3) the synergistic effect between Fe-Ni nanoparticles
and CNTs, and (4) the removal kinetics and possible degrada-
tion mechanism.

Material and methods

Chemical

Ferrous sulfate heptahydrate (FeSO4·7H2O), nickel chloride
hexahydrate (NiCl2·6H2O), sodium borohydride (NaBH4), so-
dium hydroxide (NaOH), hydrochloric acid (HCl), nitric acid
(HNO3), and ethyl alcohol absolute (C2H6O) were purchased
from Sinopharm Chemical Reagent Co., Ltd. (China). 2,4-
Dichlorophenol (2,4-DCP), 2-chlorophenol (2-CP), 4-
chlorophenol (4-CP), and phenol (P) were purchased from
Aladdin Industrial Co., Ltd. (China). All chemicals were of
analytical grade, except otherwise noted, and did not undergo
any further purification. HPLC grade methanol was obtained
from Tedia Company Inc. (USA). The 2,4-DCP stock solution
was prepared by dissolving 2,4-DCP in distilled water and
stored at 4 °C before use.

Catalyst preparation

Raw multi-walled CNTs were supplied by Chengdu Organic
Chemicals Co., Ltd. of the Chinese Academy of Science
(China). Initially, they were pretreated by concentrated nitric
acid at 100 °C or 120 °C as described in our previous study
(Sun et al. 2016) and then used as support material. Fe-Ni
nanoparticles supported on CNTs (Fe-Ni/CNTs) were pre-
pared under a nitrogen atmosphere by the liquid-phase chem-
ical reduction method (Zhou et al. 2014) and the detailed
procedures were described as follows. Firstly, a certain
amount of FeSO4·7H2O was dissolved in 100 mL distilled
water with the addition of 0.50 g of pretreated CNTs, followed
by mechanical stirring at 250 rpm for 1 h for complete admix-
ture. Subsequently, 50 mL of 0.5 mol/L NaBH4 as a reducing
agent was added dropwise into the suspension and stirred
continuously for another 2 h. The prepared material was fil-
tered and quickly washed three times with distilled water and
ethyl alcohol absolute, successively. Afterward, a certain
amount of NiCl2·6H2O was absolutely dissolved in 100 mL
distilled water, and the above freshly prepared material was
quickly added in the solution. The mixture was sequentially
stirred at 250 rpm for 1 h. After that, the solid was separated
from the suspension by vacuum filtration and quickly rinsed
seriatim with distilled water and ethyl alcohol absolute. The
theoretical mass ratio of the sum of Fe and Ni and CNTs in the
prepared Fe-Ni/CNTs was 1:1 and Fe and Ni was 4:1. For
comparison, Ni supported on CNTs (Ni/CNTs) and Fe sup-
ported on CNTs (Fe/CNTs) were synthesized by the same as
above procedures, and the mass ratio of Ni:CNTs and
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Fe:CNTs was 1:1. The preparation of Fe-Ni nanoparticles was
performed under identical conditions but without CNTs, and
the mass ratio of Fe and Ni was 4:1. Furthermore, Fe-Ni/AC
was also prepared with the same method using active carbon
as support. All the resultant samples were dried at 60 °C under
vacuum overnight and stored under nitrogen atmosphere prior
to the experiment.

Catalyst characterization

Scanning electron microscopy (SEM) images were acquired
using S-4800 scanning electron microscopy equipped with
energy dispersive spectrometer operating at 5 kV.
Transmission electron microscope (TEM) observations were
carried out with JEOL-JEM-2000 transmission electron mi-
croscope at an accelerating voltage of 200 kV. Powder X-ray
diffraction (XRD) measurements were performed on Philips
X’pert Pro X-ray diffractometer with Cu Kα radiation at an
accelerating voltage of 40 kV and an emission current of
40 mA. The BET surface areas were determined by N2

adsorption-desorption isotherms at −196 °C using
Micromeritics ASAP 2020 apparatus. Raman spectra were
recorded on a Horiba Jobin Yvon LabRam Aramis Raman
spectrometer at a laser excitation wavelength of 532 nm. X-
ray photoelectron spectroscopy (XPS) was made with a
PHI5000 VersaProbe electron spectrometer. All the binding
energies were referenced to C1s at 284.6 eV.

Catalytic removal experiment

Under a nitrogen atmosphere, a certain amount of samples
including CNTs, Ni/CNTs, Fe/CNTs, Fe-Ni/CNTs, Fe-Ni,
and Fe-Ni/AC were added, respectively, to a 250 mL four-
necked flask containing 100 mL of 2,4-DCP solution and
agitated at 250 rpm for 4 h. Samples were withdrawn from
the flask with glass syringes at selected time intervals and
passed through 0.22 μm filter membranes and further trans-
ferred to a 2.0 mL high-performance liquid chromatography
(HPLC) vial. The effect of various parameters, such as initial
concentration of 2,4-DCP (100, 200, 300, 400, and 500 mg/
L), dosage of Fe-Ni/CNTs (0.75, 1.5, 3.0, 4.5, and 6.0 g/L),
pH values of solution (3, 4, 5, 6, 7, 9, and 11), and doping
amount of Ni (0, 10, 16, 20, 24, and 30% of Ni/Fe ratio) on the
catalytic removal of 2,4-DCP in aqueous solution by Fe-Ni/
CNTs, was also evaluated. Moreover, the degradation perfor-
mance of 2,4-DCP on Fe-Ni/CNTs pretreated at 100 °C was
also tested. The liquid phase catalytic hydrodechlorination of
2,4-DCP on Ni/CNTs, Fe/CNTs, and CNTs was performed in
a four-necked flask containing 2,4-DCP solution under a hy-
drogen atmosphere. All experiments were carried out in trip-
licate. The quantitative concentrations of target pollutant (2,4-
DCP), dechlorination intermediates (2-CP and 4-CP), and fi-
nal product (P) were measured with a HPLC (Dionex

UltiMate 3000, USA) equipped with a UV-vis detector at a
wavelength of 280 nm and a C18 column (4.6 mm× 150 mm,
5.0 μm). The mobile phase of methanol/water mixture in the
proportion 70/30 (V/V) was used at a flow rate of 1.0 mL/min.
The size of the sample loop was 20 μL.

Results and discussion

Characterization

The morphology of CNTs, Fe-Ni, Fe/CNTs, Fe-Ni/
CNTs, and Fe-Ni/CNTs-r (after reaction with 2,4-DCP
in aqueous solution) was characterized by SEM and
the results were shown in Fig. 1. The SEM image as
presented in Fig. 1a confirmed the integrated tubular
structure of CNTs, and the surface of CNTs was smooth
in appearance. The unsupported Fe-Ni existed as prom-
inent chain-like aggregates because of their high surface
energies and magnetic interactions (Fang et al. 2011; Li
et al. 2017) as shown in Fig.1b. In contrast, for the
sample Fe/CNTs, it was observed obviously that the
supported nanoparticles were dispersed onto the external
surface of CNTs as displayed in Fig. 1c. For the sample
Fe-Ni/CNTs, lots of nanoparticles were same supported
on the surface of CNTs and remained well-dispersed as
shown in Fig. 1d. Evidently, the aggregation of nano-
particles expectedly decreased after supporting by CNTs,
indicating that the CNTs played an important role in
dispersing and stabilizing the supported nanoparticles.
However, in the case of Fe-Ni/CNTs-r as shown in
Fig. 1e, the morphology of the sample changed signifi-
cantly and the additional products with needle-like
structure were newly formed on the surface of the sam-
ple. From the TEM images as depicted in Fig. 1f, it
could be seen clearly that the spherical nanoparticles
were well-dispersed onto the CNTs surface and the size
ranged from 20 to 80 nm.

The XRD patterns of CNTs, Fe-Ni, Fe/CNTs, Fe-Ni/CNTs,
Fe-Ni-r, and Fe-Ni/CNTs-r were illustrated in Fig. 2. The sup-
port CNTs had characteristic peaks of 26.0° and 43.0° (Song
et al. 2010; Sun et al. 2016) and the relative peak intensity
apparently decreased due to loading. The distinct peak at the
2θ= 44.7° confirmed the existence of Fe0 in freshly prepared
Fe-Ni, Fe/CNTs, and Fe-Ni/CNTs (Weng et al. 2014; He et al.
2018). Nevertheless, the typical peak of Fe0 became too weak
to be visible in XRD patterns of Fe-Ni-r and Fe-Ni/CNTs-r.
New additional peaks appeared distinctly at 27.0°, 35.4°,
36.5°, 46.8°, and 60.5° suggested the formation of Fe2O3,
Fe3O4, and FeOOH which perhaps corresponded to the
needle-like products (Kanel et al. 2005; Weng et al. 2014;
Xu et al. 2014). The localized elemental information of Fe-
Ni/CNTs and Fe-Ni/CNTs-r was determined by EDS analysis
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as revealed in Fig. S1 and the specific relative weight percent-
age of C, O, Fe, and Ni was listed in Table 1. It was obvious
that the Fe content in Fe-Ni/CNTs-r decreased from 34.19 to
13.09% whereas the O content increased from 16.19 to
44.99%. The phenomenon could be explained by the corro-
sion of Fe as a reductant to form iron ions, iron oxide, hydrox-
ide, and oxygen-containing groups on the surface of the cata-
lyst during reaction process (Kanel et al. 2005; Nagpal et al.
2010; Zhou et al. 2014).

The measured BET specific surface areas of CNTs, Fe-Ni,
Fe/CNTs, and Fe-Ni/CNTs were 223.0, 31.9, 200.2, and
122.2 m2/g, respectively. It could be seen that the specific
surface areas of Fe/CNTs and Fe-Ni/CNTs increased greatly
compared with unsupported Fe-Ni due to Fe or Fe-Ni nano-
particles dispersed onto CNTs with large specific surface area
(Wu et al. 2014). However, the specific surface area of Fe-Ni/
CNTs was apparently smaller than Fe/CNTs, indicating that
bimetallic component might have a distinct influence on the
structure of CNTs.

Performance of catalytic removal for 2,4-DCP
in aqueous solution

The removal performance of CNTs, Ni/CNTs, Fe/CNTs, Fe-
Ni/CNTs, Fe-Ni, and Fe-Ni/AC for 2,4-DCP in aqueous solu-
tion was represented in Fig. 3. It could be seen that 22.9% of
2,4-DCP was removed by CNTs alone. The equilibrium was
reached in less than 5 min and kept unchanged during
240 min. Obviously, the support CNTs had rapid adsorption
capacity for 2,4-DCP in aqueous solution. The sample Ni/
CNTs had about 24.2% of 2,4-DCP removal efficiency, which
was close to the adsorption value of CNTs. It illustrated that
the single component Ni supported on CNTs under this con-
dition almost had no catalytic activity. For the sample Fe/
CNTs, it was noticed that the removal efficiency of 2,4-DCP
was also similar to that of CNTs at initial 90min and afterward
it began to increase gradually and arrived at 40.1% after
240 min. It was evidently attributed to the catalytic degrada-
tion action of Fe0. However, for the sample Fe-Ni/CNTs, the
removal efficiency of 2,4-DCP was drastically increased and
reached to 91.7%. Accordingly, we also investigated the cat-
alytic degradation performance of unsupported Fe-Ni sample,
which possessed impressive removal efficiency of 62.7% as
depicted in Fig. 3. Although the total amount of bimetallic
component was larger than that of Fe-Ni/CNTs in the experi-
ment, this result well revealed the promoting action of Ni
doping for catalytic degradation. The compared sample Fe-
Ni/AC using active carbon as support exhibited the removal
efficiency of about 75.2% under the same conditions in spite
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Fig. 2 XRD patterns of CNTs, Fe-Ni, Fe/CNTs, Fe-Ni/CNTs, Fe-Ni-r,
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Table 1 Relative weight percentage of C, O, Fe, and Ni in Fe-Ni/CNTs
and Fe-Ni/CNTs-r by EDS analysis

Sample C (%) O (%) Fe (%) Ni (%)

Fe-Ni/CNTs 40.41 16.19 34.19 9.21

Fe-Ni/CNTs-r 36.69 44.99 13.09 5.23

100 nm

f

a b c

d e CNTs

Fig. 1 SEM images of CNTs (a),
Fe-Ni (b), Fe/CNTs (c), Fe-Ni/
CNTs (d), Fe-Ni/CNTs-r (e), and
TEM images of CNTs and Fe-Ni/
CNTs (f)
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of the larger specific surface area. Therefore, the 2,4-DCP
removal efficiency of 91.7% on the sample Fe-Ni/CNTs was
the jointly promoting result of Fe-Ni nanoparticles and CNTs.

Parameters affecting the catalytic removal
for 2,4-DCP

Effect of initial concentration

The effect of initial concentration on the removal of 2,4-DCP
by Fe-Ni/CNTs was studied. As shown in Fig. 4, Fe-Ni/CNTs
exhibited excellent catalytic removal performance for 2,4-
DCP when the initial concentration was less than 300 mg/L.
More than 90% of 2,4-DCP was removed after 60 min, even it
reached 99.1% at the concentration of 100 mg/L. The removal
capacity improved tremendously compared with the result of

the 2,4-DCP removal using MWNT-Pd/Fe at the initial con-
centration of 20mg/L (Xu et al. 2012). The removal efficiency
decreased distinctly when the initial concentration of 2,4-DCP
further increased to more than 400 mg/L. It was only 52.2% at
a 2,4-DCP concentration of 500 mg/L within the same contact
time. Furthermore, the removal of 2,4-DCP by Fe-Ni/CNTs
could be satisfactorily fitted by the pseudo-first-order kinetic
model expression with a correlation coefficient (R2) greater
than 0.978 as elaborated in Table 2. It was obvious that the
kobs decreased with the increase of initial 2,4-DCP concentra-
tion. Generally, the degradation of 2,4-DCP on composite
materials was a heterogeneous reaction involving adsorption
and the subsequent surface reaction. Increasing the initial con-
centration of 2,4-DCP would lead to competitive adsorption
among the 2,4-DCP molecules due to the limited adsorption
capacity and available active sites on Fe-Ni/CNTs at a fixed
dosage (Chen et al. 2011; Weng et al. 2014).

Effect of Fe-Ni/CNTs dosage

The effect of Fe-Ni/CNTs dosage on the removal of 2,4-DCP
was presented in Fig. 5. The removal efficiency of 2,4-DCP
increased significantly from 24.2 to 91.7% when the Fe-Ni/
CNTs dosage increased from 0.75 to 3.0 g/L. When the dos-
age was up to 4.5 g/L, the removal efficiency of 2,4-DCP
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Fig. 4 Effect of initial concentration on the removal of 2,4-DCP by Fe-
Ni/CNTs (Conditions dosage of Fe-Ni/CNTs, 3.0 g/L; Ni doping amount,
20%; temperature, 30 °C)

Table 2 Estimated regression parameters of pseudo-first-order kinetic
model for 2,4-DCP

Influencing factors R2 kobs (1/h)

Initial concentration
mg/L

100 0.978 5.500

200 0.980 3.706

300 0.988 2.410

400 0.982 1.751

500 0.982 1.147

Fe-Ni/CNTs dosage
g/L

0.75 0.980 0.602

1.5 0.982 1.469

3.0 0.988 2.410

4.5 0.986 7.090

6.0 0.982 10.868

Solution pH 3 0.989 0.703

4 0.991 1.277

5 0.993 1.747

6 0.982 3.834

7 0.980 1.033

9 0.989 0.230

11 0.987 0.162

Ni doping amount
%

10 0.990 0.908

16 0.985 1.467

20 0.988 2.410

24 0.984 3.310

30 0.981 1.491
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CNTs
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Fe-Ni

Fe-Ni/AC

Fig. 3 Removal of 2,4-DCP by various materials (Conditions C0,
300 mg/L; dosage of CNTs, 1.5 g/L; dosage of Ni/CNTs, 3.0 g/L;
dosage of Fe/CNTs, 3.0 g/L; dosage of Fe-Ni/CNTs, 3.0 g/L; dosage of
Fe-Ni, 3.0 g/L; dosage of Fe-Ni/AC, 3.0 g/L; Ni doping amount, 20%;
temperature, 30 °C)
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reached maximum and the almost entire removal of 2,4-DCP
was observed. Further enhancement of Fe-Ni/CNTs dosage
had no obvious effect. The enhanced removal of 2,4-DCP
would be owing to that an increase in the amount of Fe-Ni/
CNTs led to an increase in available active sites for adsorption
and reduction of 2,4-DCP (Chen et al. 2011; Liu et al. 2013).
Based on Table 2, linear relationships existed between ln(Ct/
C0) versus t for experiments with different dosage and the kobs
increased as Fe-Ni/CNTs dosage increased.

Effect of solution pH

The effect of solution pH on the removal of 2,4-DCP by Fe-
Ni/CNTs was evaluated. It was found that the reactivity of Fe-
Ni/CNTs towards 2,4-DCP removal was strongly pH-
dependent as shown in Fig. 6. When the solution pH values
increased from 3 to 11, the removal efficiency of 2,4-DCP first
increased from 53.0 to 93.6% and then decreased to 21.9%

within 240 min. It was noticeable that a maximum level of
removal efficiency was observed at pH value of 6, suggesting
that optimal 2,4-DCP dechlorination occurred under weak
acidic condition. A reasonable explanation was that sufficient
hydrogen was obtained through the corrosion of iron in aque-
ous solution, and the active hydrogen involved in the dechlo-
rination of 2,4-DCP was produced (Zhou et al. 2016). It was
crucial because the dechlorination process was catalytic hy-
drogenation and active atomic hydrogen acted as the predom-
inant reducing agent (Liu et al. 2015). However, under alka-
line conditions, the formed surface passivating layers of metal
oxides/hydroxides and increased ionization of 2,4-DCP were
detrimental to the reaction (Liptak et al. 2002; Tian et al. 2009;
Liu et al. 2010; Zhou et al. 2010). Furthermore, at relatively
lower pH, excessive iron corrosion could occur and the pro-
duced gas of bubbles might hinder the contact of nanoparticles
with the target pollutant (Zhou et al. 2010; Xiao et al. 2014),
thus resulting in the decrease of removal efficiency of 2,4-
DCP. From the data listed in Table 2, it could be seen distinctly
that the kobs increased with the increase of pH and reached to
maximum when the pH value was 6. However, further in-
crease of pH resulted in a decrease of kobs.

Effect of Ni doping amount

It is generally considered that Ni doping amount is one of the
significant experimental parameters affecting the removal of
pollutants by iron due to hydrogenolysis requirement in the
degradation process (Fang et al. 2011; Liu et al. 2013). Fixed
the total loading amount of Fe and Ni, the effect of Ni doping
amount on removal of 2,4-DCP was investigated, and the
results were shown in Fig. 7. The 2,4-DCP removal efficien-
cies were 40.1%, 78.9%, 83.9%, 91.7%, 95.3%, and 86.2%
within 240 min at 0%, 10%, 16%, 20%, 24%, and 30% of Ni
doping amount, respectively. It was obvious that the doping of
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Fig. 7 Effect of Ni doping amount on the removal of 2,4-DCP
(Conditions C0, 300 mg/L; dosage of Fe-Ni/CNTs, 3.0 g/L;
temperature, 30 °C)
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(Conditions C0, 300 mg/L; Ni doping amount, 20%; temperature, 30 °C)
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Ni in Fe/CNTs greatly enhanced the removal efficiency of 2,4-
DCP. The 2,4-DCP removal efficiency increased and reached
to maximum with increasing the Ni doping amount to 24%.
However, further enhancement of the Ni doping amount re-
sulted in a decline of removal efficiency. The data in Table 2
showed also that the kobs first showed an upward trend and
then a downward one with the increase of Ni doping amount.

Promoting action of Ni in the presence of CNTs

From Fig. 3, it was evidently seen that the sample Fe-Ni/CNTs
exhibited 2,4-DCP removal efficiency of about 91.7% which
was highly greater than 40.1% of the sample Fe/CNTs.
Previous work demonstrated that the specific surface area of
material was an important factor that influenced the contami-
nant removal efficiency (Huang et al. 2013). However, the
specific surface area could not be used for explaining the
excellent 2,4-DCP removal efficiency of Fe-Ni/CNTs because
it possessed a lower specific surface area compared with Fe/
CNTs as mentioned above. It was just the doping of Ni in Fe
that played a crucial role in promoting the catalytic removal of
2,4-DCP. It was reported that the Ni component could pro-
mote the effective dissociation of hydrogen produced by Fe
corrosion into active atomic hydrogen (Lin et al. 2012;
O’Carroll et al. 2013; Gao et al. 2016). In order to prove the
effect of Ni in the presence of CNTs, the liquid phase catalytic
hydrodechlorination of 2,4-DCP on Ni/CNTs, Fe/CNTs, and
CNTs was carried out under a hydrogen atmosphere. It was
found that the corresponding catalytic removal efficiency of
2,4-DCP on Ni/CNTs under hydrogen atmosphere was

approximate 88.5%, which increased visibly with respect to
nitrogen atmosphere. However, for Fe/CNTs and CNTs, the
removal efficiencies of 2,4-DCP were no obvious differences
under different atmosphere. The result implied that Ni was
well served as a hydrogenation catalyst to dissociate adsorbed
H2 into active hydrogen, which could accelerate the catalytic
removal of 2,4-DCP. As regards the removal efficiency of
sample Fe-Ni/AC was similarly lower than that of the sample
Fe-Ni/CNTs. That is to say, the same bimetallic component
supported on activated carbon exhibited much lower catalytic
activity although it had larger specific surface area. Therefore,
we concluded that the increased catalytic activity of Fe-Ni/
CNTs not only originated from the promoting action of Ni
doping but also related to the property of support. It was well
known that the metal species with low or zero valence could
be obtained under the spontaneous redox of CNTs (Song et al.
2010). This would further facilitate the reduction of iron ox-
ides into zero valence iron. Generally, Raman spectroscopy
was used to estimate the disorder degree of CNTs and the
higher ID/IG ratio suggested the higher extent of structure de-
fects (Yang et al. 2013; Sun et al. 2016). As illustrated in Fig.
S2, the Fe-Ni/CNTs with higher defect density exhibited larg-
er degradation efficiency of 2,4-DCP owing to the larger elec-
tron transfer on the defective CNTs (Yang et al. 2010; Song
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Table 3 Results for analyzing Fe 2p3/2 spectra of Fe-Ni/CNTs and Fe-
Ni/CNTs-r after deconvolution

Sample Assignment Location (eV) Percentage (%)

Fe-Ni/CNTs Fe0 707.0 8.5

Fe2O3 710.9 51.2

FeOOH 712.9 40.3

Fe-Ni/CNTs-r Fe0 707.0 1.2

Fe2O3 710.9 40.2

FeOOH 712.9 58.6
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et al. 2011), which further facilitated the formation of active
hydrogen. Besides, the reduced aggregation of Fe-Ni nanopar-
ticles promoted by CNTs as shown in Fig. 1 was also contrib-
uted to the enhancement of the catalytic activity of Fe-Ni/
CNTs with respect to Fe-Ni.

To further understand the promoting action of Ni in the pres-
ence of CNTs for the catalytic removal of 2,4-DCP, we investi-
gated the XPS spectra of Fe-Ni/CNTs before and after reaction.
Fig. S3 depicted the XPS survey scan spectra of Fe-Ni/CNTs and
Fe-Ni/CNTs-r, and distinct C 1 s, O 1 s, Fe 2p, and Ni 2p were
observed. While the XPS spectra of Fe 2p of Fe-Ni/CNTs and
Fe-Ni/CNTs-r were shown in Fig. 8. They could be split into six
peaks for evaluating iron valence states. The binding energies at
710.9 and 723.6 eV for Fe 2p3/2 and Fe 2p1/2 peaks confirmed the
existence of Fe2O3 (Wu et al. 2014). The peaks located at 712.9
and 725.4 eV indicated that FeOOH was also present on the
catalyst surface (Grosvenor et al. 2004; Biesinger et al. 2011;
Li et al. 2013). The characteristic peak at 707.1 eV in the Fe
2p3/2 region was ascribed to Fe0 (Fang et al. 2011; Li et al.
2013). Moreover, a shoulder at 719.0 eV was also observed
which resulted from the overlap of the shake-up satellite of oxi-
dized iron (2p3/2) and zero-valent iron (2p1/2) (Bhowmick et al.
2014). Table 3 listed the results by analyzing all the Fe 2p3/2
spectra after deconvolution. As shown in Table 3, the relative
atomic percentage of Fe2O3 in Fe-Ni/CNTs-r decreased from
51.2 to 40.2%, illustrating that the formation of FeOOH by con-
sumption of Fe0 and Fe2O3 was accompanied by the catalytic
reaction process. The phenomenon inferred that the iron corro-
sion reaction did occur in water and led to the formation of
hydrogen, which was consistent with the characterization results
of XRD/EDS. Subsequently, active atomic hydrogen was gener-
ated around the Ni catalyst, which could be utilized to substitute
the chlorines. Fig. S4 exhibited the XPS spectra of Ni 2p of Fe-
Ni/CNTs and Fe-Ni/CNTs-r. The Ni 2p peaks at 861.5 and
880.1 eV in both samples were due to multielectron excitation
(Sun et al. 2016). The Ni 2p3/2 peaks appeared at binding ener-
gies of 852.8, 854.2, 855.5, and 857.2 eV were assigned to Ni,

NiO, Ni(OH)2, and NiOOH species, respectively. The other
peaks located at 870.1, 871.6, 873.2, and 874.5 eV in the Ni
2p1/2 region were attributed to Ni, NiO, Ni(OH)2, and NiOOH
species, respectively (Li et al. 1999; Velu et al. 2005; Solsona
et al. 2012; Zhou et al. 2014; Sun et al. 2016). The existence of
metallic Ni was convinced in Fe-Ni/CNTs and Fe-Ni/CNTs-r.
The formation of Ni(OH)2 was perhaps ascribed to the reaction
of NiO with H2O in an air atmosphere, and then was further
oxidized to generate NiOOH. According to the relative areas of
characteristic peaks, the relative atomic percentage of Ni in Fe-
Ni/CNTs and Fe-Ni/CNTs-r was about 13.2% and 10.1%, re-
spectively. It inferred that there were no significant differences
of the relative contributions of Ni in the sample Fe-Ni/CNTs
before and after the reaction. Therefore, it was thought that the
catalytic degradation of 2,4-DCP by Fe under the stimulating of
Ni changed from electron–transfer mechanism to
hydrodechlorination mechanism, where Fe mainly acted as a
reducing agent to produce hydrogen via iron corrosion and Ni
acted as a hydrogenation catalyst to dissociate hydrogen into
active atomic hydrogen. CNTs as support not only could effec-
tively reduce the aggregation of nanoparticles but also facilitate
the mass transfer of 2,4-DCP and the formation of active hydro-
gen. Moreover, we knew that the redox potentials for Fe2+/Fe
and Ni2+/Ni were − 0.441 Vand − 0.257 V, respectively. It indi-
cated that the doping of Ni could also facilitate the corrosion of
Fe and then accelerate the catalytic removal of 2,4-DCP. It was
thereby considered that the enhanced catalytic degradation re-
moval of Fe-Ni/CNTs for 2,4-DCP was ascribed to the synergis-
tic effect of Fe-Ni nanoparticles and CNTs.

Analysis of dechlorination products and the possible
catalytic degradation mechanism

The main dechlorination products of 2,4-DCP degradation by
Fe-Ni/CNTs were identified by HPLC. As shown in Fig. 9, 2,
4-DCP, 4-CP, 2-CP, and P were eluted at a relative retention
time of 3.20, 2.43, 2.26, and 2.01 min, respectively. More
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detailed description of the chemical conversion of 2,4-DCP
was displayed in the inserted figure. It was distinctly found
that the amount of P continuously increased with the decrease
of 2,4-DCP. Meanwhile, the amount of 2-CP and 4-CP in-
creased promptly at the initial stage of the dechlorination re-
action and then decreased steadily. The HPLC results well
demonstrated that the dechlorination products of 2,4-DCP
by Fe-Ni/CNTs were consisted of 2-CP, 4-CP, and P. It was
worth noting that 2-CP was detected as the principal interme-
diate product, which perhaps was due to the difference of the
Gibbs free energy of 2-CP and 4-CP (Dolfing and Harrison
1992; Xu et al. 2012). Moreover, the P formed immediately as
soon as the dechlorination reaction occurred. Therefore, it was
concluded that the catalytic degradation of 2,4-DCP on Fe-Ni/
CNTs was a multistep reaction. Accompanied with the step-
wise dechlorination, 2,4-DCP could be partly degraded direct-
ly into P. In summary, the para-Cl of 2,4-DCP was first elim-
inated by Fe-Ni/CNTs, then ortho-Cl, and P was the final
dechlorination product.

Based on the results above, the possible catalytic degrada-
tion mechanism of 2,4-DCP by Fe-Ni/CNTs was proposed as
described in Fig. 10. Firstly, the 2,4-DCP was rapidly
adsorbed onto the surface of Fe-Ni/CNTs. Fe acted as a reduc-
tant to generate hydrogen gas via iron corrosion reaction in
water, while Ni as a hydrogenation catalyst adsorbed H2 and
then dissociated into atomic hydrogen. In there, the produced
atomic hydrogen attacked 2,4-DCP directly and led to the
formation of 2-CP, 4-CP, and P through a surface-mediated
process. Finally, desorption of dechlorination products into
solution made the earlier 2,4-DCP occupied sites vacant and
available for further adsorption and degradation of 2,4-DCP.
During the catalytic degradation, the excellent adsorption-
dissociation capacity of Ni for hydrogen crucially governed
the process of 2,4-DCP dechlorination. The support CNTs
with peculiar tubular structure not only improved the disper-
sion of nanoparticles but also facilitated the mass transfer of
2,4-DCP and the formation of active hydrogen. Consequently,
the promoting action of Ni for Fe catalysis in the presence of
CNTs remarkably enhanced the catalytic degradation perfor-
mance of Fe-Ni/CNTs for 2,4-DCP.

Conclusions

In this work, Fe-Ni/CNTs were successfully prepared, charac-
terized, and utilized for the catalytic removal of 2,4-DCP in
aqueous solution. Enhanced catalytic removal performance of
2,4-DCP by Fe-Ni/CNTs was achieved, which could be as-
cribed to the synergistic effect between Fe-Ni nanoparticles
and CNTs. The removal efficiency increased with decreasing
initial concentration of 2,4-DCP and increasing dosage of Fe-
Ni/CNTs. The removal of 2,4-DCP was pH-dependent and
weak acidic condition was more favorable for dechlorination.

The removal kinetics of 2,4-DCP by Fe-Ni/CNTs fitted well
with a pseudo-first-order model. The degradation mechanism
of 2,4-DCP by Fe-Ni/CNTs involved the adsorption by CNTs
and catalytic reduction, where Fe acted as a reductant to gen-
erate hydrogen gas via iron corrosion and Ni as a hydrogena-
tion catalyst promoted the dissociation of hydrogen, and a
multistep dechlorination process with the preference of para-
Cl > ortho-Cl.
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