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is of highly active Ni/Fe nano-
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chemical deposition†
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In this study, nanoscale bimetallic particles (Ni/Fe) were prepared by a simultaneous ball milling and in situ

chemical deposition process (B&C) with high dechlorination activity for 4-chlorophenol (4-CP). The results

suggest that the introduction of Ni significantly improved the dechlorination of 4-CP. The dechlorination

activity of Ni/Fe-B&C (kobs ¼ 0.168 min�1) was increased significantly with a lengthening of the milling

time and showed maximum activity at the milling time of 4 h. Bimetals prepared with the incorporation

of Ni into Fe can quickly and completely dechlorinate 4-CP within 90 min reaction time. The

dechlorination activity was mainly attributed to the synergistic effects of Ni and Fe. The dechlorination

rate was increased with increasing Ni–Fe dosage but decreased with increasing solution pH and 4-CP

concentration. Ni/Fe-B&C catalyst could be reused 10 times at pH below 5.0. This approach could offer

great opportunities for both research and industrial applications to eliminate chlorinated organic pollutants.
1. Introduction

Chlorinated organic compounds (COC) are widely used as raw
materials, intermediates or solvents in the chemical and phar-
maceutical industries for various applications.1–5 Most of them
are toxic or carcinogenic and have been linked to developmental
toxicity problems, and liver, lung and nervous system
damage.6–9 In recent years, nano-sized zero valent iron (nZVI)
has been widely applied to treat a wide range of contaminants
due to nZVI being cheap, abundant and non-toxic and pos-
sessing excellent chemical, surface and adsorptive proper-
ties.10–15 However, using nZVI for remediation of contaminated
wastewater is limited due to its lack of stability, easy aggrega-
tion and easy passivation and the poor retrievability of nZVI
from the treated solution.16–20 Various nZVI based bimetallic
catalysts were developed to study the reductive dechlorination
of COC contaminants. Compared with iron alone, bimetallic
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systems such as Ni/Fe, Pd/Fe, Cu/Ni, and Pd/Sn have shown
higher efficiencies for the dechlorination of many chlorinated
compounds. In a bimetallic system, primary metal (Fe, Zn, Sn,
Mg or Al) serves as an electron donor to detoxify the contami-
nants, whereas the secondary metal (Cu, Ni, Pd, Pt or Ag)
accelerates the dechlorination rate and prevents the deposition
of by-products on the surface.21–23 Although, Pd, Pt, and Ag
showed an excellent enhancement towards the dechlorination
activity of COCs, but its high cost limits its wide application.
Recently, nickel ions incorporated on ZVI exhibited a higher
efficiency compared with iron alone in the detoxication of
chlorinated aromatic compounds.24,25 Besides, owing to its
better hydrogenation ability and low cost, selection of Ni is good
choice to prepare cost-effective bimetallic catalysts for the
reductive dechlorination of organic compounds.

In general, bimetallic particles preparation process involved
the deposition of secondary metal on the primary metal through
reduction or substitution reactions by chemical solution depo-
sition (CSD).26–28 The presence of excessive amount of secondary
metal on a bimetallic system may completely cover the primary
metal surface leading to low dechlorination efficiency. More-
over, the secondary metal which covered the primary metal will
be released into the water during the erosion and dissolution of
the primary metal resulting in a signicant reduction in the
dechlorination activity.29

Recent studies suggested that Ni–Fe bimetals showed supe-
rior degradation activity prepared by ball milling (BM).21,29–32

Whereas, in BM process Ni can be homogeneously distributed
over the Fe surface instead of the surface coverage of metals
occurred in the CSD process.33 But bimetals prepared by BM
RSC Adv., 2018, 8, 26469–26475 | 26469
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Fig. 1 EDS (a) Fe mapping and (b) Ni mapping of Ni/Fe-B&C bimetal.
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usually have larger grain size and low compactness of two
metals, which is unfavorable for dechlorination reaction. Thus,
it is highly desirable to design more economic catalysts with
high dechlorination activity. In this study, we used simulta-
neous ball milling and in situ chemical deposition process
(B&C) to prepare the nano-Ni/Fe bimetallic can effectively
resolve the problems mentioned above.

The objective of the present study was to evaluate the
performance of nano-Ni/Fe bimetallic material prepared by
simultaneous ball milling and in situ chemical deposition
process (B&C), a novel method for dechlorination of 4-CP in
wastewater. In addition, other factors contributing to the
dechlorination of bimetallic systems such as preparation
methods, Ni loading, milling time, solution pH, Ni/Fe dosage,
and the initial 4-CP concentration were also investigated. The
mechanism of catalytic reaction for the removal of 4-CP by Ni/Fe
material was also discussed.

2. Experimental
2.1 Materials

Thematerials used in this paper were described in the Text S1 of
the ESI.†

2.2 Preparation and characterization of Ni/Fe bimetal

Iron sponge, Ni/Fe bimetal prepared by chemical solution
deposition (CSD) and ball milling (BM) are described in ESI Text
S2.†Ni/Fe bimetal prepared by B&C briey described as: 3 g iron
sponge powder and 90 g steel balls were put into a grinding jar,
then 40mL Ni2+ dissolved in ethanol at different concentrations
(the weight ratios of Ni to Fe was 1 : 19, 1 : 9, 3 : 17, 1 : 4.) was
added. By a planetary ball mill, this mixture with different Ni2+

concentrations wasmilled for different times at a rotation speed
of 270 rpm without inert gas protection. Aer milling, the mud
of Ni/Fe was separated carefully and washed ve times with
absolute ethyl alcohol before freeze-drying. Characterization of
the prepared catalysts was described in ESI Text S3.†

2.3 Degradation experiments

Firstly, the prepared materials were treated with H2SO4 solution
(10 mL per 1 g particles) at pH 1.0 for 15 min and then washed
with DI water (aerated by N2 for 15 min) three times, in order to
remove the possible oxidation lm before to conduct the
dechlorination reaction. All the experiments were carried out in
a serum vial with 20 mL of 20 mg L�1 4-CP solution and
required amount of prepared materials. Serum vials were
shaken constantly in a shaker at 220 rpm (25 �C) and samples
were taken at different intervals by an injector with a 0.45 mm
nylon membrane. To optimize Ni/Fe bimetal, 2 g particles
prepared in different Ni wt% and different milling times were
added in 4-CP solution at pH 2.0. To contrast the dechlorination
ability of particles prepared by different methods, 2 g particles
were added in 4-CP solution at pH 2.0. In order to study the
initial pH effect, 2 g bimetal particles were added in 4-CP
solution at different initial pH (from 2.0 to 8.0). Further, the
effect of the initial concentration of 4-CP and dosage of Ni/Fe
26470 | RSC Adv., 2018, 8, 26469–26475
particles was also investigated. Reuse experiments were also
carried out at different pH (from 2.0 to 8.0). The efficiency of
dechlorination was measured aer 60 min in the successive ten
cycles. Each dechlorination experiment was conducted in trip-
licate and protected by N2 gas. Samples collected aer the
dechlorination experiments were ltered by a 0.45 mm nylon
membrane.
2.4 Sample analysis

The concentration of 4-CP was determined with a high perfor-
mance liquid chromatograph (HPLC; ELITE P1201) equipped
with a C18 reversed-phase column (4.6 mm � 250 mm) and
a UV detector at wavelength of 254 nm. The mobile phase used
for BPA was a mixture of methanol and water (70 : 30, v/v) at
a constant ow rate of 1.0 mL min�1 with a constant column
temperature of 40 �C.
3. Results and discussion
3.1 Characterization of Ni/Fe materials

EDS element mappings of Ni/Fe bimetallic particles synthesized
by B&C were provided in Fig. 1. The results obviously showed
that Ni particles were dispersed homogeneously into Fe phase
and blended uniformly aer B&C process, leading to effective
This journal is © The Royal Society of Chemistry 2018
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contact. Reports also mentioned the importance of close
contact bimetals for dechlorination.29 The average particle size
of Ni/Fe particles was found to be less than 1 mm in Fig. S1,†
which helps to achieve more effective contact between the
particles compared with those of simple mechanical milling of
two metals. To further conrm this result, EDS elemental
analysis of the bimetal was performed. Analysis was carried out
on the selected points of the bimetal and results suggested the
uniform particles were obtained aer the B&C process as given
in Fig. S2.†

The presence of internal strain and dislocations in the
bimetal can be observed in the XRD patterns given in the
Fig. 2a. It can be seen that the mixture of Fe and Ni powders
exhibited the major diffraction peaks at 44.77� and 65.17� for
Fe, and 44.60�, 51.91� and 76.81� for Ni. But, for the bimetal
material prepared by simultaneous B&C process, the diffraction
peaks of Ni disappeared and the intensity of Fe diffraction
peaks were relatively weak, which may be due to the homoge-
neous distribution of Ni on Fe surface. Moreover, aer B&C
process, the diffraction peaks of Fe were slightly shied to lower
angle and broadened, which can be attributed to two factors
such as the renement of grain size and the increase of internal
strain. As shown in Fig. S3,† with the increase of milling time,
Fig. 2 (a) X-ray diffraction spectra of Ni/Fe materials. (b) Effect of
milling time on coercive force of the Ni/Fe-B&C materials.

This journal is © The Royal Society of Chemistry 2018
the diffraction peaks were shied to the low-angle direction and
the peak widths tended to get broader due to the formation of
grain interface structural defects.31,32 The strains and defects of
milled bimetal can also be observed by the change in magnetic
properties (Fig. 2b). Aer B&C process, Ni particles distributed
homogeneous in Ni/Fe bimetal, which was favorable for the
formation of many galvanic cells. It leads to speeding up the
electron transfer of galvanic corrosion. The close and effective
contact of two metals in Ni/Fe-B&C decrease the contact resis-
tance and in this way, 4-CP can be reduced directly by galvanic
corrosion on the Ni/Fe bimetal, leading to an acceleration of
dechlorination.29,34
3.2 Optimization of Ni/Fe bimetal materials

Fig. 3a exhibited the inuence of milling time on the dechlo-
rination rate of 4-CP. It can be observed that the reaction rate
gradually increased when increasing milling time. The dechlo-
rination percent was almost up to 100% in 30 min when the
milling time was increased to 4 h. The rate constant of bimetal
materials milled aer 4 h was 0.168 min�1 in this study. Mass
balance showed that the total concentration of 4-CP and phenol
in solution was more than 96% of the initial 4-CP concentra-
tion. This indicates that 4-CP could be directly reduced to
phenol by Ni/Fe bimetallic nanoparticles in this process and
Fig. 3 Effect of (a) milling time (Ni content ¼ 25 wt%) and (b) Ni
content (milling time ¼ 2 h) on the dechlorination of 4-CP.

RSC Adv., 2018, 8, 26469–26475 | 26471
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their amounts adsorbed on the bimetal were negligible. The
reaction was described well by the pseudo-rst-order kinetic
model in Fig. S4.† Ball milling process helped to achieve more
effective contact of Ni and Fe which speeded up the migration
rate of electrons. Reports have postulated that the atomic
hydrogen adsorbed on the reductant surface (Hads) would be
responsible for the bimetallic hydrodechlorination.35,36 Ball-
milling led to heavy deformation of the powders, hence the
material resulted with a high concentration of strain and
defects, which can substantially increase the adsorption of
hydrogen.37 The effect of Ni content on 4-CP dechlorination by
Ni/Fe bimetallic system was also investigated, as shown in
Fig. 3b. The removal and degradation percentages were 37.1%
and 42.1% when Ni content was 0 and 35% in 90 min, respec-
tively. These results clearly demonstrated that excessively high
or low Ni content will restrain the degradation of 4-CP. Ni serves
as role of a catalyst and could be considered as better choice of
catalyst to dechlorinate 4-CP.24,38 The degradation percentage
increased strongly with the increasing Ni content and it reached
�100% when Ni content was 20 wt%. The catalytic Ni on the Fe
particles surface as the catalytic sites would adsorb hydrogen
and transform it to atomic hydrogen more efficiently, thereby
facilitated the reaction. It's worth noting that the degradation
percentage was decreased when the Ni content above 25 wt%.
This may be due to the excessive deposition of nickel metal on
the iron metal surface hindering the corrosion of iron and the
diffusion of Fe2+ into the solution.

3.3 Effects of synthetic method, pH, Ni/Fe load and 4-CP
concentration on dechlorination

Batch experiments were conducted to compare the removal
efficiencies of 4-CP using Ni/Fe bimetals prepared by different
methods. As can be observed from Fig. 4, 4-CP degradation
percentage using Ni/Fe bimetal prepared by B&C method
reached almost 100% in 60 min while Ni/Fe bimetals prepared
by BM and CSD were 81.2% (Ni/Fe-BM) and 60.9% (Ni/Fe-CSD)
in 90 min, respectively. Besides, much lower degradation
percentage about 42.3% was observed for iron sponge particles.
Fig. 4 Effect of synthesis method on the dechlorination of 4-CP
(reaction conditions: 4-CP concentration ¼ 20 mg L�1, Ni/Fe dose ¼ 1
g/10 mL, Ni content ¼ 20 wt%, initial pH 2.0).

26472 | RSC Adv., 2018, 8, 26469–26475
Evidently, the homogeneous Ni/Fe bimetal prepared by B&C
possessed higher dechlorination activity for 4-CP than Ni/Fe-BM
and Ni/Fe-CSD particles. The superior degradation activity of
Ni/Fe-B&C composite could be ascribed to smaller Ni crystal
particles homogeneously deposited on Fe surface via B&C
process and the formation of crystal defects.

Solution pH not only affects the dechlorination of 4-CP and
the dissolution of Fe and Ni but also inuences the formation of
iron hydroxide precipitate and the passivation.33 Therefore, the
removal of 4-CP was studied at different solution pH. As
observed in Fig. 5a, the degradation percentage decreased from
100% to 89.97% as pH increased from 2.0 to 8.0, which
demonstrated acidic condition favored the degradation of 4-CP.
Low pH can accelerate the corrosion of Fe and produces enough
electrons to generate atomic hydrogen (eqn (1)–(4)) and thereby
further facilitate the reaction. Conversely, at high pH solution,
Fe2+ can easily transform into iron hydroxide precipitate (eqn
(5)) and form passivating lms on the surface of bimetal,
inhibiting the contact of target compounds with the reactive
sites and blocking the electron transfer.39,40 To further investi-
gate the pH effect on the dechlorination, the pH change prole
at different initial pH (Fig. 5b) was studied. When initial pH is
below 5, solution pH values were increased during the initial
period of 10 min, then the pH values of the solutions gradually
reached the highest pH. The reason is the consumption of H+

and generation of OH�.34,36 In contrast, when initial pH was
above 7, solution pH decreased rapidly during the initial period
of 10 min. All pH values tended to be stable aer 90 min and
were stabilized in a similar range (pH ¼ 6.5 to 7.0).

Fe0 / Fe2+ + 2e� (1)

2H+ + 2e� / H2 (in acidic solution) (2)

H2 �����!Ni
2H* (3)

Hþ þ e�
�����!Ni

H* (4)

Fe2+ + 2OH� / Fe(OH)2Y (5)

Effect of initial bimetal dosage on the dechlorination of 4-CP
was observed in Fig. 5c and S5.† The results indicated that the
degradation rate of 4-CP increased with the increasing of
bimetal dosage and the mass-normalized rate constants (km)
was given in Fig. S5,† where km is the specic value of kobs and
CNi/Fe (g L�1).32 With the Ni–Fe bimetal dosage increasing, the
pseudo-rst-order rate constant kobs increased, while km
decreased. It indicates that the rate of dechlorination activity
actually decreased per unit of Ni–Fe dosage. The similar results
were also reported by Zhu et al.21 for degradation of 4-CP on Ni/
Fe bimetal prepared by BM. The inuence of the initial
concentration of 4-CP on dechlorination activity was shown in
Fig. 5c and S6.† The concentration-normalized rate constants
(kc) was calculated, where kc is the specic value of kobs and the
initial C4-CP (mg L�1).32 The results showed kobs decreased as the
initial 4-CP concentration increased from 20 mg L�1 to
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Effect of initial pH on 4-CP dechlorination. (b) The pH change profile in the reaction process at different initial pH. Effect of (c) Ni/Fe
dosage and (d) initial 4-CP concentration on 4-CP dechlorination (reaction condition: 4-CP concentration¼ 20mg L�1, Ni/Fe dose¼ 1 g/10mL,
pH ¼ 2, Ni content ¼ 20 wt%).
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200 mg L�1. At the same time, the value of kc in this study
showed the same trend which indicated that the dechlorination
activity was inhibited by the high concentration of target
contaminants. The surface reaction in dechlorination process
may account for the decrease of kobs and kc due to the increase
of initial 4-CP concentration.32 When the concentration of 4-CP
was a constant, the utilization efficiency of active sites was
higher at lower catalyst dosage. When the dosage of catalyst,
illustrating the number of active sites was a constant, the higher
concentration of target contaminants would lead to the severe
competition, which may result in low degradation rate.
Fig. 6 The dechlorination activity of the Ni/Fe-B&C at different initial
pH in the ten-cycle dechlorination reaction (reaction condition: Ni/Fe
dose ¼ 1 g/10 mL, 4-CP concentration ¼ 20 mg L�1, Ni content ¼
20 wt%, reaction time ¼ 30 min).
3.4 Reusability and stability of Ni/Fe-B&C

Ten runs experiments were performed using the Ni/Fe-B&C
materials to evaluate its stability and recyclability at different
initial pH solutions. As can be seen in Fig. 6, the dechlorination
rate was high and kept relatively stable when it was reused for
10 times at the acidic condition, but decreased tremendously
aer 3 run at the initial pH of 7.0 and 8.0. In acidic solution,
passivating lm was difficult to form and accumulate. So the
material can maintain high catalytic reactivity in acidic condi-
tions. In contrast, passivating lm formed on the surface of Fe
would cover active sites so that signicantly decreased the
dechlorination efficiency and even stopped the dechlorination
reaction completely in neutral or alkaline solution.26,41

The dissolved Fe and Ni concentration and respective loss
rate aer 10-cycles at different initial pH were shown in Fig. S7.†
The Fe ion and Ni ion contents in solution decreased from
This journal is © The Royal Society of Chemistry 2018
41.89 mg L�1 to 1.86 mg L�1 and 2.55 mg L�1 to 0.31 mg L�1

with the initial pH increased from 2.0 to 8.0. Overall iron and
nickel in solution aer ten-cycles was determined to be 0.523%
and 0.128% at pH 2.0, 0.023% and 0.015% at pH 8.0. The loss of
metallic iron and nickel at initial pH below 3.0 was much higher
than these at the pH above 7.0. The dechlorination of 4-CP was
accompanied by dissolution and precipitation.33 The dissolu-
tion was faster than the precipitation at initial pH below 3.0,
resulting in the stable dechlorination activity in the successive
use. The dissolution became slow with the increase of initial
RSC Adv., 2018, 8, 26469–26475 | 26473
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pH, leading to the formation of hydroxide precipitate and the
reduction of dechlorination activity. Low pH can facilitate the
dechlorination but increase the loss of Ni and Fe. While at high
pH solution, the dissolved nickel and iron can easily hydrolyze
to hydroxide precipitation.39 The solution concentration of Ni
ion at pH 2.0–5.0 exceeded the highest limitation in sewage
(1 mg L�1) which was regulated in China's National Compre-
hensive Discharge Standard of Sewage (GB8978-1996). There-
fore, it is necessary to adopt this method at pH over 5.0,
otherwise, appropriate follow-up processing steps are needed in
practical application.
Scheme 1 One-pot synthesis and reaction mechanism of Ni/Fe-B&C.
3.5 Electrocatalytic characterization of Ni/Fe-B&C

Cyclic voltammetry measurements were carried out to evaluate
electrocatalytic hydrodechlorination reactions of prepared cata-
lysts. A solution of 0.1 M Na2SO4 was employed as an electrolyte,
which was purged using nitrogen gas before the electrochemical
measurement. The scan rate was 100 mV s�1 and the substrate
was 4-CP. The cell consisted of a Pt wire as a counter electrode, an
Ag/AgCl electrode as a reference, and the Fe catalyst or Ni/Fe
catalysts modied carbon paste electrode (the catalysis content
was 2 wt%) as a working electrode. All of the potentials in this
study were reported with respect to the Ag/AgCl reference elec-
trode. There was an obvious difference between the CV curves of
the different catalysts (Fig. 7). An irreversible reduction peak at
�0.45 V was detected in the CV curve of different catalysts and
this peak corresponds to the reduction of 4-CP to phenol. The CV
measurements showed an increase in the reduction peak current
of three catalysts (from iron sponge powders to Ni/Fe-B&C),
which indicated the increasing reduction ability. The similar
results can be seen in the literature.26
3.6 Mechanistic study

Aer B&C process, smaller Ni grains homogeneously dispersed
into Fe phase and more effective contact of Ni and Fe was ach-
ieved, which was favorable for the formation of many galvanic
cells and led to speeding up the electron transfer of galvanic
corrosion. Moreover, B&C resulted in a high concentration of
Fig. 7 The electrochemical reactions of iron and iron-based catalysts
prepared by different methods.
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strain and defects, which can substantially increase the adsorp-
tion of hydrogen. Based on the results at literature, a plausible
mechanism for the dechlorination of 4-CP by Ni/Fe-B&C bimetal
was proposed as illustrated in Scheme 1. Firstly, Fe transferred
electrons to H+ and converted it into H2. Then, hydrogen con-
verted to atomic hydrogen under the catalysis of Ni. Finally, the
highly reductive atomic hydrogen replace the chlorine of 4-CP
(eqn (6)). The total reaction equation was given as eqn (7).

RCl + 2H* / RH + H+ + Cl� (6)

RClþ Fe0 þHþ
�����!Ni

RHþ Fe2þ þ Cl� (7)
4. Conclusions

The Ni/Fe bimetal nanomaterials prepared by simultaneous ball
milling and in situ chemical deposition (B&C) exhibited higher
hydrodechlorination activity for 4-CP than Ni/Fe-BC and Ni/Fe-
CSD. Bimetals prepared in this way was an efficient route not
only to reduce the size of catalysts, but also to attain better
control for homogeneous distribution of Ni on the Fe surface.
The high dechlorination activity of Ni/Fe-B&C for COC can be
attributed to the homogeneous Ni particles in the bimetal and
also to lots of internal strains and dislocations formed during
the B&C. In addition, this method can be easy scaled-up to
industrial applications. The addition of Ni into Fe enhanced the
magnetic properties and achieved excellent stability with high
dechlorination activity at the acidic conditions. The concen-
tration of Ni2+ aer dechlorination at pH 2.0, 3.0 and 5.0 exceed
the limitation of Chinese standard (1 mg L�1). Therefore, the
emphasis of future research is not only to improve the dechlo-
rination activity of bimetals, but also to control the leaching of
nickel ions and prevent secondary pollution.
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