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Abstract Although nanoscale zero-valent iron (nano-Fe0)

is used to remediate pollutants, this reagent still presents

stability and reactivity issues. To solve those issues, we

synthesized bentonite-supported nanoscale iron bimetals

B-Fe/Ni and B-Fe/Pd. We then used those reagents to

degrade the methyl orange dye in water. Results of scan-

ning electron microscopy and X-ray diffraction showed

that the presence of bentonite and bimetal decreased

nanoscale iron aggregation and increased methyl orange

removal efficiency. More than 90 % of methyl orange at

100 mg/L was degraded by B-Fe/Ni (0.15 g/L) in 10 min.

By comparison, only 62 % of methyl orange was degraded

by B-Fe, and 35 % of methyl orange was degraded by

nano-Fe0. The degradation rate decreased with the increase

of the initial concentration of methyl orange. Lower pH

allowed fast removal of methyl orange. Overall our find-

ings show that a nanoscale Fe/Ni on bentonite-supported

material is more efficient than nano-Fe0. One-step synthe-

sis is more convenient than current two-step-synthesized

nanoscale bimetals. Bentonite-supported nanoscale bimet-

als could therefore be an economic competitive candidate

for contaminated water remediation.

Keywords Nanoscale zero-valent iron � Bentonite-

support nanoscale Fe/Ni bimetals � Methyl orange � Water

remediation

Introduction

Nanoscale zero-valent iron (nano-Fe0) is a kind of nano-

particles ranging from 1 to 100 nm, which can be obtained

through sonochemistry method, electrochemical method,

liquid-phase or gas-phase reduction method. Since 1990s,

nano-Fe0 has been used to remediate groundwater polluted

by toxic contaminants including arsenic (Su and Puls 2001;

Klas and Kirk 2013), halogenated organic compounds

(Phenrat et al. 2009; Chen et al. 2011a) and heavy metals

(Fu et al. 2013). Due to its large specific surface area and

high reactivity, nano-Fe0 shows high removal efficiency for

pollutants (Trujillo-Reyes et al. 2010; Lee et al. 2011).

However, there are still some application challenges

associated with a major problem of nano-Fe0 stability and

reactivity duration (Phenrat et al. 2007).

Many researchers have tried methods to improve this

shortage by modifying nano-Fe0. One way is to make nano-

Fe0 dispersed into the solid-phase load materials, such as

active carbon (Fu et al. 2013; Tseng et al. 2011), bentonite

(Chen et al. 2011b; Shi et al. 2011) and chelating resin (Shi

et al. 2013). It showed that bentonite-supported nanopar-

ticles had a very significant degradation efficiencies of

89.73 % for methyl orange (Chen et al. 2011b) and the

addition of chelating resin could increase the stability and

activity of nanoparticles (Shi et al. 2013). The other way is

to coat ‘‘green’’ materials such as polymer carboxymethyl

cellulose (He and Zhao 2007; Kim et al. 2012) or poly-

electrolyte (Phenrat et al. 2008) on the surface of nano-Fe0

to improve its stability.

In addition to above ‘‘load’’ or ‘‘coat’’ method, nano-

scale bimetals have also been introduced to increase the

reactivity of nano-Fe0. Liquid-phase reduction method is

commonly used for nanoscale Fe/Pd, Fe/Ni and Fe/Cu.

Matson and Chun (Chun et al. 2010) compared three kinds
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of nano-Fe0 bimetals for the removal of carbon tetrachlo-

ride, and Fe/Ni bimetallic nanoparticles showed the

strongest reducing performance. It was proved that the

activity of nano-Fe0 could be greatly enhanced by loading

other metal materials (Zhang et al. 1998; Shih et al. 2009;

Fang et al. 2011; He and Zhao 2005; Choi et al. 2008;

Meyer et al. 2009).

Despite other reports on the degradation of organic

contaminant using ‘‘load’’ or ‘‘coat’’ nano-Fe0, or sepa-

rately using nanoscale bimetals, few studies tried to com-

bine ‘‘load’’ with nanoscale bimetals for the removal of the

contaminants in aqueous solution. Bentonite, an environ-

mental friendly material, is a low-cost adsorbent and used

here as load material to improve dispersibility and stability

of nano-Fe/Ni (B-Fe/Ni) or Fe/Pd (B-Fe/Pd). Methyl

orange is difficult to be degraded and regarded as one of the

problems of wastewater treatment (Luo et al. 2013; Yun

et al. 2013). Herein, we focused on synthesis of bentonite-

supported Fe/Ni (B-Fe/Ni) or Fe/Pd (B-Fe/Pd) and

explored the reactivity of the nanoscale iron bimetals for

removal of methyl orange as the target pollutant, as well as

the effects of environmental factors on remediation.

Experimental

Materials and methods

The clay mineral of bentonite is primarily sodium mont-

morillonite supplied by Alfa Aesar, Beijing. It has a mont-

morillonite content ([90 %) and a cation exchange capacity

of 125 meq/100 g. After drying at 80 �C for 10 h, the raw

bentonite was ground and sieved with a 200 mesh screen

prior to use. Methyl orange was supplied by Beijing Chem-

ical Factory. A stock solution containing methyl orange was

prepared by dissolving a certain quality of methyl orange

with deionized water and then diluted to the desired con-

centrations for experiments. Polyethylene glycol (PEG-

4000), Pd (C2H3O2)2, ferrous sulfate (FeSO4�7H2O), nickel

sulfate and KBH4 were purchased from Sinopharm Chemi-

cal Reagent Beijing Co. Ltd. All the chemicals were ana-

lytical reagent grade and used without further purification.

Synthesis of bentonite-supported nanoscale iron

Nano-B-Fe was synthesized by liquid-phase reduction

method. Briefly, to obtain B-Fe with a Fe0/bentonite mass

ratio of 1:1, ferrous sulfate (4.9643 g, 17.9 mmol) was dis-

solved in 50 mL water mixed with 20 mL ethanol, and desired

bentonite (1.00 g) was added to this solution. Polyethylene

glycol-4000 (PEG-4000) used as the dispersant and the mix-

ture was stirred with an electric rod for 10 min, and then

NaBH4 solution (2.8896 g, 76.3 mmol in 30 mL NaOH

solution, BH4
-:Fe2?=2:1) was added dropwise (2 d/s) with

vigorous stirring. All the experiments were performed under a

N2 atmosphere. A synthesis reaction is described below:

Fe2þ aqð Þ þ 2BH�4 aqð Þ þ 6H2O lð Þ
! Fe0 sð Þ þ 2 B OHð Þ3 aqð Þ þ 7H2 gð Þ ð1Þ

After the drops added, the mixture was stirred continu-

ously for another 10 min. The jet-black nanoscale aggre-

gates (B-Fe) were collected by vacuum filtration and

quickly rinsed thrice with deionized water and ethanol,

respectively.

Preparation of nano-B-Fe/Ni

The preparation method of B-Fe/Ni was similar with above

B/Fe procedure. Briefly, bentonite (1.00 g) and nickel

sulfate (NiSO4�6H2O) 0.2224 g (0.85 mmol) were added

together into the solution of ferrous sulfate (4.9643 g, 17.9

mmol) dissolved in 50 mL water mixed with 20 mL eth-

anol. Only such one-step synthesis could make nickel

loading on the surface of Fe0 (Fig. 1). A synthesis included

the following reaction:

Ni2þ aqð Þ þ 2BH�4 aqð Þ þ 6H2O lð Þ
! Ni0 sð Þ þ 2 B OHð Þ3 aqð Þ þ 7H2 gð Þ ð2Þ

Preparation of nano-B-Fe/Pd

The preparation of B-Fe/Ni was one-step method, while B-

Fe/Pd was effectively produced by two-step approach

(Fig. 1), which was proved by our many preliminary

experiments. For B-Fe/Pd preparation, after synthesis of

nanoscale B-Fe, a desired prepared Pd solution (10.55 mg,

0.02 mmol palladium acetate dissolved in 30 mL of etha-

nol) was added into fresh B-Fe and kept for 20 min. B-Fe/

Pd (Pd: Fe = 0.5:100) was collected by vacuum filtration

and quickly rinsed thrice with ethanol. The reaction occurs

as follows:

NaBH4 Pd2+

(B-Fe/Pd)(B-Fe)(Bentonite)

Fe2++Ni2+

NaBH4

(B-Fe/Ni)(Bentonite)

Fe2+

Fig. 1 Preparation sketch of one step for bentonite-supported nano-

scale iron bimetals of B-Fe/Ni (top) and two step for nano-B-Fe/Pd

(down)
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Pd2þ aqð Þ þ Fe0 sð Þ ! Pd0 sð Þ þ Fe2þ aqð Þ ð3Þ

All the prepared samples (B-Fe, Fe/Ni, B-Fe/Ni, B-Fe/

Pd) were dried at 60 �C under vacuum for 10 h, and then

kept in a nitrogen atmosphere for next experiments.

Batch experiments for removal of methyl orange

Removal of methyl orange by different materials (benton-

ite, nano-Fe0, B-Fe, Fe/Ni, B-Fe/Ni and B-Fe/Pd) was

performed in a series of 250-mL oxygen-free bottle con-

taining 100 mg/L of methyl orange solution at room tem-

perature (25.0 ± 0.1 �C). The initial solution pH was

*6.07. After adding a desired amount of nanomaterials,

the bottles were sealed and stirred at 60 rpm. Samples were

withdrawn at a time interval and were centrifuged at

5,000 r/min for 5 min, and the supernatant concentration of

methyl orange was measured by using a UV–Vis spectro-

photometer (Shimadzu UV-1750) at k = 464 nm. The

removal efficiency (R) of methyl orange was calculated by

the following equation:

R ¼ ðq0 � q1Þ=q0 � 100 % ð4Þ

where q0 is methyl orange initial concentration (mg/L),

and q1 is methyl orange residual concentration (mg/L) at a

desired time. Various batch experiments for methyl

orange removal by bentonite-supported nanoscale iron

bimetals were also undertaken for evaluation at conditions

including different initial pH, methyl orange concentra-

tions from 50 to 200 mg/L and nickel loading ratios from

2.5 to 10.0 %.

All experiments were conducted in triplicate. The data

were calculated as the mean values of the samples and

statistically analyzed using software Origin 8.

Results and discussion

Characterization of nano-iron particles

The techniques of X-ray diffraction (XRD, Rigaku D/Max

B), transmission electron microscopy (TEM, Hitachi

H8100), scanning electron microscopy with energy dis-

persive spectrometer (SEM–EDS, JSM-6460) and specific

surface area (BET, Autosorb-iQ2-MP) were applied to

character structure and properties of the nanoparticles. The

XRD and TEM images of nano-Fe0, B-Fe and B-Fe/Ni

were illustrated in Fig. 2, which could confirm the exis-

tence of Fe0 in bentonite-supported nanoscale bimetals.

TEM images showed that the size of most nano-Fe0 was

below 70 nm and almost B-Fe nanoparticles about

40–50 nm. The particles size of B-Fe/Ni was smaller than

B-Fe, with average size of 30 nm.

Compared with aggregated fresh nano-Fe0 (Fig. 3a),

bentonite-supported nano-iron (B-Fe) showed a better

dispersion and nano-iron embedded in layered bentonite

(Fig. 3b). B-Fe/Ni nanoparticles were connected and

occupied in the layers of bentonite (Fig. 3c). The localized

elemental information B-Fe/Ni was also provided from

SEM–EDS as Fig. 3c. The mass of Ni on the surface site of

B-Fe/Ni was 3.16 %, which was lower than the theoretical

initial preparation of 5.0 % Ni loading. It indicated that Ni

Fig. 2 Transmission electron

microscopy (TEM) and X-ray

diffraction (XRD) images of

iron nanoparticles. a Nanoscale

zero-valent iron, nano-Fe0;

b Bentonite-supported

nanoscale iron, B-Fe;

c Bentonite-supported

nanoscale Fe/Ni bimetals,

B-Fe/Ni
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was unevenly coated on the iron and nano-iron also

aggregated and distributed on bentonite.

Specific surface areas were measured that BET of B-Fe

was 11.387 m2/g and B-Fe/Ni 15.811 m2/g, which were

larger than nano-Fe0 (6.289 m2/g) and common Fe power

(0.135 m2/g). It proved that bentonite could obviously

increase surface area for more reaction sites.

Removal of methyl orange by bentonite-supported

nanoscale bimetals

The decolorization rate of methyl orange (100 mg/L) using

various nanoparticles (0.1 g/L) was investigated under

60 rpm at 298.15 K as showed in Fig. 4a. The bentonite

was also performed as control. Bentonite-supported nano-

iron bimetals showed higher reactivity for methyl orange

removal compared to nano-Fe0 and B-Fe. After 20-min

reaction, methyl orange was degraded nearly all by B-Fe/

Pd (97.3 %) and B-Fe/Ni (94.5 %). Degradation of methyl

orange by nano-iron followed pseudo first-order kinetics,

and the rate constant (kobs) was calculated for nano-Fe0

(k = 0.005/min, R2 = 0.853), B-Fe (k = 0.046/min,

R2 = 0.944), B-Fe/Ni (k = 0.121/min, R2 = 0.896) and

B-Fe/Pd (k = 0.258/min, R2 = 0.999), respectively. The

results indicated the addition of bentonite and other metal

onto iron significantly enhanced the degradation of methyl

orange. In consideration of future economic application

with Pd or Ni, bentonite-supported nanoscale Fe/Ni was

preferred to choose for further discussion. After B-Fe/Ni

reacted with methyl orange, the chain-like structure was

broken and Fe/Ni particles decreased on bentonite

(Fig. 3d). This was possibly due to the corrosion of Fe0 and

formation of iron oxide or hydroxide onto the surface of the

B-Fe/Ni.

Effects of Ni loading, methyl orange initial

concentration and pH on methyl orange removal

by nano-B-Fe/Ni

The effect of different prepared Ni loading (2.5, 5.0,

10.0 %) in B-Fe/Ni (0.15 g/L) on methyl orange (100 mg/L)

removal was determined under 60 rpm at 298.15 K

(Fig. 4b). The pseudo first-order kinetics was studied for

2.5 % Ni loading system (k = 0.099/min, R2 = 0.903),

5.0 % Ni loading (k = 0.091/min, R2 = 0.971) and 10.0 %

Ni loading (k = 0.104/min, R2 = 0.901), respectively.

B-Fe/Ni with \5.0 % Ni loading could degrade more than

90 % methyl orange in 10 min. Nickel was catalyst, and

nickel loading in B-Fe/Ni system could enhance the methyl

orange removal efficiency (Bokare et al. 2007).

In order to investigate the effect of initial methyl orange

concentration on the experiment, we chose three different

200nm 200nm

200nm200nm

EDS

200nm 200nm

200nm200nm

EDS

a b

dc

a b

dc

Fig. 3 Scanning electron microscopic (SEM) images of iron nano-

particles. a Fresh nanoscale zero-valent iron, nano-Fe0; b Fresh

bentonite-supported nanoscale iron, B-Fe; c Fresh bentonite-

supported nanoscale Fe/Ni bimetals, B-Fe/Ni; d Nano-B-Fe/Ni after

reaction with methyl orange in aqueous
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concentrations (50, 100, 200 mg/L) for kinetics. The result

was displayed in Fig. 4c. The degradation rate of methyl

orange was fast by B-Fe/Ni (0.20 g/L), and it reached

above 90 % within 15 min. With the increase of the initial

concentration of methyl orange, the degradation rate

decreased. Some scientists found that sulfanilic acid was

possibly the degradation products of methyl orange by

bentonite-supported nano-Fe0 (Chen et al. 2011b), and the

degradation rate constant was k = 0.1083/min for 100 mg/L

methyl orange. In contrast to their B-Fe system, B-Fe/Ni in

this study showed more reactivity for 100 mg/L methyl

orange (k = 0.136/min, R2 = 0.958). The results indicated

that the B-Fe/Ni exhibited excellent removal capacity for

methyl orange.

The effect of initial pH (3, 7, 10) on methyl orange

(100 mg/L) degradation by B-Fe/Ni (0.25 g/L) was per-

formed under 60 rpm at 298.15 K as showed in Fig. 4d. It

demonstrated the reactivity of B-Fe/Ni was highly pH

dependent at start-up process, while methyl orange

removal could be nearly completed at the end of reaction.

The rate constant (kobs) was 0.141/min (R2 = 0.863),

0.056/min (R2 = 0.980), 0.051/min (R2 = 0.963) for ini-

tial pH values of 3, 7, 10, respectively. According to the

research (Zhang and Elliott 2006), zeta potential of zero

in nano-Fe0 suspension occured at pH * 8.1. The surface

of particles was negatively charged at pH \ 8.1, while

positively charged at pH [ 8.1. For methyl orange

removal system, the azo dyes carried negative charge, so

lower pH could help nano-iron degrade methyl orange

faster.

Conclusion

A series of nanoscale particles of bentonite-supported iron

(B-Fe), Fe/Ni, B-Fe/Ni and B-Fe/Pd were synthesized and

characterized. Bentonite-supported bimetals showed an

excellent degradation for methyl orange in water. It

implied that bentonite is an effective dispersant and sta-

bilizer and the nickel or palladium loading could enhance

the reactivity of nanoscale zero-valent iron for contami-

nated water remediation.
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Fig. 4 Removal of methyl orange in aqueous by iron nanoparticles at

different conditions. a Bentonite-supported nano-iron bimetals (B-Fe/

Pd and B-Fe/Ni, 0.1 g/L) showed higher reactivity for removal of

methyl orange (100 mg/L) compared to nano-Fe0 and bentonite-

supported nano-iron of B-Fe; b more nickel loading (2.5, 5.0, 10.0 %)

in B-Fe/Ni nanoparticles (0.15 g/L) enhanced methyl orange

(100 mg/L) removal efficiency; c methyl orange removal by B-Fe/

Ni (0.20 g/L) indicated the degradation rate decreased with the

increase of the initial concentration of methyl orange (50, 100,

200 mg/L); d effect of initial pH (3, 7, 10) on methyl orange (100 mg/L)

removal by B-Fe/Ni (0.25 g/L) demonstrated the reactivity of

B-Fe/Ni was highly pH dependent and lower pH was helpful for

the degradation of methyl orange
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