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      Herein, the removal of methyl orange (MO), a monoazo dye, from aqueous solutions was investigated using bimetallic ferromagnetic 
Fe/Ni nanoparticles (NPs) with the average particle size of 12-16 nm. The effect of contact time, pH, temperature, and Fe/Ni dosage on dye 
removal process was investigated. The results showed that 60 mg of Fe/Ni NPs at 25 °C and pH = 1 can remove 99.5% of 50 mg l-1 dye 
solution within 15 min. The MO removal follows the pseudo-second-order kinetics with the rate constant of 0.4114 g mg-1 min-1. The 
chromophore structure of the dye was broken down in the presence of Fe/Ni NPs. The Fe/Ni NPs were prepared by simple co-reduction 
method and characterized by several techniques including X-ray diffraction, scanning electron microscopy, transmission electron 
microscopy (TEM), high-resolution TEM, scanning tunneling microscopy, and vibrating sample magnetometer. 
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INTRODUCTION 
 
     The release of dye effluents from different industries has 
turned into  a severe environmental problem because of 
their toxicity, high chemical oxygen demand, etc. [1,2] 
Different techniques have been employed for removal of 
dyes from aqueous solutions [3,4]. Each technique has some 
advantages as well as  some disadvantages. For example, 
adsorption is one of the most efficient and promising 
methods in wastewater treatment because of  its simplicity, 
economically practical, technically feasible, and potential of 
recycling of the adsorbents. In spite of the advantages, the 
pollutants are just transferred from one phase to another 
without any degradation [5,6,7]. In practical applications, 
almost a combination of two or three methods is necessary 
to attain the desired result [8,9].  
     Zero-valent iron, ZVI (Fe°) is a cheap and mild reducing 
agent with an E° = -0.44 V.  Fe° was used for dye removal 
from   aqueous   solutions   because   of   its   low-cost,  easy   
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availability, and effectiveness. In addition, it could usually 
degrade contaminants completely [10]. By reducing the size 
of iron into the nanoscale, the efficiency of dye degradation 
increases due to the small particle size and large surface 
area [11]. Chatterjee et al. [12] used micro sized ZVI for the 
reductive degradation of Reactive Black 5 (RB5) in an 
aqueous solution. They found that the dye removal 
efficiency increases with decreasing the initial pH of dye 
solution. Epolito et al. [13] investigated the effect of 
operational conditions and initial dye concentration on the 
decolorization of the textile dye Reactive Blue 4 using iron 
nanoparticles (NPs). They showed that the decolorization 
rate increases with decreasing pH and raising temperature. 
Chang et al. [14] studied the degradation of two different 
kinds of dyes, Reactive Blue 4 and RB5, by iron NPs in a 
N2 bubbling system (Fe°/N2 process) and air bubbling 
system (Fe°/air process). They found that the Fe°/air 
process shows higher decolorization rate compared to the 
Fe°/N2 process. However, all of the valuable work suffer 
from the sensitivity of iron towards oxidation which leads to 
the  corrosion  of  iron  especially by increasing pH.  Hence,  
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the surface is deactivated over time and the porosity of the 
surface is reduced [15]. To solve this problem, bimetallic 
NPs have been introduced. Bimetallic NPs have several 
applications due to their superior optical, electronic, 
catalytic, and magnetic properties compared with their 
monometallic counterparts [16,17]. Several structures are 
possible for bimetallic NPs including core-shell, cluster-in-
cluster, and alloy with an intermetallic compound type, and 
crown-jewel [18]. The structure may change according to 
the preparation method [19].  
     The incorporation of a second metal like Pd, Zn, Ni, or 
Pt to iron may enhance the dye removal efficiency because 
it postpones the formation of oxide layer on iron surface 
[20]. Wang et al. [21] used Fe/Pd bimetallic NPs to 
dechlorinate the chlorinated methanes. Shih et al. [22] 
showed that the reduction efficiencies of hexachlorobenzene 
(HCB) by Fe and Fe/Pd bimetallic NPs with the same 
amount of weight at 25 °C are about 60% and 70%, 
respectively. Although the partial dechlorination was 
achieved by Fe NPs, Fe/Pd NPs could dechlorinate 
completely HCB. Samiee  et al. [23] used Fe/Pd NPs with 
the average particle size of 36.6 nm to degrade RB5 from 
aqueous solution. They showed that 0.5 g l-1 Fe/Pd 
nanoparticles could completely decolorize 20 mg l-1 dye 
solution at 25 °C. Although adding Pd or Pt to iron 
enhances the dye removal efficiency greatly, the high cost 
of the precious metals limits their large-scale applications  
[24]. Iron-nickel (Fe/Ni) bimetallic NPs have several 
interesting properties including good corrosion stability, 
extremely low thermal expansion, remarkable magnetic 
properties, and low cost of nickel [25]. It was shown both 
theoretically and experimentally that the Fe/Ni alloy is a 
good catalyst for CO2 removal [26]. The Fe/Ni NPs were 
prepared by various physical and chemical methods [27]. 
Among these methods, the co-reduction route has several 
advantages such as simplicity, low-cost, and large-scale 
production [28].  

     Herein, we report the preparation and characterization of 
the Fe/Ni NPs and investigation their efficiency for an azo 
dye, methyl orange (MO), removal from aqueous solutions. 
MO is one of the well-known acidic/anionic dyes and is 
basically used in textile, printing, paper, food, 
pharmaceutical industries, and in research laboratories as a 
titration indicator [29].  Due  to  its  harmful  impact  on  the 

 
 
environment and high solubility in water, it is necessary to 
remove this dye from aqueous systems [30]. The effect of 
contact time, pH, temperature, and Fe/Ni dosage on dye 
removal process was investigated. The adsorption isotherms 
and kinetic studies of removal of azo dye were analyzed.  
 
EXPERIMENTAL 
 
Materials 
     Nickel(II) chloride hexahydrate (≥98.0%), iron(II) 
sulfate heptahydrate (99.5%), methyl orange (ACS, Reag. 
Ph Eur) from Merck, sodium borohydride (≥98.0%) from 
Sigma Aldrich, and sodium hydroxide (≥97.00) from Fluka 
Co were purchased. The chemical materials used in this 
work were of analytical grade and used as received without 
further purification. Deionized water was used for 
preparation of all solutions. 
 
PREPARATION OF Fe/Ni NPs 
 
     In a typical procedure, 0.024 mol of FeSO4.H2O and 
0.0042 mol of NiCl2.6H2O were dissolved in deionized 
water. The reaction vessel was circulated by nitrogen gas to 
prevent the accumulation of H2 gas generated during the 
reduction process. After adjusting pH to 6.20-7.00 with 
NaOH (1.26 M), 0.053 mol of sodium borohydride, NaBH4, 
as the reducing agent was added to the solution. By adding 
NaBH4, the pH of solution increased to 10. During the 
reduction reaction, the color of solution changed from 
brownish-green to black. The solution was stirred for 15 
min and then the NPs were separated by a strong magnet. 
The NPs were washed several times with deionized water, 
ethanol, and acetone and then dried at 50 °C under vacuum 
overnight.  
 
CHARACTERIZATION AND 
INSTRUMENTS 
 
     The powder X-ray diffraction (PXRD) pattern of  the 
NPs  was used to determine the phase and crystal structure 
by means of Bruker/D8 Advanced diffractometer with 
graphite monochromatic Cu Kα radiation (λ = 1.541 Å) in 
the 2θ range from 20-80o by step of 0.04 degrees.  
     The  surface  area, pore volume, and average pore size of 
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the sample were measured by an ASAP-2010 system from 
Micromeritics. The sample was degassed to remove 
moisture and impurities at 200 °C for 10 h under 50 mTorr 
vacuum.  
     The scanning electron microscopy (SEM) analysis was 
obtained by LEO 1450 VP Model. The transmission 
electron microscopy (TEM) analysis of the sample was 
performed using a LEO 912 AB instrument. The electron 
beam accelerating voltage was 120 kV. The high-resolution 
TEM (HRTEM) image was taken by FEI Tecnai F20 Field 
emission using an accelerating voltage of 200 kV. The 
scanning tunneling microscopy (STM) images of the NPs 
deposited on highly oriented pyrolytic graphite (HOPG) 
substrate were provided by STM SS1 with Pt/Ir STM tip, 
1.7 nA constant current, and 0.23 V voltage.  
     The vibrating sample magnetometer (VSM) was used for 
magnetization measurement. The measurement was taken 
from 0 to ± 8 kOe fields. 
     The UV-Vis (UV-Vis) absorbance spectrum was 
recorded using an Agilent photodiode-array Model 8453 
equipped with glass of 1 cm path length at room 
temperature in air within the range 200-750 nm.  
     Accurate temperature control is a fundamental 
requirement for the kinetic studies. For this purpose, the 
water jacket was connected to a circulating cooling water 
bath (BL 7100, Major Science). 
 
DYE REMOVAL EXPERIMENTS 
 
     In each experiment, Fe/Ni NPs (0.01-0.08 g) were mixed 
with 40 ml dye solution with different dye concentrations 
(10-50 mg l-1), pH values (1-9), and temperatures (15-45 
°C). At each certain time interval, a sample was drawn and 
centrifuged. Then, the left out concentration in the 
supernatant solution was measured by a UV-Vis 
spectrophotometer with reading the absorbance at a 
wavelength of maximum absorbance, λmax of MO. The λmax 
values of MO at pH = 1, 7 and 9 are 508, 466 and 468 nm, 
respectively. Each experiment continued until no significant 
change in the dye concentration was observed. All 
experiments were performed in duplicate to guarantee the 
reproducibility of the results. The average value of the two 
measurements was reported. To remove photo-degradation 
interference, all experiments were performed in dark.  

 
 
RESULTS AND DISCUSSION  
 
Structural Characteristics 
     The PXRD pattern of the Fe/Ni NPs is shown in Fig. 1a. 
The amount of Ni and Fe in Fe/Ni can determine the 
crystalline structure of the alloy. When the Fe content is less 
than 50 mol%, the diffraction peaks of (111), (200), and 
(220) crystal planes belonging to face centered cubic (fcc-
JCPDS 47-1417) are appeared in the XRD pattern of Fe/Ni 
alloy [27]. By increasing the Fe content to over 50 mol% 
only (110) crystal plane related to body centered cubic (bcc- 
JCPDS 37-0474) is observed. When the Fe content is 
between 50 and 60 mol%, a mixture of fcc/bcc phases exists 
[31]. As Fig. 1a shows, there is only one broad peak around 
2θ = 45o which corresponds to (110) plane of bcc structure. 
The noisy XRD pattern may be related to the magnetic 
nature of Fe/Ni bimetallic NPs which decreases the signal to 
noise ratio [32]. The similar results was obtained by Zhang 
et al. [33].   
     The nitrogen adsorption-desorption isotherm at 76 K for 
Fe/Ni NPs was investigated. The isotherm is apparently 
IUPAC fourth isotherm type that is a typical of mesoporous 
materials. The specific surface area and porosity of Fe/Ni 
NPs are given in Table 1. 
     The morphology of the surface of NPs was examined via 
SEM (Fig. 2a), TEM (Fig. 2c, 2d), HRTEM (2e), the 
selected area electron diffraction (SAED) (Fig. 2f), and 
STM (Fig. 2g-2i). As Fig. 2a shows, most of the particles 
are 3D flowerlike nanostructures composed of smooth 
nanoplates with a thickness of approximately 50 nm.  
     The TEM images (Fig. 2b, 2c) of Fe/Ni NPs exhibited 
the average particle diameter of about 12-16 nm. The NPs 
formed the chain structure due to the magnetic and 
electronic interactions [34]. Figure 2d presents a HRTEM 
image. It exhibits a lattice spacing of 2 Å, originating from 
the (110) reflection. The SAED was used to identify the 
crystalline phases (Fig. 2e). The SAED pattern confirms the 
prepared Fe/Ni NPs are semicrystalline. Figures 2f, 2g and 
2h represent the STM images of Fe/Ni NPs recorded at 
room temperature. According to these images, the diameter 
of the NPs is approximately 10 nm to 23 nm. Also, the 
STEM image shows that the Fe/Ni NPs have porous 
structure. Figure 2g shows a STM line scan starting at the 
point indicated by the line in Fig. 2h. 
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Fig. 1. (a) The XRD pattern, and (b) the nitrogen adsorption-desorption isotherm of Fe/Ni NPs. 
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     Figure 3 displays the magnetic hysteresis (M-H) loop of 
Fe/Ni NPs at room temperature which indicates they are 
ferromagnetic. The specific saturation magnetization, Ms, of 
Fe/Ni NPs is 87 emu g-1 which is greater than that of bulk 
Ni (55 emu g-1) [35] and smaller than that of bulk Fe (220 
emu g-1) [36]. Liu et al. [37] showed that by increasing the 
Ni content in Fe/Ni alloy, the Ms value decreases. Hence, in 
this work, the presence of 20 mol% Ni in the alloy has 
decreased Ms value in comparison with bulk Fe. This 
phenomenon can be related to the lattice structure change 
from bcc to fcc by increasing the Ni content as described in 
the XRD of the NPs. The coercivity, Hc, and remanence, Mr, 
of Fe/Ni NPs are 285.7 Oe and 16.67 emu g-1, respectively. 
 
EFFECT OF EXPERIMENTAL 
PARAMETERS ON DYE REMOVAL 
PROCESS                                                                    
     The MO removal studies were carried out for different 
Fe/Ni doses, temperatures, pHs, contact times, and dye 
concentrations. The dye removal efficiency (DRE%) is 
defined as:               
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where qo is the amount of MO removed (mg g-1) at initial. qt 
(mg g-1)  is the amount of MO removed at time t (min) and 
defined as:  
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where V is the volume of the solution (l). Co and Ct (mg l-1) 
are the dye concentrations initial and time t. m (g) stands for 
the mass of Fe/Ni NPs.  
 
Dosage of Fe/Ni NPs  
      The effect of Fe/Ni dosage on MO removal was 
investigated in the range of 10-80 mg at pH = 7 and 25 °C. 
The dye concentration was chosen as 10 mg l-1. Figure 4a 
shows that as the Fe/Ni dosage increases, the DRE% 
enhances due to increasing the accessible sites. Of course, 
the DRE% increases with increasing the Fe/Ni NPs dosage 
up to 60 mg. Further increasing did not affect the DRE%. 
Hence, the optimum dosage of Fe/Ni was chosen to be 60 
mg for the subsequent experiments.  
 
Temperature  
     For investigating the effect of temperature, the MO 
removal by Fe/Ni NPs was carried out at 15, 25, 35 and 
45 °C. By raising temperature from 15 to 25 °C, the DRE% 
increased from 94.57% to 97.60%, respectively. It is 
plausible to say that the MO removal by Fe/Ni NPs may be 
a kinetically controlled process [38]. After 25 °C, raising the 
temperature had no significant effect on the DRE%. Hence, 
25 °C was chosen as the optimum temperature for removal 
of MO in the next experiments. 
 
pH  
     The solution pH is an important parameter in removal of 
dye molecules. In this work, the pH values of 1, 7 and 9 
were chosen. Table 2 represents the results of the effect of 
the initial pH of the solution on the MO removal efficiency 
by Fe/Ni NPs for different initial dye concentrations ranging  

                                   Table 1. The Specific Surface Area and Porosity of Fe/Ni NPs 
 

S
BETa                          S

BJHa                    p
BJHV                BETd              d  

(m
2g-1)a                     (m2g-1)b                 (cm 3g-1)c           (nm)           (nm)d 

 34.93                        34.75                     0.044                 8.98          5.000 

                                                     aCalculated   from  BET  equation.  bBJH  method  adsorption.  cTotal  pore 
                                  volume for pores with  diameters  less  than  314.93 nm  at p/po = 0.99388. 
                                  dAverage pore diameter. 
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Fig. 2. (a) The SEM image, (b) and (c) TEM images with two magnifications, (d) HRTEM image, (e) SAED,  

              and (f), (g) and (h) STM images of Fe/Ni NPs. 
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from 10-50 mg l-1. Under alkaline conditions, Fe/Ni NPs are 
not active due to the formation of a hydroxide layer on the 
surface of NPs [39]. As Table 2 shows, the removal of MO 
above 99% was achieved at pH = 1. This pH was selected as 
the optimum pH for the subsequent experiments. 
 
Dye Concentration 
     The initial dye concentration is another important 
variable that can affect the dye removal process [40]. The 
initial concentration of MO was chosen in the range of 10-
50 mg l-1 (Fig. 4b). According to Fig. 4b, MO removal 
slightly decreases from around 99.5% at a concentration of 
50 mg l-1 to 98.5% when the concentration decreased to 10 
mg l-1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Contact Time  
     The contact time is the most important design parameter 
that influences the performance of a dye removal. The effect 
of contact time on the removal of MO by Fe/Ni NPs was 
illustrated in Fig. 4c. The solution pH and Fe/Ni dosage 
were fixed at 1 and 60 mg, respectively. This figure shows 
that the dye removal is very fast.  
 
KINETIC STUDIES 
  
     The kinetics of MO removal by Fe/Ni NPs was studied 
using UV-Vis spectroscopy. Figure 5 shows that MO could 
be removed completely by Fe/Ni NPs in an aqueous 
solution after 8 min. The intensity of the absorption peak at  

 
Fig. 2. Continued. 
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508 nm diminishes to zero. It shows that the chromophore 
structure of the dye was broken down in the presence of 
Fe/Ni NPs [41].   
     The kinetic of MO removal by Fe/Ni NPs was 
investigated using the common kinetic models. The pseudo- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
first order equation is expressed as [42]: 
 

      1( )t
e t

dq k q q
dt

                                                               (3)  

where  k1  is  the  rate  constant  (min-1). qe   is  the  value  of                                                                                

 

Fig. 3. The magnetic hysteresis loops of Fe/Ni NPs. 
 
 
        Table 2. The Effect of pH on DRE% for 60 mg Fe/Ni NPs at 25 °C  
 

Initial dye concentration      

  (mg l-1)                                

pH = 1   pH = 7   pH = 9  

 Time 

(min) 

DRE 

(%) 

 Time  

(min) 

DRE 

(%) 

 Time 

(min) 

DRE 

(%) 

10 9 98.50  5 97.24  25 97 

20 11 99.12  12 95.00    

30 11 99.40  12 97.00    

40 14 99.50  9 97.00    

50 15 99.50  12 97.60    
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Fig. 4. The effect of (a) Fe/Ni NPs dosage, (b)dye concentration, and (c) adsorption capacity versus time at  
               different initial dye concentrations. 
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Fig. 4. Continued. 

 

 

Fig. 5. The variation in UV-Vis spectrum of Mo during the dye removal process by Fe/Ni NPs (25 °C, Fe/Ni  
             NPs dosage = 60 mg, concentration of MO dye solution = 50 mg l-1, initial pH = 1). 
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equilibrium adsorption capacity (mg g-1).  
     The integrated form of Eq. (2) is: 
 
      tkqqq ete 1ln)ln(                                                       (4)                                                                            

                                                                                              
     The pseudo-second order equation can be represented as: 
43 
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where k2 is the rate constant (g  mg-1 min-1). The integrated 
form is: 
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     If pseudo-second order kinetics is applicable, the plot of 
t/qt against t should give a linear relationship from which qe 
and k2 can be determined from the slope and intercept of the 
plot, respectively.  
      The correlation coefficients and the quantity of qe are 
two criteria for selecting the kinetic model. The values of 
the pseudo-first and second-order rate constants, qe, 
correlation coefficient (r), and standard error (se) are given 
in Table 3.  
 
 
 
 
     Both Fig. 6 and Table 3 show that the MO removal by 
Fe/Ni NPs follows the pseudo-second-order. Table 3 shows 
that the experimental value of qe is very close to that of 
calculated by the pseudo-second-order. The correlation 
coefficients (Table 3) show that pseudo-second-order model 
is more appropriate. 
 
CONCLUSIONS 
 
     This study demonstrates the ability of Fe/Ni NPs for 
removal an azo dye from aqueous solution. The MO 
removal was  very  fast  and  followed  the  pseudo-second- 

                Table 3. The Rate Constants and the Calculated and  Experimental  qe  Values  for  MO  Removal by  
                               Fe/Ni NPs 
 

            First-order  kinetic model                                                 Second-order kinetic model 

   qe             k1              qe          R2            se                            k2                     qe            R2          se 

(exp)      (mg g-1)      (cal)     (min-1)    (mg g-1)              (g mg-1 min-1)        (cal)                                       

6.66 0.6888       3.00     0.9934   0.114         0.4114             6.88          0.9997    0.005 
 

 

Fig. 6. Pseudo-second-order kinetic model for Mo removal by Fe/Ni NPs (25 °C, pH = 1, 60 mg Fe/Ni, 10 mg l-1 dye). 
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order kinetic model. The ferromagnetic Fe/Ni nanoparticles 
(NPs) with the average particle size of 12-16 nm, BET 
surface area of 34.93 m2 g-1, and specific saturation 
magnetization of 87 emu g-1 were prepared. The 
experimental results showed that the solution pH, Fe/Ni 
dosage, and the initial dye concentration are the main 
effective factors on MO removal using Fe/Ni NPs. The 
results showed that 0.06 g of Fe/Ni NPs at 25 °C and pH = 1 
can remove 99.5% of 50 mg l-1 dye solution within 15 min.  
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