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Abstract: Ammonium perchlorate (AP) is used as the most common oxidizer 
in composite solid propellants.  Control of chlorate impurity in military grade 
ammonium perchlorate is important, since it has an undesirable effect on the 
thermal decomposition of ammonium perchlorate.  In this work stabilized Ni/Fe 
bimetallic nanoparticles (S-Ni/Fe NPs) were synthesized using the borohydride 
reduction method (BRM) in the presence of starch as a stabilizing agent, and they 
were characterized by field emission scanning electron microscopy (SEM), and 
their X-ray diffraction pattern (XRD).  The results showed that the synthesized 
S-Ni/Fe bimetallic nanoparticles were spherical in shape and had nearly uniform 
distribution, with particle sizes of 20-50 nm.  The prepared nanoparticles were then 
used for the selective elimination of chlorate impurity in ammonium perchlorate.  
The main factors controlling the elimination of chlorate, such as the initial pH of 
the solution, dosage of S-Fe/Ni NPs, initial chlorate and perchlorate concentrations, 
reaction temperature, and reaction time, were optimized by using an experimental 
design based on the Taguchi method.  An L9 orthogonal array (L9-OA) was 
used to design experiments with four 4-level factors (34).  Under the optimal 
conditions, i.e., pH 6.5, at 30 °C and a dosage of 50 mg S-Ni/Fe NPs, chlorate 
was eliminated with nearly 100% efficiency in 50 mL of a solution containing 
2.0 µg·mL−1 and 100 µg·mL−1 of chlorate and perchlorate, respectively, without 
change in perchlorate concentration.
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1	 Introduction

Composite solid propellants are the most important class of solid propellants that 
basically contain an oxidizer ammonium perchlorate (AP) (60-80%), a binder 
such as hydroxyl terminated polybutadiene (HTPB, 10-15%) and a metallic fuel 
such as aluminum powder (Al, 15-20%) [1].  The high content of oxygen in AP 
(54.5% w/w) and its high loading in a matrix polymer make AP an exceptional 
and irreplaceable oxidative compound in composite rocket propellants [2].  The 
characteristics of the thermal decomposition of AP affect the performance of solid 
rocket propellants and are remarkably sensitive to the presence of impurities [3-6].  
Based on the specification of defence standard requirements of AP for military 
uses, the chlorate concentration should not exceed 0.02% (200 µg·g−1) [7].

The production of AP on a semi-industrial or pilot scale is based on sodium 
chlorate (NaClO3) as the basic raw material.  Sodium chlorate is submitted to 
electrolysis, whereby it is converted to sodium perchlorate (NaClO4), and then 
by crystallization, converted to ammonium perchlorate (NH4ClO4) in a double 
exchange reaction with ammonium chloride (NH4Cl).  Thus, the production of 
AP is performed in three stages: electrolytic oxidation of sodium chlorate to 
sodium perchlorate, conversion of sodium perchlorate to AP by a double exchange 
process, and crystallization of AP [2, 8, 9].  In this method, the ammonium ions 
may be combined with chlorate ions to form ammonium chlorate, which is an 
unstable compound and will explode at 100 °C [10].  So, it is very dangerous 
when mixed with combustible materials and is liable to ignite spontaneously at 
much lower temperatures.  Therefore, chlorate is destroyed in the electrolytic 
solution by chemical means before commencing the conversion to AP and 
crystallization [11].  Residual chlorate is usually destroyed using a  reducing 
agent, such as sodium sulfite or iron(II) sulfate, and the sulfate produced is 
precipitated as insoluble BaSO4 using BaCl2 solution leaving NaCl in solution.  
In another method, chlorate is destroyed via reaction with a strong acid, such as 
hydrochloric acid to a pH of 1 to 2, and the solution is then boiled [11, 12].  In this 
method, chlorine dioxide is produced which is explosive and toxic.  Therefore, 
the development of simple and safe methods to remove of the chlorate impurity 
from AP is highly desirable.

Nano-sized zero valent metals (nZVM) are interesting for their various 
applications such as catalysts, magnets, elimination of contaminants, and so on.  
The use of nZVM for the destruction of persistent pollutants such as explosives 
and nitrosamines were considered, due to their large specific surface area and 
high density of reactive surface sites of the nanometals, to rapidly transform 
contaminants in controlled laboratory experiments.  Metal nanoparticles have 
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become increasingly important in environmental remediation, especially of 
contaminants such as halogenated organics [13], heavy metals [14, 15], explosives 
[16-18] and N-nitroso-dimethylamine (NDMA) [19-21]. 

The nanometals used for these purposes include nano iron and zinc (Fe0 or 
Zn0), however nanoscale zero valent iron (nZVI) is most commonly used.  In 
addition, other metals such as nickel or palladium have been added to increase 
the reduction rate.  This combination of nZVI with a noble metal is referred to 
as a bimetallic nanoparticle.  The iron-noble metal couple essentially creates 
numerous galvanic cells wherein the iron serves as the anode and becomes 
preferentially oxidized.  Meanwhile, the noble metal (cathode) is protected and 
remains unchanged.  Therefore, bimetallic nanoparticles typically consist of 
a metal such as iron as the electron donor and a zero valent second metal (such 
as nickel, palladium, etc.) as an activator [22-25]. 

Because ZVI-based reactions are surface mediated processes, increasing 
the surface area of ZVI was found to increase reaction rates [26].  It has also 
been shown that decreasing the size of ZVI particles to the nanoscale can 
greatly enhance the reaction rates [27].  However, nanoscale ZVI particles tend 
to agglomerate rapidly.  Therefore, nZVIs without a stabilizer are agglomerated 
to the micro scale.  To prevent agglomeration, and also to stabilize the metal 
nanoparticles, various stabilizers have been reported [28-33].  Compared with 
conventional non-stabilized nZVIs, the stabilized nanoparticles display much 
greater surface area, superior physical stability, and faster reaction rates.  Water 
soluble starch and sodium carboxymethyl cellulose (CMC) are widely used 
as stabilizers, because they are environmentally friendly food grade materials 
[34, 35].

In the present work, we mainly focused on the feasibility of using starched 
bimetallic nanoparticles for the selective elimination of chlorate impurity in AP.  
Based on a literature survey, there are no reports on chlorate elimination in AP 
using bimetallic nanoparticles.

2	 Experimental

2.1	 Experimental equipment
A Hitachi model 3310 UV-Vis spectrophotometer with 1-cm quartz cells was 
used for recording absorbance spectra.  The pH measurement was by a pHmeter 
(PH. Z. S. PTR79).  FE-SEM images were acquired using an electron microscope 
Sigma model (Zeiss Ltd. Co., Germany).  The XRD analyses were carried out 
using a Model STOE diffractometer. 
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2.2	 Materials
All of the chemicals and reagents which were used in this work were of 
analytical grade.  Sodium borohydride (NaBH4, 98%) was purchased from Fluka.  
Starch ((C12H22O11)n > 99%), ferrous chloride (FeCl2·4H2O > 99%), ammonium 
perchlorate (NH4ClO4 > 99%), potassium chlorate (KClO3 > 99%), hydrochloric 
acid (HCl), methylene blue, methyl orange, sulfuric acid (H2SO4) and chloroform 
(CHCl3) were purchased from Merck (Merck, Darmstadt, Germany).  Nickel(II) 
acetate tetrahydrate (Ni(OCOCH3)2·4H2O) were obtained from Sigma-Aldrich.  
In all of the experiments, deionized water was used to prepare the solutions.

2.3	 Preparation of stabilized Ni/Fe bimetallic nanoparticles
Ni/Fe nanoparticles were synthesized by modifying the method described by 
He and Zhao [34].  In synthesizing stabilized Fe/Ni NPs, a starch solution (1% 
w/v) was initially prepared.  FeCl2·4H2O (7.5 mmol) and Ni(OCOCH3)2·4H2O 
(0.225  mmol) (Ni:Fe molar ratio, 3:100) were dissolved in deionized water 
(10 mL) and mixed with the starch solution (100 mL).  NaBH4 solution (1.6 M, 
50 mL) was then added dropwise to the solution during 2 h to reduce the metal 
ions according to Equations 3 and 4.  N2 gas was used to remove O2 at all stages 
of the synthesis. 

2Fe(aq)2+ + BH4(aq)− + 2H2O(1) → 2Fe(s)0 ↓ + BO2(aq)− + 2H2(g) + 4H(aq)+ � (1)

Fe(s)
0 + Ni(aq)

2+ →Ni(s)
0 + Fe(aq)

2+ � (2)

Finally, the Ni/Fe nanoparticles were separated from the solution using 
a strong magnet (1.2 Tesla) and dried in a vacuum oven at 50 °C for 3-4 h.

2.4	 Elimination of chlorate in the presence of perchlorate
A batch procedure was carried out for the elimination process.  A portion of 
a solution (50 mL) containing chlorate (2 mg·L−1) and perchlorate (50 mg·L−1) 
was transferred to a  three-neck flask, the pH of the solution was adjusted to 
4.8 using HCl (0.1 mol·L−1) and/or NaOH (0.1 mol·L−1) and the solution was 
deoxygenated with N2 gas (1 L·min−1) for 30 min.  Stabilized Ni/Fe bimetallic 
nanoparticles (50 mg; metal/chlorate molar ratio, 745:1) were then added and the 
solution was stirred for 14 min.  Finally, the nanoparticles were separated using 
a strong magnet (1.2 Tesla).  The concentrations of chlorate and perchlorate in 
the final solution were measured spectrophotometrically according to Section 2.5.  
See later (Section 2.6) for specific variations of the conditions.
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2.5	 Spectrophotometric determination of chlorate and perchlorate
For monitoring of the chlorate in the elimination process, a  simple 
spectrophotometric method based on the reduction of chlorate by chloride ion 
in acidic media to form chlorine (methyl orange was colorless in the presence 
of chlorine), was used [36].  In this work, an aliquot of the chlorate solution, 
chosen so that its final concentration would be in the range of 1.0-20 µg·mL−1, 
was mixed with methyl orange solution (2.0 mL of 0.07 g·L−1), sulfuric acid 
solution (2.0 mL of 10 mol·L−1) and NaCl solution (1 mL of 0.5 mol·L−1), the 
mixture was transferred into a 25-mL volumetric flask and was placed in a hot 
water bath at 80 °C for 30 min.  After reaching ambient temperature, it was 
diluted with deionized water to 25 mL and the absorbance measured at 504 nm. 

For monitoring of the perchlorate, a simple spectrophotometric method based 
on ion pair formation of perchlorate ion with methylene blue in acidic media 
was used [37].  In this work, an aliquot of the perchlorate solution, chosen so 
that its final concentration would be in the range of 1.0-10 µg·mL−1, was mixed 
with methylene blue solution (1.0 mL of 1.5 × 10−3 mol·L−1) and sulfuric acid 
solution (1.0 mL of 2 mol·L−1) and transferred into a 10-mL centrifuge tube and 
stirred for 5.0 min.  Chloroform (3 mL) was then added to the centrifuge tube 
and stirred for 5 min and, after separation of the two phases, the absorbance of 
the organic phase was measured at 576 nm.  Elimination percent for chlorate 
and perchlorate were calculated as follows: 

% =
( 0− )

0
× 100R C

C
c

� (3)

where R is the elimination efficiency (%), C0 and c represent the initial and 
final (after elimination) concentrations in mg·L−1 for chlorate or perchlorate, 
respectively.

2.6	 Design of experiments
Design of experiments is a powerful analysis tool for the modelling and statistical 
analysis of the controlling factors of a process.  In the design of the experiments, 
selection of the factors affecting the desired response is the most important step.  
Therefore, many factors are considered, which may then be removed because 
of their negligible impact and lesser importance.  Chlorate and perchlorate are 
reduced with nZVI to produce chloride ion according to following reactions:

3Fe0  →  3Fe2+ + 6e–				    E0 = –0.44 V� (4)
ClO3

–  + 6H+ + 6e–  →  Cl– + 3H2O			   E0 = +1.45 V� (5)
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ClO3
–  + 3Fe0 + 6H+  →  3Fe2+ + Cl– + 3H2O		 E0 = +1.89 V� (6)

ClO4
–  + 8H+ + 8e–  →  Cl– + 4H2O			   E0 = +1.287 V� (7)

ClO4
–  + 4Fe0 +8 H+  →  4Fe2+  + Cl– + 4H2O		 E0 = +1.727 V� (8)

In the experimental design, factors such as pH, temperature, dosage of 
nanoparticles and reaction time were studied.  Perchlorate is a  stable ion in 
solution due to the high activation energy of the reduction reaction, and is 
reduced only under harsh conditions such as high temperature, low pH and long 
time.  Therefore, perchlorate showed a  longer induction period than chlorate 
and the reduction of chlorate began immediately after mixing with the S-Ni/Fe 
nanoparticles.  Because of these differences and by choosing suitable conditions, 
chlorate can be eliminated nearly completely without changing and eliminating 
perchlorate.  The Taguchi experimental design establishes a systemic, simple and 
cost-effective methodology for the optimization of the significant parameters with 
a set of well-defined experiments [38].  For the present study, an L9 orthogonal 
array (L9-OA) was used to design the experiments with four 4-level factors (34).  
The factors are designated in the column in random order.  The results of the 
evaluations were singly analyzed.  Data analysis was performed by the use of 
the statistical analysis of variance (ANOVA) method.  Furthermore, the optimal 
conditions were determined by combining the optimal levels of the significant 
factors and verified using a confirmation test.  All calculations were analyzed 
using Design-Expert 7.1.3 software.  The four considered factors (for 50 mL of 
chlorate/perchlorate solution – see Experimental) were (i) pH (4.5, 6.5, 8.5), 
(ii) reaction time (10 min, 30 min, 50 min), (iii) dosage of nanoparticles (30 mg, 
40 mg, 50 mg), and (iv) temperature (30 °C, 50 °C, 70 °C).

3	 Results and Discussion

3.1	 Characterization of bimetallic nanoparticles
Figure 1 shows a FE-SEM image of the synthesized Ni/Fe NPs.  It was observed 
that all of the NPs were spherical with an average diameter of 20-50 nm.  The 
energy dispersive X-ray spectroscopic (EDS) analysis of fresh S-Ni/Fe is 
shown in Figure 2.  The elemental compositions of Fe and Ni in the S-Ni/Fe 
nanoparticles were 96.9 wt.% and 3.1 wt.%, respectively.  The crystalline phase 
of the Ni/Fe bimetallic nanoparticles was determined using the X-ray diffraction 
pattern (Figure 3).  The apparent peaks at 2θ of 44.64°, 65.16° and 85.5° indicated 
the presence of Ni/Fe nanoparticles.  The broad iron peak at 44.64° shows that the 
synthesized Ni/Fe nanoparticles possessed a chemically disordered crystal structure.
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Figure 1.	 FE-SEM image of the synthesized S-Ni/Fe nanoparticles

Figure 2.	 EDS spectra of Ni/Fe nanoparticles (Ni:Fe molar ratio, 3:100)

Figure 3.	 XRD pattern of the synthesized S-Ni/Fe nanoparticles
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3.2	 Experimental design
The effect of the four important parameters in the elimination of chlorate such 
as pH, dosage of the nanoparticles, temperature and stirrer time were assessed.  
Initially, to determine the range of the variables, some preliminary experiments were 
performed using relevant existing literature values [39].  The range of variables 
and their levels are presented in Table 1.  Nine tests with different operational 
conditions, based on the Taguchi methodology were designed (Table 2).

Table 1.	 The range and levels of the independent variables

Variables Range and level
−1 0 +1

A: pH 4.5 6.5 8.5
B: Temperature [°C] 30 50 70
C: Time [min] 10 30 50
D: Dosage of nanoparticles [mg] 30 40 50

Table 2.	 The experiments designed by the Taguchi methodology for the 
elimination of chlorate and perchlorate

Run A B C D %R1 %R2

1 4.5 30 10 30 99.8 0.3
2 4.5 50 30 40 75.6 15.02
3 4.5 70 50 50 84.8 32.7
4 6.5 30 30 50 87.9 28.02
5 6.5 50 50 30 74.5 46.02
6 6.5 70 10 40 56.6 32.02
7 8.5 30 50 40 55.8 59.02
8 8.5 50 10 50 34.6 47.02
9 8.5 70 30 30 28.8 65.02

The tests were performed and regression analysis showed that the data can 
be modelled by the following second order polynomial equations:

R1 = +66.49 – 23.50A – 12.22B + 4.02C + 0.70D� (9)
R2 = +36.13 + 20.51A + 7.07B + 9.73C – 0.60D� (10)

where R1 and R2 are the elimination efficiencies of chlorate and perchlorate, 
respectively.  The analysis of variance (ANOVA) for the Taguchi model was 
investigated so that values of “Prob>F” (p-value) less than 0.05 indicate the 
model terms are significant and values greater than 0.10 indicate they are not 
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significant.  In the present work, pH, dosage of nanoparticles, temperature and 
time were the significant model terms which were retained, and interactions 
between these factors were not significant.  The analysis of variance for the 
reduced quadratic model is shown in Tables 3 and 4.  The model F-value of 
618.68 and the p-value of less than 0.0001 imply that the model is significant.  
PredR-Squared, represents how good the model predicts a response value.  In 
this work, the PredR-Squared values of 0.7219 and 0.9861 are in reasonable 
agreement with the “Adj. R-Squared” of 0.8335 and 0.9968 for chlorate and 
perchlorate, respectively.  “Attack Precision” measures the signal to noise ratio 
and a ratio greater than 4 is desirable.  For the reduced model, this ratio was 9.146 
and 74.336 for chlorate and perchlorate, respectively, which indicates an adequate 
signal.  The overall performance of the model is expressed by R, as the degree of 
correlation between the observed and predicted values is expressed by “Adj. R2” 
[40].  R2 and Adj. R2 for R1 were 0.9168 and 0.8335 and for R2 were 0.9984 and 
0.9968, respectively, which suggests that the model can be used for predicting 
the process behaviour at the designed space.  The influence of individual factors 
on the elimination yields (R1 and R2) is represented in Figures 4 and 5.

Table 3.	 Analysis of variance for R1 by the Taguchi model

Source Sum of
squares df Mean

square F-value p-value
Prob> F

Model 4308.72 4 1077.18 11.01 0.0196
A: pH 3313.50 1 3313.50 33.88 0.0043
B: Temperature 895.48 1 895.48 9.16 0.0389
C: Time 96.80 1 96.80 0.99 0.3761
D: Dosage of nanoparticles 2.94 1 2.94 0.030 0.8708
Residual 391.23 4 97.81
Cor Total 4699.95 8

Table 4.	 Analysis of variance for R2 by the Taguchi model

Source Sum of
squares df Mean

square F-Value p-value
Prob> F

Model 3393.35 4 848.34 618.68 < 0.0001
A: pH 2523.14 1 2523.14 1840.10 < 0.0001
B: Temperature 299.63 1 299.63 218.51 0.0001
C: Time 568.43 1 568.43 414.55 < 0.0001
D: Dosage of nanoparticles 2.16 1 2.16 1.58 0.2778
Residual 5.48 4 1.37
Cor Total 3398.84 8
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Figure 4.	 Individual factor performances at different levels for R1

Figure 5.	 Individual factor performances at different levels for R2

3.3	 Optimization of the process
Here, optimization of the process means the finding of the values of the 
operating factors to reach a desired value of R1 and R2, based on the proposed 
Taguchi model.  The optimization was performed using the related numerical 
facilities of the applied software.  Practically, the goals of the variables were 
set to “maximize for R1 and minimize for R2”.  Under the settings, for 50 mL 
of 50 µg·mL−1 of perchlorate and 2 µg·mL−1 of chlorate solution, the software 
predicted 99.74% and 0.29% for R1 and R2, respectively.  So, the optimum value 
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of pH, dosage of nanoparticle, temperature and time were 4.50, 49.70 mg, 30 °C 
and 14.24 min, respectively.  To evaluate the accuracy of the model prediction, 
further confirmatory experiments were performed under the optimum conditions; 
elimination of 99.7% and 0.3% was obtained practically for chlorate and 
perchlorate, respectively.

3.4	 Selectivity
To evaluate the selectivity of bimetal nanoparticles in the elimination of chlorate 
in the presence of perchlorate, solutions with different ratios of chlorate and 
perchlorate in the range of 1:10 to 1:100 were tested.  The results showed that 
at 1:50, the elimination efficiency was close to 100% for chlorate and less than 
0.3% for perchlorate.  Furthermore, even at 1:100, only 4% of elimination was 
observed for perchlorate.  Therefore, it seems that the proposed method provides 
good selectivity for elimination of chlorate in the presence of high concentrations 
of perchlorate.

3.5	 Performance evaluation
The applicability and reliability of the proposed method for the elimination 
of chlorate was investigated with industrial military grade AP, produced via 
the electrolysis process.  This solution contained 700 g·L−1 of perchlorate and 
17 g·L−1 of chlorate.  When it was treated under the proposed procedure, the 
results showed that >99% of chlorate was eliminated, while the loss of perchlorate 
was negligible (<0.5%).

4	 Conclusions

The thermal behaviour of AP is strongly influenced by impurities.  Thus, 
elimination of impurities in the production steps of AP is necessary.  In this work, 
we have examined the use of stabilized bimetallic Fe/Ni nanoparticles for the 
elimination of chlorate in AP.  The most outstanding findings of the work can be 
briefly stated as follows: (i) stabilized-Ni/Fe bimetallic NPs with a size range of 
20-50 nm were successfully prepared, (ii) a new method for the elimination of 
chlorate in AP using the bimetallic nanoparticles was developed, and (iii) based on 
the model prediction, the process can achieve 99.7% of chlorate elimination with 
the loss of less than 0.3% of the perchlorate under the optimum conditions, viz. 
initial pH 4.50, dosage of nanoparticles = 50 mg, T = 30 °C, and time = 14.5 min.
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