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Abstract
1,3,5,7-Tetranitro-1,3,5,7-tetrazocane (HMX) is one of the most powerful military explosives that is produced by means of 
Bechmann method. Simultaneous, 1,3,5-rinitroperhydro-1,3,5-triazine (RDX) as a by-product is produced in this method 
that affect on the purity and sensitivity of HMX. Using a simple and fast technique is important for determination of 
trace amounts of RDX in the HMX matrix. The technique of gas chromatography-electron capture detector (GC-ECD) was 
proposed for these reasons. Because the presence of several parameters in the proposed technique, the experimental 
design methods of factorial and central composite were used for the experiments of screening and optimization, respec-
tively. The parameters of oven programming, injection volume, injection temperature, carrier gas flow rate, and detector 
temperature were used in experiments of screening. The analysis of variance and Pareto plots showed that the injection 
temperature and carrier gas flow rate must be optimized among the parameters. After the screening and optimization 
of the studied parameters, the selected conditions were oven programming 10 °C min−1, injection volume 1 μL, injection 
temperature 250 °C, carrier gas  (N2) flow rate 3 mL min−1, and detector temperature 300 °C. The calibration curve and 
detection limit of the optimized method were 10–90 and 1.8 mg L−1, respectively, of RDX in matrix of HMX. The relative 
standard deviation of the measurement was 1.89%. Finally, the RDX recovery percentages in HMX matrix in the three 
spiked samples were also calculated.
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1 Introduction

Due to increased attention to insensitive ammunition to 
improve safety and high performance, there is a growing 
demand for insensitive explosives [1]. 1,3,5,7-Tetranitro-
1,3,5,7-tetrazocane, commonly known as HMX, is one of 
the most powerful military explosives that is produced by 
means of Bechmann method. This explosive has a high 
detonation velocity, heat and pressure and is widely used 
in plastic explosives and solid propellants [2]. However, 
HMX particles have limitations in application as insensi-
tive ammunition. The high mechanical sensitivity and 
weak adhesion properties with other materials in polymer 

bonded explosives (PBXs) are subject to these restrictions 
[3]. To obtain insensitive HMX particles with lower sensitiv-
ity to shock wave and mechanical stimuli, many studies 
have been done on the effect of particle size, their shape, 
removal of HMX-associated impurities through crystalli-
zation or polymer-bonding [4, 5]. One of the impurities 
that is produced in the production process of HMX is 
always 1,3,5-rinitroperhydro-1,3,5-triazine or RDX. The RDX 
amount is less than 0.2% by weight in an insensitive HMX. 
Therefore, for the production of high-purity HMX, it is nec-
essary to measure amounts of less than 0.2% wt. RDX.

In the US military standard [6], a liquid chromatogra-
phy and X-ray diffraction methods for the detection and 

Received: 16 January 2019 / Accepted: 10 April 2019 / Published online: 15 April 2019

 * Hamid Reza Pouretedal, pouretedal@gmail.com; HR_POURETEDAL@mut-es.ac.ir; Sajjad Damiri, s_damiri@mut-es.ac.ir;  
Ali Reza Sharifi, ali.sharifi516@yahoo.com | 1Department of Chemistry, Faculty of Science, Malek-ashtar University of Technology, 
Shahin-Shahr, Isfahan, Islamic Republic of Iran.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-0477-5&domain=pdf


Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:457 | https://doi.org/10.1007/s42452-019-0477-5

measurement of RDX is presented. However, there is 
always a need for a simple and rapid method for detecting 
and determining RDX in HMX tissue. Referring to the his-
tory of explosives, it is clear that measuring trace amounts 
of RDX in HMX matrix is done in a variety of ways. Grindlay 
[7] measured the RDX in HMX using the infrared spectro-
photometer method at the British Defense Research Insti-
tute. The wavelength used was 1590 cm-1. Mattos et al. [8] 
used the FT-IR (Fourier-transform infrared spectroscopy) 
method in the near (NIR) and mid (MIR) IR regions, and 
measured RDX in HMX and compared the results by high 
performance liquid chromatography (HPLC) method. 
Uzer et al. [9] were able to measure the RDX in HMX using 
the spectrophotometer in the visible region. The detec-
tion limit of the method was 0.18 g ml−1. Zou et al. [10] 
devised a method for measuring the RDX impurity in 
HMX using a FT-NIR device, and they were able to obtain 
a small amount by using a chemometric and the partial 
least squares method.

Using GC to identify and measure explosives is limited 
due to the high melting point, low vapor pressure and 
thermal instability of these materials. However, Hable 
[11] using extraction and injection, could analyze the 
low amounts of RDX. He used injection ports that were 
deactivated glasses, and the materials had a little thermal 
decomposition on the surface. Krichner et al. [12] used 
the GC-ECD method to analyze some of the explosives, 
including RDX. The column used was capillary type of cp-
sil 8. The detector temperature was 320 °C and the nitro-
gen gas flow rate was 60 ml min−1. The device was also 
used in splitless mode. Protectants such as d-sorbitol have 
been used to eliminate the peak tailing. In these meth-
ods, since the device is in a splitless mode, it should be 
used two columns. The first pre-column has a length of 
1 m to increase the transfer rate of solutes from the inlet 
to the column. The injection port is also of glass type and 
should be replaced after every 10 analyses [12]. Douse 
[13] presented a method for detecting traces of explo-
sives like RDX and TNT at the low nanogram level using 
GC-ECD and capillary column. The injection temperature 
was not adequate for HMX. Walsh et al. [14] determined 
nitroaromatic, nitramine, and nitrate ester explosives in 
water using solid-phase extraction and acetonitrile sol-
vent and GC-ECD. Method detection limits ranged from 
0.04 to 0.4  μg/L. Deactivated direct injection uniliner 
was used in GC instrumentation. Walsh [15] determined 
nitroaromatic, nitramine, and nitrate ester explosives 
in soil by gas chromatography and an electron capture 
detector. Method detection limits were around 3 µg/kg 
for RDX, 25 µg/kg for HMX, and between 10 and 40 µg/
kg for the nitrate esters (NG and PETN). Waddell et al. [16] 
determined nitroaromatic and nitramine explosives from a 
PTFE wipe using thermal desorption-gas chromatography 

with electron-capture detection. The explosives were des-
orbed by thermal desorption system and sent to a cooled 
injection system. A dual column and dual ECD was used 
to confirm analysis of the explosives desorbed. Limits of 
detection less than 4 ng obtained for each explosive.

The investigated methods are not particularly sensi-
tive to RDX measurements in the HMX matrix. Therefore, 
the aim of this research was to measure trace amounts of 
RDX in HMX explosive tissue using a simple and fast gas 
chromatography and ECD detector. The GC method has an 
improved chromatographic resolution than HPLC method 
and utilizing of GC instrumentation is most commonly in 
environmental labs. The above methods need attention to 
instrument maintenance because of frequent changes of 
deactivated injection port liner. As a result, the GC must be 
calibrated after every change. Another point of our work 
is the same carrier and makeup gases.

The HMX explosive usually has an RDX of less than 0.2% 
by weight. The HP-5 column is the most commonly used. 
The column has polarity equivalent to cp-sil-8. These col-
umns have the most separation for nitramine compounds.

Design of experiment methods (DOE) such as multivari-
ate design can be used for predicted variation of several 
variables in an experimental design. The obtained results 
are used to drive mathematical models for prediction of 
the dependent variables from independent variables. Also, 
the optimized experimental conditions and the interac-
tions between variables can be resulted from the math-
ematical models [17]. The DOE technique is used for study 
and optimization the effective variables on the response of 
an experiment. The decrease the number of experiments 
is also an advantage for DOE technique. There are several 
methods in DOE technique for example central compos-
ite design (CCD). This method provides high quality pre-
dictions in investigation linear, quadratic and interaction 
effects of variables that are effective on a process [18, 19].

2  Experimental

2.1  Materials

Dinitrobenzene (DNB) as internal standard [20], the sol-
vents of acetonitrile and acetone, all from Merck, were 
used with highest analytical purity. The explosives RDX 
and HMX were synthesized in research laboratory. Each 
of these materials was then purified in pure acetone 
(Merck). The purification method was re-crystallization. 
The amount of purification is 3 times. Finally, the purity of 
both materials was determined by HPLC apparatus, which 
was 99.9%. These high purity materials are prepared by 
calibration solutions.
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2.2  GC‑ECD instrumentation

The RDX analysis in HMX matrix was performed on an 
Agilent Technology gas chromatography system 6890A, 
equipped with an Auto Sampler 7693 (Agilent Technol-
ogy), and an ECD. Data were acquired and processed 
using Agilent Open LAB Chromatography Data System 
(CDS) Chemstation Edition for integrated peak areas, 
peak heights, and elution and analysis times. The HP-5 
column with a maximum temperature capacity of 450 °C, 
15 m × 250 μm × 0.1 μm dimension, splitless injection and 
 N2 gas carrier were used in all experiments.

2.3  Screening and optimization experiments

To prepare the stock solutions, RDX and HMX materials 
with purity of 99.9% were dried in an oven with tempera-
ture of 100 °C. The stock solution of 1000 mg L−1 RDX was 
prepared, and then the diluted solutions (10–90 mg L−1) 
were prepared from the stock solution. The standard mate-
rial of dinitrobenzene (100 mg L−1 in acetonitrile) was used 
as internal standard. This solution was added to the sam-
ple solutions, so that in the final obtained solutions, the 
concentration of dinitrobenzene was 20 mg L−1.

Given that the main texture of the sample is the HMX 
matrix, there should also be HMX within the calibration 
solutions of RDX (although the calibration curve is plotted 
relative to the RDX concentration). HMX stock solution was 
prepared with a concentration of 20 g L−1 of pure HMX in 
acetonitrile. The concentration of HMX in the final solu-
tions was 8 g L−1.

3  Results and discussion

3.1  Experiments of screening

The design and analysis of experiments data were by using 
the  Minitab®17.1 software. Based on the experimental con-
ditions, a  25 factorial design was used for screening the five 
quantitative factors in order to identify the most critical 
factors for optimization. The factors were the oven pro-
gramming, injection volume, injection temperature, carrier 
gas flow rate, and detector temperature. A full factorial 
design by using 32 experiments was used that allows for 
better estimation of the effects of the experimental factors 
on the response(s) and therefore, better selection of the 
significant factors for optimization [21, 22]. The studied 
factors and their levels are presented in Table 1.

The oven programming was as follows. The start tem-
perature 100 °C for 2 min, the initial end temperature 
200 °C, the temperature ramping (rate) was varied accord-
ing to the Table 1 to a final temperature of 250 °C and held 

for 5 min. All injections were done in the splitless mode 
(1:6). The responses studied for these set of experiments 
were the peak area of RDX  (Y1) and the resolution factor (R) 
for peaks of RDX and HMX  (Y2). The R was calculated using 
the following equation:

where  t1 and  t2 are the migration times of RDX peak and 
HMX peak and  w1 and  w2 are the baseline peak widths, 
respectively.

The Pareto chart of effects tool was used for statistically 
study the critical factors on the selected responses [23]. 
The Pareto chart is an important statistical tool useful for 
visual identification of significant and less significant fac-
tors in a set of multivariate experiments. The t-value of an 
absolute effect in terms of standard deviations was used 
in scales experimental effects. A factor was known as a sig-
nificant parameter at 95% confidence level when experi-
mental factor(s) was extends beyond the t-limit value (the 
vertical dash-lines). The Pareto charts of responses of peak 
area and the resolution factor for the test of significance of 
the screening factors are presented in Fig. 1.

The Fig. 1 based on these two responses shows that 
the injection temperature (C) and the carrier gas flow rate 
(D) were the most critical factors, as they were the factors 
that significantly affected peak area and peak resolution. 
Also, the analysis of variance (ANOVA) test was used for the 
screening experiments in order to the selection of the fac-
tors that significantly affected the responses. The obtained 
results of F-value and P value are collected in Table 2.

The Fisher ratios (F-value) were used for assessing 
the statistical significance [24]. According to the ANOVA 
analysis (Table 2), the F-values of 16.33 and 7.12 for  Y1 
response and 13.31 and 18.77 for  Y2 response, respec-
tively, for factors of the injection temperature and carrier 
gas flow rate show the significance effect on the variation 
in the responses. Also, the related P-value is used to judge 
whether F-ratio is large enough to indicate statistical sig-
nificance. A P-value more than 0.05 indicated that the fac-
tor could not be considered statistically significant. The 
P-values for the factors of oven programming, injection 
volume and detector temperature are greater than 0.05 

(1)R =
[

2
(

t2 − t1

)

∕
(

w1 + w2

)]

Table 1  Factors and their levels used in the screening experiments

Factor Symbol − 1 + 1

Oven programming (°C min−1) A 10 15
Injection volume (μL) B 1 2
Injection temperature (°C) C 200 250
Carrier gas  (N2 gas) flow rate (mL min−1) D 1.5 3
Detector temperature (°C) E 300 350
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Fig. 1  Pareto chart for effects 
of the selected factors on peak 
area of RDX  (Y1) and the resolu-
tion factor of peaks of RDX and 
HMX  (Y2)
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Table 2  The ANOVA test results 
for the screening experiments

Factor Symbol Y1 Y2

F-value P-value F-value P-value

Oven programming (°C min−1) A 0.74 0.398 0.27 0.607
Injection volume (μL) B 0.26 0.611 0.71 0.406
Injection temperature (°C) C 16.33 0.000 13.31 0.001
Carrier gas  (N2 gas) flow rate (mL min−1) D 7.12 0.012 18.77 0.000
Detector temperature (°C) E 0.19 0.667 0.02 0.876
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for both responses and mean consequently that these 
factors in the screening experiments have not statistical 
significance on the responses [25].

3.2  Optimization of experiments

The results of experiments screening showed that the 
parameters of injection temperature and carrier gas flow 
rate indicate two affect factors on the response data. 
Therefore, in the second step, a central composite design 
(CCD) response surface method was applied for optimiza-
tion of selected factors while the other factors were fixed 
(Table 1). A two-level factorial design with a star design 
and center points is used in CCD method [26, 27]. A central 
composite design is a 2 k (k is the number of factors) full 
factorial to which the central point and the star points are 
added. It is expected that the obtained responses to be in 
the experimental domain of the response surface in the 
optimized conditions.

Table  3 shows the experimental levels for the fac-
tors used in the optimization experiments. The 
 Minitab®program was applied for CCD method and four-
teen experimental runs were as experimental. The peak 
area of RDX  (Y1) and resolution factor  (Rs) for peaks of RDX 
and HMX  (Y2) were determined experimentally for each 
run prior to modelling with the software. The designed 
conditions of analysis defined by the software for our 
investigations and the related experimental results are 
given in Table 3. All experiments were performed in the 
fixed conditions of; oven programming (A) of 10 °C min−1, 
injection volume (B) of 1.0  μL, and detector tempera-
ture (E) of 300.0 °C. Also, The experimental design were 

applied in the injection temperature (oC) interval of 
200.0 ≤ C ≤ 250.0 °C and carrier gas  (N2 gas) flow rate range 
of 1.5 ≤ D ≤ 3.0 mL min−1.

The mathematical relationship of the two responses of 
 Y1 and  Y2 on the mentioned independent variables can be 
approximated by the statistical analyses performed by use 
of multiple regressions and analysis of variances (ANOVA). 
The sum of squares of the errors, F-values, P-values and 
the regression equations were obtained by  Minitab®17.1 
software and collected in Tables 4 and 5. As seen, the 
P-values are < 0.05 for studied factors that can influence 
significantly the overall results. The sign of optimized fac-
tors of injection temperature (C) and carrier gas flow rate 
(D) is positive for peak area while they are negative for 
resolution factor. In the other word, the peak area of RDX 
is increased with increasing of injection temperature and 
carrier gas flow rate. In contrast, the resolution factor of 
RDX peak and HMX peak is decreased with addition of 
these variable factors. The response factors or the  Y1 and 
 Y2 in the interval of our experiment design can be calcu-
lated from Eqs. (2) and (3).

The ANOVA results and the estimated regression 
coefficients for the peak area  (Y1) and resolution fac-
tor  (Y2) are presented in Tables 4 and 5, respectively. In 
the validation of models, experimental results and the 
predicted values obtained using Eqs. 2 and 3 match the 
experimental values reasonably well with R-Sq of 99.38% 

(2)
Peak area

(

Y1

)

= 4600 + 38.3C + 2300D

− 557D ∗ D + 20.61C ∗ D

(3)
Resolution factor

(

Y2

)

= 16.442 − 0.02806C

− 2.071D + 0.2017D ∗ D

Table 3  Central composite design (CCD) in optimization of experiments

Run order Injection tempera-
ture (°C)

Carrier gas flow rate 
(mL min−1)

Exp. peak area  (Y1) Predicted  Y1 Exp. resolution 
factor  (Y2)

Predicted  Y2

1 225.0 1.23 20,256 20,683.4 8.0 7.95259
2 225.0 2.25 25,726 26,011.5 6.4 6.49231
3 225.0 3.31 30,145 30,086.9 5.4 5.48587
4 225.0 2.25 25,745 26,011.5 6.5 6.49231
5 225.0 2.25 25,745 26,011.5 6.5 6.49231
6 189.6 2.25 22,725 23,017.5 7.5 7.48425
7 260.4 2.25 29,125 29,005.6 5.3 5.50037
8 250.0 1.50 24,315 24,104.3 6.9 6.77648
9 250.0 3.00 31,394 31,526.6 5.1 5.03224
10 225.0 2.25 25,745 26,011.5 6.5 6.49231
11 200.0 3.00 26,678 26,519.4 6.5 6.43506
12 200.0 1.50 21,145 20,643.1 8.0 8.17930
13 225.0 2.25 26,456 26,011.5 6.6 6.49231
14 225.0 2.25 26,456 26,011.5 6.6 6.49231
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and R-Sq (adj) of 98.99% for response  Y1, and with R-Sq 
of 98.65% and R-Sq (adj) of 98.25% for response  Y2. The 
statistical significance of the ratio adjusted mean square 
(adj MS) due to the regression and adjusted mean square 
of residual error were tested using analysis of variance 
(ANOVA). The model Fisher ratios (F-value) of 256.96 for 
 Y1 and 244.14 for  Y2 indicate that most of the variation in 
the response can be described by the regression equa-
tion. Also, the P-value for the two regressions of  Y1 and 
 Y2 obtained P = 0.000 were lower than 0.05 and means 
consequently that all terms in the regression equations 
have significant correlation with the response variables 
[28, 29].

The contour plots of peak area and resolution factor 
versus injection temperature and carrier gas flow rate 
are shown in Fig. 2. However, the contour plots also indi-
cate that for obtaining the high sensitivity for the RDX 
peak and a suitable resolution for RDX and HMX peaks, 
the optimized values for carrier gas flow rate and injec-
tion temperature are 3 mL min−1 of  N2 gas and 250 °C, 
respectively.

The chromatogram of a sample contains 90 mg L−1 
RDX in HMX matrix in optimized conditions of oven pro-
gramming 10 °C min−1, injection volume 1 μL, injection 
temperature 250 °C, carrier gas flow rate 3 mL min−1, and 
detector temperature 300 °C, is shown in Fig. 3. The cali-
bration curve for determination of trace amounts of RDX 
(10–90 mg L−1) in HMX matrix by using GC-ECD method 
in optimization conditions is also presented in Fig. 4. The 
equation of linear curve is as follows:

where Y is the area ratio of RDX peak to DNB peak and X is 
the concentration of RDX (mg L−1). The regression  (R2) of 
the curve is obtained 0.9917. The relative standard devia-
tion (RSD) of the method for determination of RDX con-
centration of a sample contains 10 mg L−1 of it was 1.89%. 
Also, the detection limit (LOD = 3 s/m) of the proposed 
procedure is calculated 1.3 mg L−1. The three spiked sam-
ples were analyzed for study the precision and accuracy of 
the proposed method. The obtained data are collected in 
Table 6. The minimum standard deviation values and the 
recovery percent values of 93–98% show the precision and 
accuracy of the proposed method in optimized conditions.

(4)Y = 0.0683X − 0.2721

Table 4  Analysis of variance 
of CCD method: Peak area and 
resolution versus injection 
temperature and carrier gas 
flow rate

Source Degree of freedom F-value P-value Degree of 
freedom

F-value P-value

Peak area Resolution factor

Model 5 256.96 0.000 3 244.14 0.000
Blocks 1 5.39 0.049
Linear 2 632.96 0.000 2 362.74 0.000
Injection tem., C 1 365.23 0.000 1 284.95 0.000
Carrier gas flow rate, D 1 900.68 0.000 1 440.53 0.000
Square 1 7.42 0.026 1 6.92 0.025
D*D 1 7.42 0.026 1 6.92 0.025
2-way interaction 1 6.09 0.039
C*D 1 6.09 0.039
Error 8 10
Lack-of-fit 4 1.33 0.395 6 6.24 0.049
Pure error 4 4
Total 13 13

Table 5  Estimated regression coefficients for the peak area  (Y1) and 
resolution factor  (Y2)

a Coefficient
b Standard error of the coefficient
c t test
d p value

Term Coefa SE  Coefb tc pd

Peak area
 Constant 26,012 106 244.39 0.000
 Injection tem., C 2117 111 19.11 0.000
 Carrier gas flow rate, D 3325 111 30.01 0.000
 D*D − 313 115 − 2.72 0.026
 C*D 386 157 2.47 0.039

Resolution factor
 Constant 6.4923 0.0399 162.63 0.000
 Injection tem., C − 0.7014 0.0416 − 16.88 0.000
 Carrier gas flow rate, D − 0.8721 0.0416 − 20.99 0.000
 D*D 0.1135 0.0431 2.63 0.025
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4  Conclusion

The experimental design methods including factorial 
design and central composite design are used for selec-
tion of significant factors and optimization of them. The 
design of experiments and optimization of parameters 
reduce the time and cost in determination of purity of 
HMX with measurement trace amounts of RDX (0.2% 

w/w) using the technique of gas chromatography-elec-
tro capture detector.

Using the normal injection ports is one the advan-
tages of the proposed method. The device with a split 
mode is also used, which does not require a pre-column. 
The splitter enters the part of the gas phase in which the 
specimen is inserted into the column of the muffin. Also, 
the nitrogen gas is used as a carrier gas that is passed 

Fig. 2  Contour plots of opti-
mized factors (I) peak area and 
(II) resolution factor
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through the ECD detector simultaneously. Therefore, the 
extra peaks are not appears on the chromatogram.
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