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Abstract 

Fireworks produce spectacular visual effects through the combustion and explosion of pyrotechnic compositions, which are 

made up of oxidizers, fuels, colorants and binders. To improve safety and environmental protection, the Chinese national 

standard GB 10631-2013 prohibits the use of arsenic, mercury compounds and zirconium powder in pyrotechnic compositions 

of all firework products, and lead compounds in specific categories. Currently, the testing methods in GB/T 21242 are 

qualitative and often suffer from matrix interference. This study aims to establish an inductively coupled plasma optical 

emission spectrometry (ICP-OES) method for the rapid and accurate quantitative detection of prohibited components in 

pyrotechnic compositions, as the application of ICP-OES in fireworks quality control has not been explored previously. The 

research successfully developed an ICP-OES method. Analytical-grade reagents and standard solutions were used, and the 

ICP-OES operating conditions were optimized. Specific analytical lines (As 189.042 nm, Hg 194.227 nm, Pb 220.353 nm, Zr 

343.823 nm) were selected to avoid interference. Different sample preparation methods were applied to effect charge and 

bursting charge. The calibration curves showed good linearity (correlation coefficients ≥ 0.9990), with low detection limits 

(0.013-0.031 μg/mL). Interference analysis confirmed negligible inter-element and matrix interference. Precision tests showed 

relative standard deviations of 1.64% -2.71%, and accuracy tests had recovery rates of 98.5% -101%. The established ICP-

OES method enables the simultaneous determination of arsenic, lead, mercury, and zirconium in pretreated pyrotechnic 

compositions. With its simplicity, rapidity, low detection limits, and high precision and accuracy, this method provides a 

reliable approach for the quantitative analysis of prohibited components in fireworks, contributing to the quality control of 

fireworks products. 
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1. Introduction 

The vibrant effects of fireworks are generated by the com-

bustion and explosion of pyrotechnic compositions. These 

compositions primarily consist of oxidizers (e.g., potassium 

nitrate, potassium perchlorate), fuels (e.g., sulfur, charcoal, 

aluminum, magnesium), colorants (e.g., sodium salts, stron-

tium salts, barium salts), and binders (e.g, shellac, resins) [1]. 

To enhance the safety and environmental performance of 

pyrotechnic compositions, the Chinese national standard GB 
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10631-2013 prohibits the use of arsenic, mercury compounds 

and zirconium powder in pyrotechnic compositions of all 

firework products, and lead compounds in specific categories 

(e.g., firecrackers, fountains, spinners, Roman candles, toys, 

and combinations set off by ordinary consumers), with a de-

tection limit of 0.1% [2]. Currently, the testing methods for 

these four categories of substances provided in GB/T 21242 

[3], referenced by GB 10631-2013, are only qualitative 

chemical methods rather than quantitative tests. In practical 

detection, these methods are sometimes prone to interference 

from matrix components, making the results difficult to dis-

cern. Therefore, it is highly necessary to study and establish 

the inductively coupled plasma optical emission spectrome-

try (ICP-OES) method for rapid and accurate quantitative 

detection of prohibited and restricted components in pyro-

technic compositions [4-7]. 

Inductively coupled plasma optical emission spectrometer 

(ICP-OES) is a rapidly developing analytical technique that 

enables simultaneous multi-element detection with ad-

vantages such as simplicity, low detection limits, wide linear 

range, minimal interference, and high accuracy [8-11]. How-

ever, its application in fireworks quality control remains un-

explored. This study establishes an ICP-OES method for the 

determination of arsenic, mercury, lead and Zirconium in 

pretreated pyrotechnic compositions, demonstrating its sim-

plicity, precision, and reliability [12-14]. 

2. Experimental 

2.1. Reagents and Materials 

Standard solutions of arsenic, mercury, lead and zirconium 

(1.000mg/mL each): National Research Center for Certified 

Reference Materials (China) 

Nitric acid (HNO3), absolute ethanol, acetone: Analytical 

grade 

Deionized water (resistivity ≥18.2 MΩ·cm) 

2.2. Instrumentation and Operating Conditions 

ICP-OES spectrometer (Plasma 1000, NCS TESTING 

TECHNOLOGY CO., LTD): 

Wavelength range: 190–500 nm 

RF generator: 40.68 MHz, 1,200 W 

Plasma gas: Argon (99.999%) 

Coolant flow: 14 L/min 

Auxiliary flow: 0.5 L/min 

Nebulizer pressure: 0.2 MPa 

Sample introduction: 

Peristaltic pump: 30 rpm 

Uptake delay: 22 s 

Observation height: 15 mm 

Analytical lines: As 189.042 nm, Hg 194.227 nm, Pb 

220.353 nm, Zr 343.823nm. 

2.3. Standard Working Solutions 

To prepare mixed standard solutions, 10.0mL aliquots 

each of arsenic (As), mercury (Hg), lead (Pb) and Zirconium 

(Zr) standard stock solutions were transferred into 100mL 

volumetric flasks, diluted to volume with 5% nitric acid 

(HNO3), and vortex-mixed to homogeneity to prepare the 

mixed standard solution. 

Subsequently, serial working solutions (1.00, 3.00, 5.00 

and 7.00μg/mL for As, Hg, Pb and Zr) were generated by 

pipetting 1.0, 3.0, 5.0 and 7.0mL aliquots of the mixed 

standard solution into separate 100mL volumetric flasks, 

followed by dilution to the mark with 5% HNO₃and vortex 

mixing. 

A 5% nitric acid solution was used as the reagent blank. 

2.4. Sample Preparation 

Dissect the fireworks that may contain the above-

mentioned prohibited ingredients in the pyrotechnic compo-

sitions, carry out the separation and pretreatment of pyro-

technic compositions, and adopt different treatment methods 

for different types of pyrotechnic compositions (e.g., effect 

charge, bursting charge). 

2.4.1. Effect Charge 

Weigh a 0.5 g sample of crushed blue-light effect charge 

(containing potassium perchlorate, copper (II) oxide, barium 

nitrate, aluminum-magnesium alloy powder, polyvinyl chlo-

ride, and phenolic resin), transfer it into a G4 sintered glass 

crucible. Extract the material sequentially using 20 mL an-

hydrous ethanol in multiple portions, then filter and rinse 

with the same solvent. Rinse the residue three times with 20 

mL acetone under vacuum to remove residual solvents. Air-

dry the residue and dissolve it in 30mL 25% of nitric acid 

(HNO3) by heating on a hot plate. After complete dissolu-

tion, cool the solution to room temperature and transfer it 

quantitatively to a 100mL volumetric flask. Dilute to the 

mark with deionized water, mix thoroughly, and filter 

through a 0.45 μm membrane to obtain a clear filtrate for 

analysis. 

2.4.2. Bursting Charge 

Weigh a 0.5g sample of bursting charge (containing potas-

sium perchlorate, magnesium-aluminum alloy powder, and 

sulfur) into a 100mL beaker, added 30mL of 25% HNO3, and 

heated the mixture until fully dissolved. After cooling, trans-

fer the solution to a 100 mL volumetric flask, diluted it to the 

mark with deionized water, and mixed thoroughly. The mix-

ture was membrane-filtered, and the filtrate was stored for 

analysis. 

2.5. Analytical Procedure 

The blank solution, calibration standard solutions, and 
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sample solutions were sequentially introduced into the ICP-

OES instrument. Under optimized instrumental parameters 

(e.g., RF power: 1150 W, auxiliary gas flow: 0.5 L/min, neb-

ulizer gas flow: 1.0 L/min, observation height: 12 mm), the 

instrument software automatically generated the calibration 

curve and calculated element concentrations. 

3. Results and Discussion 

3.1. Selection of Analytical Lines 

Analytical line selection: The spectral line database within 

the instrument software was queried to evaluate intensity, 

interference, and background characteristics for candidate 

lines. Based on selection criteria including: 

1) Absence of spectral interference from matrix elements 

(Cu, Al, Mg, K), 

2) Symmetric background profiles, 

3) High sensitivity, 

4) Optimal signal-to-noise ratio, the following analytical 

lines were selected: As 189.042nm, Hg 194.227nm, Pb 

220.353nm and Zr 343.823nm. When the As 193.76nm 

line is selected, there is spectral interference of the ma-

trix element Al. 

3.2. Calibration Curves and Detection Limits 

Under optimized instrument parameters, blank solutions 

and a series of standard working solutions were injected for 

determination to obtain the standard working curves of each 

element. The blank solutions were repeatedly measured 11 

times, and the detection limits of each element were calculat-

ed by dividing the standard deviation of the blank signal by 

three times the slope of the standard working curve. 

Results are summarized in Table 1. 

Table 1. Standard working curve and detection limit. 

Analyte Linear Equation Correlation Coefficient Detection Limit/(μg/mL) 

As y=166.8x-12.4 0.999 7 0.031 

Hg y=464.8x-5.4 0.999 0 0.019 

Pb y=325.0x-9.5 0.999 9 0.026 

Zr y=118.1x-14.9 0.999 4 0.013 

Note: y denotes the spectral line intensity; x represents the concentration of the standard working solution (μg·mL-1) 

 

3.3. Interference Analysis 

Scan the test samples near the selected As, Hg, Pb and Zr 

analytical lines while ensuring uniform background signals 

on both sides of the spectral peaks and confirming no inter-

ference from overlapping line [15, 16]. 

Perform eleven repeated measurements of spectral line in-

tensities for each element’s standard solution (1.0μg/mL) and 

the mixed working solution, and conduct a t-test to verify 

that intensities remain consistent before and after mixing, 

indicating negligible inter-element interference. 

Add 2mL of mixed standard solutions containing 10.0, 

20.0, 40.0 and 60.0μg/mL Cu, Al, Mg, K and Ba to 1.0 

μg/mL As, Hg, Pb and Zr mixed standards, measure the spec-

tral line intensity changes, and demonstrate that As, Hg, Pb 

and Zr intensities remain unaffected by variations in Cu, Al, 

Mg and K concentrations, proving matrix compatibility. 

3.4. Precision and Accuracy 

Transfer 10mL each of effect charge and explosive charge 

samples solution into 100mL volumetric flasks, dilute to 

volume with 5% nitric acid solution, and perform 11 repeat-

ed measurements to calculate relative standard deviation 

(RSD). Additionally, transfer 10mL each of effect charge and 

explosive charge samples solution into 100mL volumetric 

flasks, add 2mL of mixed standard solution, dilute to volume 

with 5% nitric acid solution, conduct 11 repeated measure-

ments, and calculate recovery rates based on precision meas-

urement results. The data are shown in Table 2. 
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Table 2. Results of precision and recovery. 

Sample Analyte Unspiked/(μg/mL) RSD/% Spike added /(μg/mL) Measured/(μg/mL) Recovery/% 

Effect Charge 

As 2.10 2.41 2.00 4.12 101.0 

Hg 2.65 2.63 2.00 4.64 99.5 

Pb 2.81 2.71 2.00 4.79 99.0 

Zr 1.25 1.64 2.00 3.24 99.5 

Bursting Charge 

As 2.31 1.99 2.00 4.33 101.0 

Hg 3.04 2.46 2.00 5.01 98.5 

Pb 2.36 1.97 2.00 4.37 100.5 

Note: Zirconium powder is generally not added to bursting charges. 

 

As shown in Table 2, the relative standard deviation 

(RSD) ranged from 1.64% to 2.71%, and the recovery rate 

was between 98.5% and 101%, indicating that this method 

possesses high precision and accuracy, which fully meets the 

analytical requirements for detecting prohibited components 

(arsenic, mercury, lead and zirconium) in pyrotechnic com-

positions 

4. Conclusions 

The ICP-OES method uses the analytical lines As 

189.042nm, Hg 194.227nm, Pb 220.353nm and Zr 

343.823nm for the simultaneous determination of prohibited 

components—arsenic, lead, mercury and zirconium—in pre-

treated pyrotechnic compositions of fireworks, The method 

demonstrates relative standard deviations (RSD) of 1.64%–

2.71% and recoveries ranging from 98.5% to 101%. Featur-

ing a simple and rapid procedure, low detection limits, and 

minimal interference, this approach delivers accurate and 

reliable results. 

Abbreviations 

ICP - OES Inductively Coupled Plasma Optical 

Emission Spectrometry 

HNO3 Nitric acid 

As Arsenic 

Hg Mercury 

Pb Llead 

Zr Zirconium 

Cu Copper 

Al Aluminum 

Mg Magnesium 

K Potassium 

RSD Relative Standard Deviations 
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