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This PhD Thesis is made up of 11 papers where are sought for analytical 

solutions for the successful study, from the forensic point of view, of two groups of 

devices: improvised incendiary devices (IIDs) and pyrotechnic devices. The reasons 

of addressing this overall aim of the Thesis were twofold: i) forensic experts called 

us for obtaining further information on configurations and chemical compositions 

of both groups of devices because of the scientific information available was 

insufficient or of doubtful credibility, specifically on a type of IID known as chemical 

ignition Molotov cocktail (CIMC), and a group of pyrotechnic devices, the so-called 

consumer fireworks; ii) there was another request for the development of new 

appropriate procedures for the analysis of both types of devices, because of the 

lack of specific procedures to study these samples, and because of the enormous 

annual workload in forensic laboratories related to these devices which require the 

use of complementary, reliable and, when possible, non-destructive 

methodologies.   

On the purpose of addressing the overall aim of the Thesis, the following 

specific objectives were considered:  

On the one hand, it is necessary to investigate the real diversity of 

configurations and compositions of both groups of devices in order to offer 

authoritative knowledge of forensic interest. On the other hand, based on the 

outcomes of the first point, it is imperative to develop new specific and suitable 

methodologies based on complementary techniques, in this case separation and 

spectroscopic techniques, for the analysis of samples related to both groups of 

devices. Additionally, and because of these two specific objectives, to provide 

solutions for the objective and reliable interpretation of the analytical results 

obtained for both type of devices.  



 

Considering these objectives, this PhD Thesis is structured in two main 

sections. The first one containing 4 chapters and the second one containing 3 

chapters.  

Section I deals with the study of IIDs and with the development of suitable 

analytical tools for their analysis, and result interpretation of their related samples, 

with a particular emphasis on the CIMCs. Section II aims to investigate the range 

of consumer fireworks configurations and compositions, and to develop analytical 

procedures for the analysis of the pre- and post-blast samples and tools for the 

result interpretation.  

Hence, Chapter 1 supplies authoritative information about usual chemical 

compositions and configurations of IIDs, and about the analysis of their related 

samples. For this purpose, brief overviews of the most usual recipes of IIDs were 

collected from the literature and some diagrams were depicted. Among these 

devices, the CIMC was described. This incendiary device is usually composed of 

sulphuric acid, an ignitable liquid (IL) and chlorate salt. Moreover, literature was 

reviewed in order to find specific methodologies to analyse IID samples. However, 

it was pointed out that there was a lack of specific analytical procedures for the 

analysis of these samples. Up to date, the methodologies used in forensic 

laboratories to analyse IIDs such as CIMCs have been, on the one hand, procedures 

developed to analyse improvised explosive devices (IEDs) with similar inorganic 

compositions and, on the other hand, strategies designed for the analysis of fire 

debris. As the fire debris analysis is directly related to the detection and 

determination of ILs, which are the main compounds in IIDs, in the second part of 

this chapter a critical review of the most recent and suitable tools for the analysis 

and interpretation of fire debris is provided. This survey covers works published 

from 2008 up to mid-2015, including ILs databases of correct references, the 

current standard methodologies and new proposals of analytical methodologies 

for the sample extraction and analysis. As examples, the new proposals on dynamic 

and passive headspace (HS) concentration are showed. Besides, new alternatives 

to these techniques are critically discussed. Furthermore, new improvements to 
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standard gas chromatography-mass spectrometry (GC-MS) methodologies and 

complementary techniques for the analysis of ILs and their residues such as GC-

isotope ratio mass spectrometry (GC-IRMS) technique, HS-MS, capillary 

electrophoresis (CE) or Raman and attenuated total reflection Fourier transform 

infrared (ATR-FTIR) spectroscopy are discussed. Finally, the most novel 

chemometric tools and relevant knowledge on chromatographic distortion effects 

to be considered for results interpretation are described.  

Then, Chapter 2 shows the first scientific works on the study of CIMCs. 

Hence, it was necessary to investigate how these devices work and their possible 

chemical formulations, develop specific and appropriate analytical procedures for 

the study of their samples and tools for the interpretation of their analytical results. 

Specifically, this chapter deals with the study of the CIMC fire residues anionic 

composition. Their anionic composition provides guidance about the initial 

composition of the CIMC ignition system which is based on inorganic reagents 

(usually sulphuric acid and chlorate salt). This chapter contents two parts. The first 

work supplies an analytical procedure for the sample treatment and qualitative 

analysis of CIMC residues by CE. With this purpose, a comparison of two CE 

methods for the separation of three target anions present in CIMCs (sulphate, 

chlorate and chloride) was carried out by considering chromate- and pyromellitic 

acid (PMA)-based buffers. One of these methods, the so-called chromate-based 

buffer, was previously developed to determine anions in post-blast residues of 

IEDs. Then, both methods were assessed analysing CIMC samples prepared in the 

laboratory under controlled conditions. Unexpectedly, perchlorate was identified 

using the PMA-based buffer which allowed the recommendation of perchlorate as 

new target anion. This fact and other strengths of the method using PMA-based 

buffer allowed us to recommend its use for the separation of target anions in CIMC 

residues. This was finally corroborated when the PMA-based buffer was 

successfully applied for the analysis of real CIMC residues. The second work of this 

chapter is aimed at identifying reliable anionic markers for the identification of the 

CIMC self-ignition system composition. These markers can provide relevant 



 

information, assisting in the interpretation of analytical results and drawing up 

expert reports. To this end, the viability of different formulations of CIMC was 

studied. Then, post-ignition residues were analysed in order to identify markers. 

The relations among the detected anions and the reagents employed in their 

elaboration were discussed in detail, and the chemical reactions were justified. The 

combined detection of perchlorate, chloride, chlorate and high levels of sulphate 

can be used as reliable anionic markers of the CIMC self-ignition system.  

CIMCs have the distinctive feature of containing mixtures of sulphuric acid 

and ILs, therefore Chapter 3 addresses the study of acidified ILs and acidified 

ignitable liquid residues (ILRs). Since there were not precedents in the bibliography 

analysing these mixtures in the analytical or forensic context, it was advisable to 

study the relation between these chemicals, to understand the effect of mixing 

sulphuric acid with ILs and its impact on the use of the results in a forensic 

intelligence perspective. In addition, it was necessary to develop suitable analytical 

procedures for the reliable analysis of acidified ILs samples. This chapter contains 

two studies. In the first work, mixtures of gasoline or diesel fuel with sulphuric acid 

are analysed by an optimized GC-MS methodology. The outcomes have showed 

considerable qualitative and semi-quantitative modifications in the 

chromatographic profiles of the ILs. In the case of acidified gasoline, the alteration 

of the abundances of aromatic compounds and the hydrolysis of an oxygenated 

compound such as methyl tert-butyl ether (MTBE) were described. In addition, the 

immediate and unexpected appearance of tert-butylated compounds was 

observed. In the case of acidified diesel fuel, the alteration of aromatic compounds 

occurred. Subsequently, these sequential changes were studied in detail in order 

to explain the chemical modifications taking place. These extensive chemical 

modifications might be considered as a new chromatographic profile distortion 

effect, the acidification of ILs. Such modifications are not taken into account in the 

criteria followed to assess the classification of an IL. This can complicate the process 

of detection, classification and characterization of these acidified ILs. Hence, some 

recommendations for their identification are exposed. This information can be 
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especially useful to detect and identify non-burned ILs from seized or failed CIMCs. 

In the light of these results, it was necessary further research to assess the 

consequences on the extraction process of acidified ILRs from fire debris. 

Therefore, in the second work of this chapter, a methodology for the study of 

acidified ILRs in fire debris by SPME-GC-MS is proposed. This methodology has 

been evaluated, first with simulated solutions (gasoline-sulphuric acid mixtures set 

on fire under controlled conditions), and next by analysing samples from real fire 

debris obtained from eighteen CIMCs made with sulphuric acid and three different 

ILs (two types of gasoline and diesel fuel). In addition, the extensive modifications 

observed in acidified ILRs chromatograms regarding neat and weathering samples 

were studied in detail. These alterations are produced by the combustion and 

acidification processes. As a consequence, tert-butylated compounds are proposed 

as diagnostic indicators for the identification of acidified gasoline in fire debris, 

even in strongly weathered samples.  

The final chapter of the first section is the Chapter 4, which aims to assess 

vibrational spectroscopic techniques for the study of different pre-ignited IIDs. In 

particular, CIMCs and classic Molotov cocktails are studied for the first time by 

Raman spectroscopy and ATR-FTIR spectroscopy. In the first work of this chapter, 

the use of a portable Raman spectrometer is evaluated for the non-invasive analysis 

of two types of pre-ignited IIDs, classic Molotov cocktails and CIMCs. With this 

purpose, the most common ILs used to make classic Molotov cocktails (gasoline, 

diesel fuel, kerosene and ethanol) were measured in seven different clear and 

coloured glass bottles to assess if the container features hamper the Raman 

measurements. The results have shown that the portable Raman spectrometer can 

be employed to detect ILs in glass bottles without disturbances. In addition, it was 

evaluated the use of the portable Raman system for the non-invasive analysis of 

CIMCs. In this case, because of the chemical changes produced on the ILs when 

they are mixed with acid, it was required an investigation of how time and 

movement influence the measurements. Thus, two different IL-sulphuric acid 

mixtures commonly used to make CIMCs (gasoline-sulphuric acid and diesel fuel-



 

sulphuric acid) were measured over time under static and motion conditions. In 

spite of the intense fluorescence encountered in both CIMCs, it is possible to 

identify the acid and the gasoline for the first hours of the reaction both in static 

and motion experiments. Concerning the diesel fuel present in the CIMC, it 

underwent instantaneous chemical changes under both measurement conditions, 

showing high fluorescence that impeded its identification. In view of the results 

achieved, the portable Raman spectrometer is recommended for the rapid, non-

invasive and safe analysis of pre-ignited IIDs. However, since intense fluorescence 

impede the identification at certain time of CIMC compounds, we assessed as a 

complementary technique FTIR spectroscopy. Therefore, in the second work, the IR 

spectral characteristics of two types of acidified gasoline and one type of acidified 

diesel fuel are discussed. In order to carry out this target, neat and acidified ILs IR 

absorption spectra obtained by ATR-FTIR spectroscopy were compared on the 

purpose of identifying the modifications produced by the reaction of the ILs with 

sulphuric acid. Several bands crucial for gasoline identification were modified over 

the reaction time, for instance those corresponding with aromatic and oxygenated 

compounds. In addition, new bands appeared over time at ca. 1019, 822, 815, 564 

and 546 cm-1. They can be related to reaction products such as tert-butylated 

compounds, and methanol and ethanol by-products. In the case of acidified diesel 

fuel, non-significant modifications were observed at the naked eye. Additionally, 

the neat and acidified ILs spectra were studied by a Principal Components Analysis 

(PCA) in order to confirm objectively the results. The complete discrimination 

among samples is successfully achieved, including the complete differentiation 

amid gasoline types. Taking into account the results obtained in this work, it is 

possible to propose ATR-FTIR spectroscopy as complementary technique for the 

analysis of non-burned acidified IL samples.  

The first chapter of the second section, the Chapter 5, aims to introduce to 

the forensic study of consumer fireworks samples. Hence, first, an overview of usual 

consumer fireworks chemical compositions, and some important classification and 

legal regulations of these items in Western countries is provided. In the literature, 
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it was observed that there is a wide variety of pyrotechnic compositions that can 

be used to make these devices, which highlights the use of potassium perchlorate 

and potassium nitrate as oxidizers, and aluminium and magnesium as fuels. 

Second, it is provided an overview of the all published methodologies to date 

focused on the determination of chemical reagents from intact consumer fireworks 

or their residues. It was observed that only a small number of research papers were 

published. These analytical techniques and methodologies proposed for analysing 

consumer fireworks samples are critically reviewed, covering colorimetric tests, 

microscopy, spectroscopy, separation, and potentiometric techniques. In the light 

of the outcomes, the development of specific qualitative and quantitative 

methodologies by complementary techniques for the analysis of pre- and post-

blast samples of consumer fireworks is still needed.  

Next, Chapter 6 includes two works where the real range of consumer 

fireworks configurations and chemical compositions are investigated. In addition, 

specific analytical procedures for the analysis of pre- and post-blast samples by CE 

are developed. In the first work, a selection of six consumer firework types 

(firecracker, rocket, pyrotechnic fountain, pyrotechnic battery, sparkler and smoke 

bomb) was physically described and the compositions provided by their 

manufacturers were showed. Then, pre-blast (fuses and charges) samples and post-

blast residues of the different consumer fireworks were analyzed by an optimized 

sample preparation and analytical methodology by CE in order to determine their 

anionic composition. Different types of chemical compositions in fuses and 

pyrotechnic charges were determined. Additionally, several discrepancies were 

found between the analytical results and the declared item compositions. 

Regarding post-blast residues, a huge variety of anions were identified and 

attributed to some unconsumed starting materials and reaction products occurring 

during combustion. These chemical reactions were also discussed in detail. This 

information is of considerable assistance for the interpretation of analytical results. 

The second work of this chapter is focused on the development of a methodology 

by a portable CE system using two capillaries with two conductivity (C4D) detectors 



 

and needing only a single buffer for the simultaneous identification of cations and 

anions on consumer firework aqueous samples. This is the first time that cationic 

and anionic compositions of consumer fireworks are investigated together, 

reducing the total time of analysis. In order to achieve this target, in collaboration 

with Prof. P.C. Hauser a new automated portable dual-channel CE instrument was 

built. Then, it was optimized an electrophoretic method that achieved the baseline 

separation of 12 cations and anions commonly found in consumer fireworks. 

Finally, the developed procedure was assessed for the analysis of consumer 

fireworks samples. Once again several discrepancies were observed between the 

declared compositions and the obtained results. Some of them were explained in 

detail. This portable system might be useful to perform quality control analysis at 

factories or customs.  

The final chapter of this PhD Thesis is the Chapter 7 which deals with the 

study of pre-blast samples of consumer fireworks by ATR-FTIR spectroscopy. This 

is the first time applying this technique to this type of samples. Hence, first, a simple 

and fast procedure for the sampling and analysis of post-blast residues by a 

portable ATR-FTIR instrument was performed and the acquisition of IR spectra from 

post-blast residues was successfully achieved. Then, the post-blast residues spectra 

from 5 different items were studied in order to identify their original chemical 

compositions. In addition, their pre-blast fuses and charges were analysed in order 

to compare and discuss all the obtained spectral results. Several IR absorption 

bands related to reaction products and original un-combusted compounds were 

observed. Some of the identified compounds are potassium chlorate, barium 

nitrate, potassium nitrate, aluminium or charcoal, in addition to some mixtures such 

as flash and black powder or Pyrodex. An additional study using chemometrics 

found several variables that might influence on the results during the sampling 

procedure. This fast and non-destructive procedure could be used as 

complementary technique for the analysis of consumer fireworks post-blast 

residues. 
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Esta Tesis Doctoral está compuesta por 11 artículos científicos donde se 

buscan soluciones analíticas para el estudio exitoso, desde el punto de vista 

forense, de dos grupos de dispositivos: artefactos incendiarios improvisados (IIDs) 

y artículos pirotécnicos. Este objetivo general se ha abordado por dos razones: i) 

peritos forenses oficiales nos solicitaron más información sobre configuraciones y 

composiciones químicas de ambos tipos de artefactos debido a que los datos 

disponibles hasta la fecha eran insuficientes o de dudosa credibilidad. En concreto, 

demandaron información acerca de un tipo de IID, el cóctel Molotov de iniciación 

química (CIMC), y un grupo de artículos pirotécnicos, los llamados artificios 

pirotécnicos; ii) estos especialistas forenses también demandaron el desarrollo de 

procedimientos de análisis adecuados para el estudio de ambos tipos de artefactos 

por dos motivos, la carencia de procedimientos específicos para el estudio de 

vestigios relacionados con estos artefactos, y por otro lado, debido a la enorme 

carga de trabajo que suponen en los laboratorios forenses policiales los casos 

relacionados con estos artefactos, los cuales requieren el uso de metodologías 

fiables y, a ser posible, no destructivas.   

Con el fin de afrontar el objetivo general de la Tesis, se consideraron los 

siguientes objetivos específicos:  

Por un lado, investigar la diversidad real de configuraciones y 

composiciones de ambos grupos de artefactos para así ofrecer información 

fidedigna de interés forense. Por otra parte, y teniendo en cuenta los resultados 

del primer objetivo específico, desarrollar nuevas metodologías específicas 

mediante técnicas separativas y espectroscópicas para el análisis de muestras 

relacionadas con ambos grupos de artefactos. Además, y como consecuencia de 

estos dos primeros objetivos específicos, proporcionar soluciones y 

recomendaciones para la interpretación objetiva y fiable de los resultados 

analíticos obtenidos de ambos grupos de artefactos.  



 

Considerando esos objetivos específicos, esta Tesis Doctoral está 

estructurada en dos secciones principales. La primera consta de 4 capítulos, 

mientras que la segunda sección contiene 3 capítulos.  

La Sección I trata sobre el estudio de IIDs y el desarrollo de herramientas 

analíticas adecuadas para el análisis e interpretación de los resultados analíticos de 

muestras relacionadas con estos artefactos, haciendo hincapié en los CIMCs. La 

Sección II tiene como propósito investigar la variedad de composiciones y 

configuraciones de los artificios pirotécnicos, además de desarrollar 

procedimientos analíticos para el análisis de muestras intactas y restos post-

explosión, y herramientas para la interpretación de los resultados.  

Por consiguiente, el Capítulo 1 proporciona información fidedigna sobre 

composiciones y configuraciones de IIDs, además de información acerca del 

análisis de muestras relacionadas con estos artefactos. Para ello, primero se 

describieron brevemente las fórmulas de los IIDs más habituales y se adjuntaron 

algunos diagramas. Entre estos artefactos, se describió el CIMC. Este artefacto 

incendiario está compuesto normalmente de ácido sulfúrico, un líquido inflamable 

(IL) y sal de clorato. Además, se realizó una búsqueda bibliográfica con el objetivo 

de mostrar las metodologías específicas para el análisis de muestras procedentes 

de IIDs. Sin embargo, se observó una carencia de procedimientos analíticos 

específicos para el análisis de este tipo de muestras. Hasta ahora, las metodologías 

utilizadas para el análisis forense de vestigios relacionados con IIDs, como por 

ejemplo de CIMCs, han sido, por una parte, procedimientos optimizados para el 

análisis de artefactos explosivos improvisados (IEDs) con composición inorgánica 

similar y, por otro lado, estrategias diseñadas para el análisis de restos de incendios. 

Ya que el análisis de restos de incendios está directamente relacionado con la 

búsqueda y determinación de ILs, los cuales son los componentes principales y 

comunes de los IIDs, en la segunda parte de este capítulo se ofrece una revisión 

crítica de las herramientas más adecuadas para el análisis e interpretación de restos 

de incendios. En esta revisión se recogen trabajos publicados entre el año 2008 y 

mediados de 2015, incluyendo bases de datos de ILs, metodologías normalizadas 
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y nuevas metodologías analíticas para la extracción y análisis de muestras.  A modo 

de ejemplo, se muestran nuevas propuestas de metodologías para la 

concentración pasiva y dinámica del espacio de cabeza (HS), y se discuten nuevas 

alternativas a esas metodologías. Además, se examinan las nuevas mejoras a las 

metodologías normalizadas basadas en cromatografía de gases-espectrometría de 

masas (GC-MS) y también se critican las nuevas propuestas como GC con 

espectrometría de masas con relación isotópica (IRMS), HS-MS, electroforesis 

capilar (CE) o espectroscopia vibracional Raman e infra-roja con transformada de 

Fourier (FTIR) para el análisis de ILs y sus residuos. Por último, se describen nuevas 

herramientas quimiométricas y se explican los nuevos hallazgos sobre los 

diferentes efectos de modificación de los perfiles cromatográficos, puntos 

importantes para la interpretación de resultados. 

A continuación, el Capítulo 2 muestra los primeros trabajos científicos en el 

estudio de CIMCs. Para ello, es necesario investigar el funcionamiento de estos 

artefactos, y desarrollar procedimientos analíticos específicos para el estudio de 

sus muestras, así como herramientas para la interpretación de los resultados 

analíticos. Concretamente, este capítulo aborda el estudio de la composición 

aniónica de restos de incendio de CIMCs. La composición de aniones ofrece pistas 

sobre la composición inicial del sistema de iniciación del CIMC, el cual se basa en 

reactivos inorgánicos, normalmente ácido sulfúrico y sal de clorato. Este capítulo 

contiene dos partes. El primer trabajo proporciona un método analítico para el 

tratamiento de muestras y análisis cualitativo de restos de CIMC mediante CE. Para 

cumplir este objetivo, se compararon dos métodos electroforéticos para la 

separación de tres aniones diana presentes en CIMCs (sulfato, clorato y cloruro). 

Estos métodos estaban basados en soluciones tampón, uno de base cromato, y el 

otro de base ácido piromelítico (PMA). El tampón de cromato fue previamente 

desarrollado para determinar aniones en restos post-explosión de IEDs. A 

continuación, se evaluaron ambos métodos analizando muestras de CIMC 

preparadas en el laboratorio en condiciones controladas. De manera inesperada, 

se identificó perclorato mediante el uso del tampón de PMA. Este hecho y otras 



 

ventajas proporcionadas por la metodología basada en el tampón de PMA 

permitieron recomendar su uso para la separación de aniones diana en restos de 

CIMCs. Además, como punto final a esta investigación, se aplicó exitosamente la 

metodología basada en el tampón de PMA a restos de CIMC reales. El segundo 

trabajo de este capítulo trata sobre la identificación de marcadores aniónicos para 

la identificación de la composición química del sistema de iniciación del CIMC. Esos 

marcadores pueden proporcionar información relevante para ayudar en la 

interpretación de los resultados y en la elaboración de informes periciales. Para 

lograr este objetivo, primero se estudió la viabilidad de diferentes formulaciones 

de CIMCs, tanto con muestras de laboratorio como con muestras reales. A 

continuación, se analizaron residuos post-iniciación para identificar marcadores. 

También se discutieron en detalle las relaciones entre los aniones detectados y los 

reactivos empleados en su elaboración, justificando las reacciones químicas. La 

detección combinada de perclorato, cloruro, clorato y altos niveles de sulfato 

puede ser útil para la identificación del sistema de iniciación del CIMC. 

Los CIMCs tienen la característica particular de estar compuestos por 

mezclas de ILs y ácido sulfúrico concentrado, por lo que el Capítulo 3 trata del 

estudio de ILs acidificados y de residuos de líquidos inflamables (ILRs) acidificados. 

Debido a que no hay precedentes en la bibliografía sobre el análisis de estas 

mezclas, tanto en la química analítica como en las ciencias forenses, es conveniente 

el estudio de las relaciones entre esos compuestos químicos para entender el 

efecto de mezclar ácido sulfúrico con ILs, y el impacto que puede suponer el uso 

de esos resultados durante una investigación forense. Además, es necesario 

desarrollar procedimientos analíticos adecuados para el análisis fiable de muestras 

de ILs acidificados. Este capítulo contiene dos estudios. En el primer trabajo se 

analizan mezclas de gasolina o diésel con ácido sulfúrico mediante una 

metodología optimizada basada en GC-MS. Los resultados mostraron 

modificaciones considerables en los perfiles cromatográficos de los ILs, tanto 

diferencias cualitativas como semi-cuantitativas. En el caso de la gasolina 

acidificada se observó la alteración de la abundancia de varios compuestos 
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aromáticos y la hidrólisis de un compuesto oxigenado, el metil tert-butyl éter 

(MTBE). Además, y contra pronóstico, se observó la aparición de varios compuestos 

tert-butilados. En el caso de diésel acidificado, se produjo la alteración de la 

abundancia de varios compuestos aromáticos. A continuación, se estudiaron en 

detalle los cambios secuenciales observados con el objetivo de explicar las 

modificaciones químicas producidas sobre los ILs. La acidificación de los ILs podría 

considerarse como un nuevo efecto de distorsión de los perfiles cromatográficos 

de los ILs. Esas modificaciones no se tienen en cuenta en los actuales criterios 

seguidos para evaluar y clasificar ILs, hecho que podría complicar los procesos de 

detección, clasificación y caracterización de esos ILs acidificados. Por lo tanto, en 

este trabajo se han expuesto algunas recomendaciones para su identificación. Esta 

información es útil para detectar e identificar IL no quemados procedentes de 

CIMCs incautados o no activados. A la luz de esos resultados, era necesario 

continuar investigando para conocer las consecuencias del proceso de extracción 

de ILRs acidificados en restos de incendio. Por lo tanto, en el segundo trabajo de 

este capítulo se propone una metodología para el estudio de ILRs acidificados 

procedentes de restos de incendio mediante micro-extracción en fase sólida 

seguida de análisis por GC-MS (SPME-GC-MS). Esta metodología se evaluó, 

primero con soluciones simuladas (mezclas de gasolina con ácido sulfúrico 

prendidas en condiciones controladas), y a continuación analizando muestras de 

restos de incendio obtenidas de 18 CIMCs reales preparados con tres ILs diferentes 

(dos tipos de gasolina y uno de diésel). Además, se estudiaron en detalle las 

modificaciones de los cromatogramas de ILRs acidificados respecto a los de 

muestras de ILs frescos (sin modificar, recién comprados) y evaporados. Así, se ha 

demostrado que esas alteraciones se producen por los procesos de combustión y 

acidificación. Además, se proponen los compuestos tert-butilados como 

indicadores diagnósticos para la identificación de gasolina acidificada en restos de 

incendio, incluso para muestras altamente evaporadas.  

El último capítulo de la primera sección es el Capítulo 4, en el cual se 

evalúan técnicas espectroscópicas vibracionales para el estudio de diferentes IIDs 



 

pre-iniciados. En concreto, se estudian por primera vez CIMCs y cócteles Molotov 

clásicos por espectroscopia Raman y FTIR con reflexión total atenuada (ATR). En el 

primer trabajo de este capítulo se evalúa un espectrómetro Raman portátil para el 

análisis no invasivo de dos tipos de IIDs no iniciados: cócteles Molotov clásicos y 

CIMCs. Para ello, se midieron los ILs más comunes en la preparación de cócteles 

Molotov clásicos (gasolina, diésel, queroseno y etanol) dentro de siete botellas de 

cristal, tanto transparentes como de colores, para evaluar si las características del 

contenedor dificultan las medidas Raman. Los resultados mostraron que se puede 

emplear el espectrómetro Raman portátil para detectar ILs dentro de botellas de 

cristal sin dificultad. Por otra parte, se evaluó el uso del espectrómetro Raman 

portátil para el análisis de CIMCs. En este caso es necesario investigar el impacto 

sobre las medidas Raman de los cambios químicos producidos en los ILs por la 

acción del ácido sulfúrico, por lo que se necesita estudiar como el tiempo y 

movimiento influyen en las medidas. Para ello, se midieron dos mezclas típicas de 

CIMCs (gasolina-ácido sulfúrico y diésel-ácido sulfúrico) en condiciones estáticas y 

dinámicas. A pesar de la intensa fluorescencia producida en ambas mezclas de 

CIMC, es posible identificar el ácido y la gasolina durante las primeras horas de 

reacción, tanto en condiciones estáticas como en dinámicas. Sin embargo, el diésel 

mostró mucha fluorescencia, probablemente por los cambios químicos producidos 

por la mezcla con el ácido, impidiendo así su identificación por Raman. Teniendo 

en cuenta estos resultados, se recomienda el espectrómetro Raman portátil para 

el análisis rápido, no invasivo y seguro de IIDs no iniciados. Sin embargo, debido a 

la intensa fluorescencia que impide la identificación de la composición de los 

CIMCs tras cierto tiempo, quisimos evaluar otra técnica espectroscópica como 

técnica complementaria, la espectroscopia FTIR. Por lo tanto, en el segundo 

trabajo, se discuten las características espectrales infrarrojas de dos tipos de 

gasolinas acidificadas y un tipo de diésel acidificado. Para conseguir este objetivo, 

se compararon los espectros de absorción infrarrojo de ILs frescos y acidificados 

para así identificar las modificaciones producidas por la reacción entre el ácido y 

los ILs. Se modificaron varias bandas cruciales para la identificación de la gasolina, 

por ejemplo las correspondientes a compuestos aromáticos y oxigenados. Además, 



17 

con el paso del tiempo de reacción aparecieron nuevas bandas alrededor de 1019, 

822, 815, 564 y 546 cm-1. Estas bandas se relacionaron con productos de reacción 

como compuestos tert-butilados y productos de reacción del metanol y etanol. En 

el caso del diésel acidificado, no se observaron cambios significativos sobre los 

espectros a simple vista. Adicionalmente, y con el objetivo de confirmar de forma 

objetiva los resultados, se estudiaron los espectros de ILs frescos y acidificados 

mediante el uso de herramientas quimiométricas, en concreto se realizó un Análisis 

de Componentes Principales (PCA). Se logró la discriminación completa entre 

muestras, incluyendo la diferenciación entre tipos de gasolina. Tomando en cuenta 

los resultados obtenidos en este trabajo, se propone la espectroscopia ATR-FTIR 

como técnica complementaria para el análisis de muestras de ILs acidificados no 

iniciados.   

El primer capítulo de la segunda sección, el Capítulo 5, tiene como objetivo 

introducir el tema del estudio forense de muestras de artificios pirotécnicos. Para 

ello, primero, se ofrece una revisión de las composiciones habituales de artificios 

pirotécnicos, y algunas clasificaciones y normativas de países occidentales. En la 

bibliografía se observó que hay una amplia variedad de composiciones 

pirotécnicas, entre las cuales destaca el uso de oxidantes como el perclorato de 

potasio y el nitrato de potasio, y aluminio y magnesio como combustibles. A 

continuación, se ofrece una revisión de todas las metodologías publicadas hasta la 

fecha para la determinación de la composición química a partir de artificios 

pirotécnicos intactos o sus residuos. Se observó que solamente se publicó un 

número reducido de artículos científicos. Aun así, se revisaron críticamente las 

técnicas y metodologías propuestas para analizar muestras de estos artefactos, 

abarcando test colorimétricos y técnicas microscópicas, espectroscópicas, de 

separación y potenciométricas. A la luz de los resultados, se afirmó que aún es 

necesario el desarrollo de metodologías cualitativas y cuantitativas específicas por 

diferentes técnicas complementarias para el análisis de muestras pre- y post-

explosión de artificios pirotécnicos. 



 

El Capítulo 6 incluye dos trabajos donde se investiga la variabilidad real de 

configuraciones y composiciones químicas de artificios pirotécnicos. Además, se 

desarrollan procedimientos analíticos específicos para el análisis de muestras pre- 

y post-explosión por CE. En el primer trabajo se describió una selección de seis 

tipos de artificios pirotécnicos a partir de las composiciones declaradas por sus 

fabricantes (petardos, cohetes, fuentes pirotécnicas, baterías pirotécnicas, bengalas 

de palo y bombas de humo). Después, se analizaron sus muestras pre-explosión 

(mechas y cargas) y muestras de residuos post-explosión mediante una 

metodología optimizada para la preparación de muestras y análisis por CE con el 

objetivo de determinar sus composiciones aniónicas. Se determinaron diferentes 

tipos de composiciones químicas en mechas y cargas pirotécnicas. Además, se 

encontraron varias discrepancias entre los resultados analíticos y las composiciones 

declaradas por los fabricantes de esos artificios. Respecto a los residuos post-

explosión, se identificó una gran variedad de aniones, los cuales se atribuyeron a 

algunos compuestos iniciales no consumidos y a productos derivados de la 

combustión. Las reacciones químicas se discutieron en detalle. Esta información es 

de gran ayuda para la interpretación de los resultados analíticos. El segundo 

trabajo de este capítulo se enfoca al desarrollo de una metodología con un sistema 

de CE portátil que utiliza dos capilares con dos detectores de conductividad (C4D) 

y una única disolución tampón, para la identificación simultánea de aniones y 

cationes de muestras de artificios pirotécnicos. Esta es la primera ocasión en la que 

se investigan de forma simultánea las composiciones aniónica y catiónica de 

artificios pirotécnicos. Para ello, en colaboración con el profesor P.C. Hauser, se 

construyó un equipo nuevo de CE portátil de doble canal. A continuación, se 

optimizó un método electroforético que logró la separación de 12 cationes y 

aniones habituales en muestras de artificios pirotécnicos. El método se evaluó para 

el análisis de muestras pre- y post-explosión de estos artefactos. Una vez más, se 

observaron discrepancias entre las composiciones declaradas por los fabricantes y 

los resultados obtenidos. Algunas de ellas se explicaron en detalle. Esta 

metodología podría también ser útil para realizar controles de calidad en fábricas 

o en aduanas.  
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El último capítulo de esta Tesis Doctoral es el Capítulo 7, el cual trata del 

estudio de muestras post-explosión de artificios pirotécnicos por espectroscopia 

ATR-FTIR. Esta es la primera vez que se aplica esta técnica a este tipo de muestras. 

Por lo tanto, primero, se evaluó un procedimiento rápido y simple para el muestreo 

y análisis de residuos post-explosión usando un instrumento ATR-FTIR portátil, 

consiguiendo la adquisición de espectros IR a partir de esas muestras. A 

continuación, se estudiaron los espectros de restos post-explosión de 5 artificios 

pirotécnicos diferentes con el objetivo de identificar sus composiciones químicas 

originales. Además, se estudiaron los espectros de muestras pre-explosión de sus 

mechas y cargas con el objetivo de comparar y discutir con los espectros obtenidos 

previamente. Se observaron varias bandas de absorción IR relacionadas con los 

productos de combustión y los compuestos originales. Algunos de los compuestos 

identificados son clorato de potasio, nitrato de bario, nitrato de potasio, aluminio 

o carbón, y también algunas mezclas complejas como la de la pólvora negra, 

pólvora flash y el Pyrodex. Un estudio adicional usando herramientas 

quimiométricas encontró varias variables que podrían influir en los resultados 

durante el proceso de muestreo. Este procedimiento analítico podría utilizarse 

como técnica complementaria para el análisis de residuos post-explosión de 

artificios pirotécnicos.  
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This PhD Thesis stems from the demand on authoritative knowledge and 

suitable analytical tools by forensic experts for the successful forensic study of 

Improvised Incendiary Devices (IIDs) and consumer fireworks evidence. Both type 

of devices mean around 80% of the annual workload handled by the explosive area 

of the chemistry service of the Spanish Criminalistic Service of Guardia Civil.  

On the one hand, these requests were mainly due to an increase in the use 

of a specific group of IIDs, the Molotov cocktails. These devices are usually used to 

commit arson, vandalism acts, in violent demonstrations or attacks against police 

forces. There was a call by forensic experts for obtaining further information on 

these devices, specifically on a type of Molotov cocktail, the chemical ignition 

Molotov cocktail (CIMC), because of the unawareness of its complete composition. 

This type of device has been previously described, although in terrorist handbooks. 

In principle, they are made of ignitable liquids (ILs) and a self-ignition system based 

on an exothermic reaction between sulphuric acid and a chlorate salt. In such cases, 

analysis of evidence obtained from intact devices or from fire debris showed very 

low pH value, inorganic ions such as sulphate, chloride or potassium, and the 

presence of unidentified ILs. Furthermore, due to its complex and specific 

composition and the lack of specific analytical procedures, forensic experts had 

difficulties selecting the most suitable analytical methodologies. Consequently, it is 

imperative the study of exothermic reactions between strong acids and inorganic 

salts to verify their behaviour and usefulness to ignite several types of ILs. In 

addition, it is crucial to examine the relation between all these chemical compounds 

since they may react among them. This information may aid to identify the 

complete composition of CIMCs and how they work. In addition, these studies 

might be useful to develop suitable analytical tools to address forensic casework 

related to non-activated devices and fire debris from these devices.  

On the other hand, due to the Spanish deep-rooted tradition of setting off 

fireworks, it is produced an overwhelming annual workload in Spanish forensic 



 

laboratories related to consumer fireworks. There are cases related to occupational 

accidents and injuries, but also to illegal trade, vandalism acts or fires produced by 

the misuse of these devices. For this reason, there is demand for specific and 

suitable analytical tools to address forensic cases related to pre- and post-blast 

samples. Although there are some specific procedures, to date most 

methodologies used to analyse consumer fireworks were developed for the 

analysis of inorganic explosives or were proposed to study properties of highly-

energetic materials. Hence, they are not adapted to the specific requirement of this 

type of samples. Furthermore, there was another call for validated information on 

the chemical composition of consumer fireworks. Obtaining information of their 

chemical compositions entails a challenge for forensic experts due to 

manufacturing companies and dealers do not provide complete compositions of 

their consumer goods. In addition, the variety of chemical formulations is 

remarkably large and cross-contamination in factories is quite common, which 

complicates even more knowing the actual compositions. Consequently, it is 

necessary a real survey of consumer fireworks compositions as well as clarifying 

how chemical reactions take place in pre-blast items and during their combustion. 

This information may help to understand the presence of specific compounds in 

evidence, to develop specific analytical strategies useful to analyse evidence and 

tools to interpret results.   

Guidelines for the forensic characterization and/or identification of this type 

of samples recommend the use of multiple techniques based on different principles 

and scientifically acceptable analytical methodologies. These methods must be 

informative, objective, safe, robust, fast and, if possible, non-destructive. 

Separation and spectroscopic techniques, among others, are analytical techniques 

accepted for the analysis of this type of samples.  

Therefore, taking into account the forensic gaps and the hypotheses above 

exposed, the overall aim of this PhD Thesis is to provide analytical solutions for the 

successful forensic study of IIDs and consumer fireworks. For the purpose of 

addressing this overall aim, and taking into account the requirements of the 
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forensic evidence study, the specific objectives of the research depicted in this PhD 

Thesis are the following:  

i) Offering authoritative knowledge of forensic interest about IIDs and 

pyrotechnic devices, with a particular emphasis on the real composition 

of CIMCs and consumer fireworks. 

ii) Developing new suitable analytical methodologies based on separation 

and spectroscopic techniques for the reliable and, when possible, non-

destructive analysis of samples related to both type of devices.  

iii) Setting up solutions for a scientific interpretation of the obtained 

analytical results.  

Considering the overall aim and the specific objectives given above, this 

PhD Thesis is structured in two main sections:  

The first section deals with the study of IIDs and the development of 

analytical solutions for the analysis and result interpretation of IIDs samples. This 

section contains four chapters. Chapter 1 aims to introduce to the reader the 

concepts used throughout this section. First, an overview of IIDs configuration and 

their analysis is exposed. Then, a review about the analytical tools for the analysis 

of fire debris is discussed. Both works will allow to the reader to obtain information 

about chemical compositions and configurations of these devices, as well as on the 

state-of-the-art of the analytical strategies for the extraction, analysis of samples 

and the interpretation of results. After this literature review, the following three 

chapters deal with the study of the composition of CIMCs and the developing of 

analytical tools useful for the identification of these compounds in pre- and post-

ignited samples and for the result interpretation. These three chapters have been 

outlined in relation to the study of the main components of these devices: i) 

inorganic composition; and ii) ILs; and they have also been outlined according to 

the employed analytical technique: i) separation techniques: Capillary 

Electrophoresis (CE) and Gas Chromatography (GC); and ii) portable vibrational 

spectroscopic techniques: Raman Spectroscopy and Attenuated Total Reflection 



 

Fourier Transform Infrared (ATR-FTIR) spectroscopy. Therefore, the investigation 

has been organized taking into account the destructiveness, the type of 

information provided and portability of these techniques. Thus, the Chapter 2 

pursues to study the CIMC inorganic composition, which might provide crucial 

information related to its ignition system, and develop suitable analytical solutions 

to analyse CIMCs remains by CE. Then, Chapter 3 aims to develop suitable 

methodologies by GC-MS for the analysis of ILs in CIMC samples. The singularity 

of these samples is that they are previously acidified because of the presence of 

sulphuric acid in this type of devices. It is important to mention that this is a novel 

challenge in the fields of fire investigation, and IID and fire debris analysis. Besides, 

it is necessary to study the chemical characteristics of acidified ILs and ILRs, and to 

propose solutions for the result interpretation. The last chapter of this section 

(Chapter 4) assesses the application of portable spectroscopic techniques for the 

analysis of pre-ignited IIDs. These techniques might offer interesting characteristics 

for the forensic field such as portability, non-destructive and fast analyses. 

However, any work was published with the application of these techniques for the 

analysis of IIDs samples so far. Thus, in the first part of this chapter, a portable-

Raman spectrometer is assessed for the non-invasive identification of compounds 

usually used to make classic Molotov cocktails and CIMCs. In the second part of 

this chapter, the study of the spectral characteristics of the non-burned acidified 

ILs by a portable ATR-FTIR spectrometer is achieved.  

The second section deals with the study of consumer fireworks and the 

development of analytical solutions for the analysis and interpretation of consumer 

fireworks samples. This section contains three chapters. The first of them (Chapter 

5) aims to provide the reader with a deep background about consumer fireworks 

usual characteristics and compositions, and review the state-of-the-art in the 

analytical techniques applied for the analysis of pre- and post-blast consumer 

fireworks samples. The following two chapters deal with the study of the actual 

consumer fireworks composition and the developing of novel analytical 

methodologies useful to analyse pre- and post-blast samples of consumer 
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fireworks. These last two chapters have been outlined according to the analytical 

technique employed, and taking into consideration their portability and the type 

of information provided. Hence, the works using CE and portable-CE are shown 

first, and finally a work using a portable ATR-FTIR spectrometer is explained. 

Specifically, the Chapter 6 aims to study the real variability of pyrotechnic 

compositions of several types of consumer fireworks, such as firecrackers, rockets, 

smoke bombs or sparklers. Moreover, this chapter develops sample treatments and 

analytical methodologies to determine the anionic and cationic composition of 

pre- and post-blast samples of consumer fireworks by CE and portable-CE. Finally, 

with the aim to interpret the source of these inorganic ions, the chemical reactions 

produced during the combustion of these items are also discussed. Thus, the last 

chapter of this section (Chapter 7), and therefore of this PhD Thesis, deals with the 

study of pre- and post-blast samples of consumer fireworks by ATR-FTIR 

spectroscopy. After developing a simple and fast methodology to collect and 

analyse post-blast samples by this vibrational spectroscopic technique, post-blast 

residues spectra from 5 different items were associated with several original 

compounds and pyrotechnic mixtures.   
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“Lo que soñamos hoy, pronto se quedará pequeño”



Improvised incendiary devices 

 

Analytical tools for the analysis of fire debris 
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The improvised incendiary devices (IIDs) are a group of homemade devices 

adapted to cause physical harm to persons, environment or properties by means 

of fire. For instance, they can be used to commit arson or vandalism acts, among 

others criminal acts. As a result, there is a significant interest on studying IIDs. The 

analysis of IIDs samples might offer important information to a forensic 

investigation. For this, forensic experts require good knowledge background on 

usual IID compositions and configurations in order to select the most suitable 

analytical tools to carry out reliable analysis of samples. Hereafter, the most usual 

recipes of IIDs collected from books and scientific literature, and some diagrams of 

IIDs are supplied. Besides, the published analytical procedures for the analysis of 

IID samples were reviewed. However, it was observed a lack of specific analytical 

procedures. Hence, it is imperative the development of suitable methodologies for 

the analysis of pre- and post-burned IID samples.   
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Improvised incendiary devices (IIDs) are a group of homemade devices of 

diverse complexity, which are based on a flammable or combustible substances, an 

ignition source and a container, and are adapted to cause physical harm to persons, 

environment or properties by means of fire [1, 2].  

IIDs are based on common materials of low cost, which are available in 

public stores. They are generally easy to make, although is the author creativity 

who marks the real complexity limit. There are dozens of free access blogs, terrorist 

handbooks and books on the internet where IIDs are described in detail [3, 4]. All 

these characteristics make more difficult to prevent attacks or arsons using these 

devices, fact that make them highly dangerous [5]. For this reason, they are dealt 

as emerging threat by authors and organizations from around the world [5-9]. The 

statistical data submitted by organizations from United States, Australia or 

European countries during last decade shown their increasing use to intentionally 

set fire to properties or environment with the aim to damage, defraud, destroying 

evidence or commit vandalism acts [9-14]. Consequently, there is a significant 

forensic interest on IIDs.  

The complete characterization of IID evidence from casework can be very 

meaningful and provide useful intelligence to an investigation. Forensic experts 

require good background on methodologies for the analysis of IID samples and on 

usual IID compositions and configurations in order to select the most suitable 

analytical tools to carry out a reliable analysis of evidence. IIDs samples from 

casework can be: i) non-activated IIDs, for instance seized or failed devices, non-

burned ignitable liquids (ILs) or ignition systems; ii) burned or incompletely burned 

evidence, for example, rest of containers from devices or ignitable liquid residues 

(ILRs) obtained from fire debris.  

Due to the increasing forensic interests on studying IIDs, and with the 

purpose of aiding to the forensic experts in their daily work, information of usual 



 

IIDs configurations and compositions is outlined prior to review of the state of the 

art of the specific analytical techniques applied to the IID analysis. 

 

 
It is important to know the variety of compositions and how IIDs work in 

order to face the analysis more efficiently and safer, and thus attempt to achieve 

reliable analysis of these samples. Generally, IIDs are simple devices although there 

are intricate and clever configurations and compositions. An IID is mainly form by 

an IL or combustible substance, an ignition source and a container. The most 

common used IL is gasoline, due to its low cost and availability [15]. Other ILs of 

usual use are ethanol, diesel fuel, kerosene or charcoal lighter fluid. IIDs are also 

made with ILs mixtures (i.e., diesel fuel with gasoline) [16], or with ILs mixed with 

additional materials as is the case of homemade Napalm, which is a mixture of 

gasoline and thickening agents (i.e., polystyrene peanuts obtained from packing 

material) [4]. ILs can also be mixed with household materials such as used motor 

oil, sugar or households chemicals [3, 4, 7, 8, 12]. Another possibility is to make IIDs 

with ILs and solid combustible materials such as paper or clothing [12]. Every IID 

needs a competent ignition source, which can be pilot flames, fuses, time delay 

ignition systems, exothermic chemical reactions, cigarettes, candles, liquid-fuel 

lighters, electrical timers or a complete additional device [12]. Strike-anywhere and 

safety matches are also commonly used [12]. Moreover, a wide variability of 

containers of different materials can be used to make them, for example, glass and 

plastic bottles, cans, plastic pipes, table-tennis balls, barrels or hogsheads [3, 4, 12].  

 shows detailed descriptions of some usual IIDs from casework 

studied in European countries, and information collected in books and scientific 

publications. Moreover, some configuration diagrams of specific IIDs are illustrated 

in . Perhaps, the most world-famous and used IID is the classic Molotov 

cocktail [17]. It is also called incendiary bottle, fire bottle or firebomb. This device 

is ignited before throwing the bottle to the target.  
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. Detailed description of some IIDs. 

Device name(s) Composition Ignition system Container Reference 
Classic Molotov 

cocktail 
Ethanol, gasoline, diesel 

fuel, kerosene or 
mixtures of them 

 
Used oil (optional)  

Pilot flame made of rope or 
fabric saturated with flammable 

liquid 
  

Matches attached to the bottle 
neck 

Breakable 
bottle 

[16, 17] 

Chemical 
ignition Molotov 
cocktail (CIMC) 

Gasoline, diesel fuel or 
kerosene mixed with 

concentrated sulphuric 
acid  

 
Inorganic salt: sodium 

hydroxide, or potassium 
or sodium chlorate 

 
Sugar and used oil 

(optional) 

Self-ignition system based on 
an exothermic chemical 

reaction between sulphuric acid 
and an inorganic salt 

Breakable 
bottle with 

cap 

[7, 8] 

Fire jar Gasoline, kerosene or 
diesel fuel 

 
Sulphuric acid and 

chlorate salt 

Time delay system based on a 
prophylactic stuffed of chlorate 

salt inside a container with 
sulphuric acid 

Glass jar, can 
or barrel 

[4] 

Lunch bag 
incendiary 

 

Homemade Napalm 
Calcium hypochlorite 

Glycerine 

Time delay system based on 
the reaction of glycerine and 

calcium hypochlorite 

Plastic bag 
with zip-lock 

system 

[4] 

Gels of Molotov 
cocktails 

Gasoline, kerosene, 
diesel fuel or paint 

thinner 
Gelling agent: soap, lye 

or egg white 
Sulphuric acid, chlorate 

salt and sugar   

Time delay system based on an 
exothermic reaction using 

concentrated sulphuric acid, 
potassium or sodium chlorate 

and sugar 

Breakable 
bottle 

[4] 

“Incendiary tool” A candle 
 

Time delay system based on 
matches 

Plastic bottle [18] 

Gasoline-Pool 
chlorinator 

cocktail 

Pool chlorinator tablets: 
calcium hypochlorite-
based, trichlor-based, 

dichloro-based 
Gasoline 

External flame Glass bottle [19] 

Sawdust-diesel-
naphthalene 
incendiary 

Diesel fuel 
Sawdust 

Naphthalene 
Ammonium nitrate 

(optional) 

Fuse or matches Plastic bag 
with zip-lock 

system 

[4] 

Tennis 
incendiary ball 

Gasoline-Diesel fuel 
mixture 

Strike-anywhere matches  
 

Fuse 

Table-tennis 
ball 

[12] 

Delay incendiary 
bottle 

Gasoline Timing delay (cigarette-match 
device) 

 
Fuse (i.e., made with incense 

sticks) 

Plastic bottle 
with sponge 

[12] 

     



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Labelled diagrams of IIDs: ) Molotov cocktail made with a bunch of 

matches as ignition source; ) Chemical ignition Molotov cocktail (CIMC); ) Fire 

Jar; ) Lunch bag incendiary. 
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It usually uses a wick soaked with IL as ignition source, which is introduced in the 

bottle neck. However, alternative ignition systems can also be employed in this 

type of device as is shown in , where a bunch of matches is used as 

ignition source. An improved version of the classic Molotov cocktail is the Chemical 

Ignition Molotov Cocktail (CIMC) [7, 8]. It is also called acid-ignition firebomb. It 

has an ignition system based on an exothermic chemical reaction between an 

inorganic salt and concentrated sulphuric acid. More information about this device 

is shown in . This system allows to throw the non-activated device to 

the target. When the bottle breaks against the target, the reagents are mixed 

producing the exothermic reaction that set fire to the IL.  shows a 

diagram of a CIMC made with a breakable bottle with cap. This type of devices is 

considered more dangerous due to it contains acid, which could be treated as an 

aggravating circumstance at court. Similar hypergolic mixtures can be used in 

different configurations, for example producing time-delay ignition systems [4]. 

These ignition systems allow to the arsonist to get away of the scene. An example 

is the so called Fire jar (see and the diagram in ). The 

sulphuric acid will attack to the prophylactic, taking several minutes until producing 

a hole on it, and then setting alight the mixture. There are lots of variations of 

devices using delay ignition systems. An example is an exothermic reaction based 

on glycerine and calcium hypochlorite used in the Lunch bag incendiary [4] (see 

). It is made with a homemade Napalm solid layer and an ignition 

system composed by an envelope with calcium hypochlorite and a gelatine-

glycerine capsule inside a zipper storage bag. A labelled diagram is also showed in 

. Another version of Molotov cocktail is the Gels for Molotov cocktails 

[4]. A way to obtain longer-lasting flames is gelling the IL, which increase the 

incendiary effect. By making it less available for burning and making it stick to 

vertical surfaces, such as walls, where the IL might otherwise not adhere. There are 

several recipes gelling ILs. They can be gelled mixing with soap flakes or powder 

(without detergent), castor oil, polystyrene peanuts, lye or other household 



 

elements such as egg white or table salt (see ). Another device called 

“incendiary or fire setting tool” was described in a case reported by Sturaro et al. 

[18]. It is based on a plastic bottle and a regular candle (see ). It was 

configured to produce an intentioned fire in dry fields after 5 h from the ignition 

of the device. Moreover, gasoline-pool chlorinator mixtures has been studied in 

order to define their properties and efficiency as IIDs [19]. In the described 

configuration, this IID can not be self-ignited as was previously assumed. But it is 

possible to set it on fire using an external flame. This device and additional 

examples are collected and described in . It is important to take into 

account that these IID recipes can be modified by the maker, and other chemical 

reagents could be added to the above described devices with the aim of increase 

their effectes. An example is the addition of calcium carbide (CaC2) to the IL to 

produce acetylene, which is high flammable gas [17]. 

In some cases it is not easy to define whether an IID is an incendiary device 

or another type of device. This type of definitions are important from a forensic 

standpoint because it might have implications in legal decisions at court. Some IIDs 

can be combined with explosive charges, either for enhancing their destructive 

power (due to the explosive effect) or for igniting the device, as ignition source. 

Some examples of combined incendiary and explosive devices are collected in 

reference [5]. Other ambiguous devices are the based on mixtures: aluminium foil 

with Drano, metal foil with hydrochloric acid, and dry bleach with water. All these 

devices are considered as explosive devices for prosecution in the U.S. [12, 20]. 

For the analysis of IID samples is of crucial importance to apply suitable and 

robust methodologies in order to carry out reliable analyses. Forensic laboratories 

guidelines recommend the use of several complementary techniques, based on 

different principles and methodologies, for the analysis of the same evidence [21]. 

Furthermore, if possible, it is also recommended to apply non-destructive, fast and 

safe methodologies. The analysis of classic Molotov cocktail samples have been 

usually performed by a handful of extraction methodologies such as solvent or 

headspace (HS) extraction, followed by an analysis by gas chromatography (GC) 
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[17]. During the information retrieval process about methodologies for the analysis 

of IIDs using several bibliographic databases (i.e., ISI Web of Knowledge, Web of 

Science or Scopus), it was observed a lack of specific procedures for other types of 

IIDs samples or other techniques for the analysis of classic Molotov cocktails, which 

confirm the initial assumptions of this PhD Thesis.  

As the analysis of fire debris is directly related to the detection and 

determination of ILs, and ILs are the main compounds of IID samples, in the next 

part of this chapter will be displayed a critical review of the state of the art of the 

analysis of fire debris.  

 

  



 

 
There is a significant forensic interest on studying IIDs due the increasing 

use of these devices to commit criminal acts. The variety of IID compositions and 

configurations is almost infinite, although there are some recipes more known and 

used, such as the different varieties of Molotov cocktails. Generally, IIDs are made 

with gasoline or diesel fuel, although other less common ILs or combustion 

materials can be used. The type of ignition system might imply the use of additional 

compounds. The determination of the ignition system type can provide important 

information about the configuration of the device. It would be interesting to 

identify the type of container used in order to perform a complete characterization 

and to detect potential matrix interferences in the analysis of the IID chemical 

composition.  

There is a lack of specific analytical procedures for the analysis of IID 

samples. Hence, it is imperative the development of suitable methodologies for the 

analysis of pre- and post-burned IID samples. These procedures should be 

complementary, robust, safe, and, when possible, non-destructive and fast.  
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The analysis of fire debris might offer crucial information to a forensic 

investigation when there is suspicion of use of ignitable liquids to initiate an 

incendiary fire. Although the evidence study in the laboratory is mainly conducted 

by a handful of methodologies well stablished, during the past few years several 

authors have proposed noteworthy improvements of these methodologies and 

new interesting approaches. In this review, the most up-to-date and suitable tools 

for the analysis and interpretation of fire debris evidence are critically overviewed. 

The survey about analytical tools covers works published from 2008 until mid-2015, 

including ILs databases of correct references, current standard methodologies, new 

proposals for sample extraction and analysis, most novel chemometric tools, and 

relevant knowledge on chromatographic distortion effects to be considered during 

results interpretation.  
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Laboratory examinations of materials collected from a fire scene, the so 

called fire debris, are necessary, for instance, when an IL is suspected for starting 

or accelerating an incendiary fire. ILs have a remarkable persistence within the 

interstices of porous material, even when they are exposed to high temperatures. 

This behaviour is useful while studying fire debris because it may proof their 

presence and lead during their identification. This in turn may provide valuable 

intelligence-information to the forensic investigation. However, the destructive 

nature of fire and firefighting efforts can alter the evidence. Consequently, in some 

cases, the detection, classification and identification of ignitable liquids residues 

(ILRs) from fire debris might be a challenge. This is because some chromatographic 

distortion effects and interferences may change the consistency of the usually well-

known IL chemical patterns. These processes are, for instance, 

weathering/evaporation or microbial degradation of ILs compounds, or 

interferences produced by pyrolysis or combustion products from background 

matrices. Therefore, forensic experts require a wide knowledge of the fire nature 

and combustion mechanisms, as well as the diversity and characteristics of ILs, and 

the effects modifying their chemical fingerprints. Besides, they need to be aware of 

the most suitable analytical tools to carry out reliable evidence analyses and their 

adequate results interpretation. 

To date, samples pre-treatment in the laboratory is mainly conducted using 

a handful of extraction techniques which are usually based on solvent or headspace 

(HS) extraction. The analysis of fire debris residues is largely dominated by one 

analytical technique, Gas Chromatography (GC), which is the most used due to the 

ILs nature as complex mixtures of moderately volatile compounds. Although GC 

has been coupled to a wide variety of detectors, mass spectrometry (MS) detector 

is currently the most used because of its identification capability and high 

sensitivity. Even though this methodology is well stablished, during the past few 

years several authors have proposed noteworthy improvements and alternatives 

for it. In addition, many of the studies published during the last few years about 



 

the chromatographic distortion effects of ILs and ILRs have shed light on the 

analytical results interpretation while demanding more statistical evaluation of the 

forensic analyses. In that respect, chemometric techniques provide an objective 

decision-making tool that may aid during data interpretation, examining the data 

for finding available associations of questioned samples with reference standards. 

This review aims to overview the most recent and suitable analytical tools 

for the analysis of fire debris. It collects and critically discusses reference samples, 

current ASTM standards, new methodologies proposed up to mid-2015 for the 

extraction and analysis of ILs and ILRs from fire debris, and modern proposals for 

the statistical evaluation of results. Finally, this review also presents new relevant 

knowledge on the distortion effects of their chemical fingerprints, which are 

considered useful for the results interpretation.  

 

 
In this section, the most recent publications on analytical tools for the forensic 

analysis of fire debris are critically reviewed. First, sources of correct reference 

samples are provided. Second, the innovations on laboratory sampling techniques 

are critically explained. Then, the developments published from 2008 up to mid-

2015 for the analysis of fire debris samples are discussed. Finally, the most novel 

chemometric tools applied to this field are considered.  

The certification, accreditation and standardization processes increase the 

reliability of the scientific results [1-4]. Moreover, in order to ensure results 

consistency and confidence, it is already well-known the importance of having 

correct references. For these reasons, the National Institute of Standards and 

Technology database (NIST) [5] and the American Society for Testing and Materials 

(ASTM) [6] provide accurate information that support the analyst daily work. 



55 

Besides, the National Center for Forensic Science (NCFS) at the University of Central 

Florida (UCF) keeps updating the Ignitable Liquids Reference Collection (ILRC) [7]. 

This is a comprehensive collection of ILs and characterization data, gathered 

according to the ASTM guidelines, and developed joining the Technical Working 

Group for Fire and Explosives (T/SWGFEX) [8].  

Currently, with the aim of helping in the classification process of questioned 

samples, ASTM proposes several categories for the most used ILs: gasoline, 

petroleum distillates (light, medium and heavy petroleum distillates), isoparaffinic 

products, aromatic products, naphthenic-paraffinic products, normal alkane, 

oxygenated solvents, and a miscellaneous category [9]. This ASTM standard also 

recommends that each lab should have its own ILs database. This is because the 

GC-MS inter-laboratory data comparison may become intricate due to variations 

in the chromatographic conditions and columns. Furthermore, regional differences 

can affect the examiner’s perception of what is considered to be within the normal 

range of a given class [10]. In this regard, in a survey about different types of 

gasoline from several gas stations in USA during 2008 [11], the author tried to 

determine the real variability in their chemical composition. This variability depends 

on a broad range of factors, such as the location (i.e., State), season, refinery, or 

brand. A wide variety of alkane patterns was observed. An example is depicted in 

, where several gasoline samples displayed differences in their alkane 

content. 

The advanced distillation curve (ADC) method is a useful tool for training 

analysts and provide forensic laboratories with IL and ILR reference data. Bruno et 

al. applied the ADC method to study the ILs used in arsons [12, 13]. This tool can 

predict the evaporation/weathering patterns of ILs absorbed in fire debris, showing 

the pattern shifts caused by these phenomena. Although this procedure does not 

replace the GC-MS analysis, it can be useful for results validation or even to provide 

more information in certain cases (i.e., unusual ILs [10]) where evaporation or 

weathering hampers the identification process.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Alkane extraction ion profiles of several gasoline samples at 

the 90 % evaporated stated collected from different sources. The n-alkanes 

are indicated in the profiles as Cn where n indicates the number of carbons 

present in the n-alkane. The number on the right is the number of sample 

studied in the reference [11]. With permission [11].   



57 

Kabir et al. gathered perfectly the innovations and trends regarding 

preparation techniques for several forensic applications, like ILR samples from fire 

debris [14]. Considering the information in that review, this section will enhance it 

with the most recent innovations and methodologies in laboratory sampling 

techniques for fire debris samples, in the period comprised between 2011 and mid-

2015.  

The laboratory sample preparation phase is possibly one of the most 

complex in fire debris analysis. It is due to the usual matrices and samples 

complexity, and the unknown and volatile nature of the analytes that might be 

present in the evidence. However, it is possible to standardize this step considering 

the potential matrix effect. The extraction step should be inexpensive, quick, 

convenient and non-destructive. In addition, it is important to avoid any sample 

loss and to concentrate enough the analytes in order to achieve as low detection 

limits as possible. The standardized extraction and concentration methodologies 

covered by ASTM include solvent extraction, and dynamic and passive HS 

concentration by either solid-phase microextraction (SPME) or activated charcoal 

[15-18]. Among these extraction methodologies, solvent extraction is the oldest, 

nevertheless, it is still widely used. This is due to its high efficiency extracting ILs, 

and because it is useful for extracting samples with a strong matrix affinity. Amid 

its drawbacks, this methodology requires toxic organic solvents for extracting the 

analytes. This may be incompatible with the solubility of certain ILRs, and it may 

cause loses in the higher volatile fraction when evaporating the samples solvent. 

HS/adsorption techniques are the most advanced ones. Their features allow to 

obtain sufficient sensitivity, while their specificity is only limited by the analytes 

nature. In addition, they are easy to operate, allow to keep the samples integrity 

whilst offering the possibility of multiple extraction from the same sample, 



 

automation, and portability. Activated charcoal strips (ACS), which are composed 

of a homogeneous mixture of activated charcoal and polytetrafluoroethylene 

(PTFE) embedding, are used to extract ILRs from fire debris. This methodology has 

interesting features such as high adsorbing capacity for a wide range of 

compounds. However, it involves long extraction times, followed by a required 

solvent desorption of the analytes prior the actual sample injection. Besides, it can 

render displacements of lighter compounds. Compared to ACS, SPME benefits 

from several types of absorbents, it involves relatively shorter extraction times, and 

allows the ILRs extraction from aqueous matrices. Moreover, the analytes 

desorption is achieved by high temperature in the analytical instrument’s port, 

therefore the procedure is rather solvent-less. As downsides, SPME shows 

significant displacement rates of some heavier components over lighter ones 

because the number of adsorption sites in the SPME fibres is very limited compared 

to ACS. Depending on the fibre type, some compounds may be preferentially 

absorbed. Besides, SPME fibres are fragile, have limited lifetime, and need to be 

cleaned between analysis to avoid contamination. This technique has been 

recommended by ASTM to carry out screening tests. Dynamic HS concentration 

directs most of the HS vapour into the analytical apparatus. It offers high (or the 

highest) sensitivity, but requires more complex apparatuses, and it may be 

destructive since any ILR present in the sample could be completely removed. 

Important features of these extraction techniques such as sensitivity, time of 

extraction or destructiveness are summarized and compared in . 

During the last years, some novelties have been published about passive 

HS concentration. In 2011, Amini et al. proposed a new chemical compound for 

modifying the SPME fibres as an alternative to the commercially available SPME 

fibres [20]. This new material is an ionic liquid bonded to the fused-silica fibre, 

giving it better thermal stability and durability. The authors successfully tested the 
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. Comparison of some features of the most used extraction techniques 

in fire debris analysis. Adapted from [19].  

Technique Volume required* 
( L)

Extraction time 
(h)

Contamination 
issue

Destructive 
technique?

Solvent 
extraction

1 - 10 1-2 Moderate Yes 

ACS 0.1 12-16 Little to none No 
SPME 0.1 2 Moderate No 

Dynamic HS > 0.1 1.5 Moderate Yes 
*it may depend on the nature of the sample, the size of the container, the amount of ILR, and the parameters of 

the extraction. 

chemically modified fibres during the methyl tert-butyl ether (MTBE) extraction 

from gasoline samples. However, other important gasoline compounds were not 

evaluated. Therefore, it is necessary to test this compound with more ILs 

components and real fire debris. A new HS-SPME procedure for extracting ILRs 

from fire debris was proposed by Fettig et al. in a short technical note [21]. The 

selected fibre was a mixed polymeric stationary phase 

(Divinylbenzene/Carboxen/Polydimethylsiloxane, DVB/CAR/PDMS) able to absorb 

analytes of different polarities. This type of versatile fibre is interesting because of 

the previous unknown nature of the ILRs, which hinder the selection of the most 

suitable technique. They applied this methodology for extracting mixtures of 

gasoline and diesel fuel from burnt carpets and particleboard. They achieved the 

complete extraction of the selected compounds from both ILs types. In order to 

fully know this methodology’s versatility, further research has to be focused on 

other ILs and ILs mixtures of forensic interest. As an alternative to the HS-SPME 

methodologies, Cacho et al. proposed in 2014 a novel procedure for the ILRs pre-

concentration from fire debris. They used HS sorptive extraction (HSSE) with PDMS 

stir bars, followed by a GC-MS analysis [22]. This was the first application of this 

technique in this field. They analysed spiked samples of 5 different ILs types 

(gasoline, diesel fuel, kerosene, industrial solvent, and turpentine), and simulated 

fire debris made with a sawdust-soil mixture. Then, they compared their results with 



 

Time (min) 

those from a HS-SPME-GC-MS methodology.  shows a comparison of 

both methodologies while analysing a soil spiked sample comprising a gasoline 

and diesel fuel mixture. The HSSE approach reached higher sensitivity and better 

effective extraction than the SPME method, therefore it may be a good option 

analysing traces. Besides, HSSE does not need organic solvents because the stir 

bars are directly desorbed thermally.  

 

 

 

  

 

 

 

 

 

. Comparison of the elution profiles of a gasoline and diesel fuel 

mixture from a sawdust-soil sample obtained using HSSE and HS-SPME 

procedures. mpXy: meta/para-xylenes; Dec: decane; oXy: ortho-xyelene; Cum: 

cumene; Und: undecane; TMB: trimethylbenzene; Dod: dodecane; Tri: tridecane. 

Analytical condition in reference [22]. With permission [22]. 

 

Some disadvantages of the HSSE extraction technique are: a strong matrix 

effect, the requirement of an exhaustive control of the extraction temperature, the 

PDMS stir bars are assembled into a specific and expensive GC injection port, and 

the bars must be properly cleaned and conditioned before the next use. This is 

because some high boiling point compounds such as polycyclic aromatic 

hydrocarbons may not have been properly removed after the desorption step. 
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Besides, it has a limited spectrum of analyte polarities for the available stationary 

phases [23]. Therefore, further investigation is necessary to develop new absorption 

materials with a more efficient thermal desorption, and thus, a wider applicability 

on a broader analytes range, including polar compounds. Adam B. Hall and his 

research group published two studies in 2014 regarding a new heated passive HS 

extraction methodology based on zeolites [24, 25]. Their new procedure was 

motivated by ACSs low efficiency when recovering oxygenated and low molecular 

weight compounds [15]. The first study focused on the recovery of oxygenated ILs 

(acetone, ethanol, propanol, butanol and isopropanol) from fire debris [24]. Zeolites 

showed higher affinity, improving the recovery of polar compounds from the fire 

debris tested and also from mixtures with water. This is important when considering 

fire brigades intervention, which may use water to extinguish the fire. In the second 

paper, zeolites were presented as complementary technique to ACS since they may 

be useful to analyse unknown ILs mixtures [25]. When using the dual-mode 

absorption method with both ACSs and zeolites, charcoal strips recovered 

gasoline/diesel fuel compounds while zeolites recovered oxygenated compounds. 

In other words, this combined method presents the benefits of both separate 

techniques.  shows a competitive extraction of oxygenated ILs and 

diesel fuel. In spite of that, zeolites still need solvents for the analyte desorption as 

ACSs do, and even though the extraction procedure is carried out in a single step, 

both extraction aliquots have to be analysed separately by GC-MS.  

Recently, Nichols et al. applied for the first time a methodology called PLOT-

cryoadsorption (PLOT-cryo). This is based on the dynamic adsorption of HS 

vapours on porous layer open tubular (PLOT) columns maintained at low 

temperature [26]. The system was coupled to GC-MS for the analysis of ILs obtained 

from fire debris. They analysed eleven neat ILs in soil samples, and ILRs obtained 



 

from three non-burnt and burnt substrates. The results showed that PLOT-cryo had 

higher efficiency collecting HS vapours of neat ILs, and it was faster than 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Chromatographic data produced by competitive recovery of 

oxygenated compounds and diesel fuel by: ) zeolite 13X desorbed in methanol, 

and ) carbon strip desorbed in carbon disulphide. Merged figures (Figs. 7 and 8) 

from reference [25], with permission [25]. 
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conventional dynamic HS, the purge and trap, or carbon strip methods [15]. In 

addition, it also allowed a more efficient and quick (even under 3 min) sampling of 

ILRs from small and large burnt substrates samples. This technique can handle 

thermally desorbed analytes, although a solvent had to be used for eluting from 

capillaries (they used acetone, which is also considered as IL). Some attractive 

advantages of this technique include the relative low cost and robustness of these 

capillaries, the wide variety of sorbent phases available, and the potential 

portability of this technique. The latter is also an interesting issue regarding fire 

scene investigations that still needs further research. 

At the end of 2007, Sandercock published a complete review about fire 

investigation and the analysis of fire debris covering the period 2001-2007 [27]. 

Since then, no other comprehensive review of analytical methodologies in this issue 

has been published. Therefore, this section will critically discuss the methodologies 

published between 2008 and mid-2015 regarding the ILs analysis from fire debris.   

GC-MS is the most used technique to analyse ILs and ILRs from fire debris. 

On this matter, ASTM has proposed a standardized methodology that is generally 

applied in forensic laboratories [9]. However, during the last years several research 

groups have proposed some new improvements to that ASTM methodology. Such 

enhancements include adding internal standards, which was also supported by 

ASTM [15]. In 2009, Locke et al. evaluated eight internal standards with the aim of 

measuring the efficiency of each compound’s extraction from real matrices [28]. 

The internal standards were added to the fire debris samples prior to the analyte 

extraction. Although the authors recommended the specific use of two of the 

internal standard in combination, all of them were actually suitable as internal 

standards. However, other steps of the ILRs analysis (not considered as analyte 

extraction) were not evaluated in that study. In 2012, Salgueiro et al. proposed a 



 

complete methodology based on the ASTM standards [9, 15] for controlling the 

most critical steps in the ILRs analysis [29]. This quality control is adequate to check 

the sample condition during storage, the analytes extraction, and the GC-MS 

repeatability.  shows the pre- and analytical procedure. 

 

 

 

 

 

. Scheme of the pre-analytical and analytical procedures for ILRs 

analysis by GC-MS. : mass of individual standard solution of 1,4-

dichlorobenzene added; : mass of individual standard solution of 

cyclohexylbenzene added; : mass of solution A (mixture of dichloromethane and 

pentane) added to activated charcoal strip for the extraction of ILR; : mass of 

the empty vial + cap; : mass of the vial + cap + activated charcoal strip extract; 

: mass of individual standard solutions of tetrachloro-m-xylene added to 

activated charcoal strip extract in the vial. With permission [29]. 

 

Although it could be easily implemented, it would involve extra work such as 

internal standards addition, weighing or calculation operations. Special attention 

has to be paid while using this methodology with evidence obtained from 

improvised incendiary devices (IIDs) made with gasoline-pool chlorinator mixtures 

[30]. C2, C3 and C4-alkylbenzenes present in gasoline convert to chlorinated 

alkylbenzenes when gasoline is mixed with pool chlorinators. These chlorinated 

compounds are similar to the internal standards proposed by reference [29]. In 

2011, Choodum et al. published two articles [31, 32] also focused on improving the 

ASTM GC-MS methodology [33]. In the first study, they systematically modified 

several parameters, obtaining enhanced sensitivity and shorter separations times 
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[31]. In the second study, they evaluated the performance of three commercially 

available GC columns for the analysis of ILs [32]. These GC columns were compared, 

looking for the best separation efficiency. However, these studies were only tested 

with the main compounds of interest found in neat gasoline and diesel fuel. 

Moreover, the studies did not validate the GC columns for analysing ILs recovered 

from real fire debris. 

Other alternatives to the conventional GC-MS analysis have also been 

explored for the analysis of ILs and ILRs from fire debris. In 2013, Schwartz et al. 

used the GC-isotope ratio mass spectrometry (IRMS) technique for the analysis of 

neat ILs (lighter fluid, lubricant or turpentine) and ILRs from burnt pieces of carpet 

[34]. They were able to discriminate different neat ILs by their compound-specific 
13C values. However, they could not obtain similar results analysing post-burnt 

samples because after the combustion there are some changes in several 

compound-specific 13C values. For the time being, it seems that GC-IRMS is not 

suitable for fire debris analysis because the chemical-specific isotopic fractionation 

during the ILs combustion is not fully understood. In 2014, Ferreiro-González et al. 

studied neat gasoline with a new HS-MS methodology complemented by 

multivariate analyses [35]. In this case, a prior sample preparation was not 

necessary because the HS was collected with a gas syringe and directly injected 

into the mass spectrometer. Therefore, the method is less expensive, easier and 

faster (less than 15 min) because it does not require a chromatographic separation. 

The authors discriminated thirty gasoline samples with two different octane ratings, 

obtaining a 100 % classification of their octane rating. The complementary 

statistical techniques used were principal component analysis (PCA), hierarchical 

cluster analysis (HCA), and linear discriminant analysis (LDA). However, because 

there is no pre-concentration of the samples, the sensitivity of this methodology 

may be insufficient for certain cases. Therefore, it is important to optimize some 



 

critical parameter such as sample temperature, equilibration time, and samples 

vials size. Besides, it is important to select adequate mass fragments and statistical 

methods. In 2015, they used the same methodology to analyse fire debris and other 

neat ILs [36]. Six substrate samples (pine wood, cork, paper, newspaper, cardboard, 

and cotton sheet) were burnt with and without any accelerant (gasoline, diesel, 

kerosene, citronella, paraffin, and ethanol). In this case, carbon strips were used to 

absorb and pre-concentrate the analytes, avoiding any possible lack of sensitivity. 

Although this additional pre-concentration step is relatively time consuming, the 

entire methodology is fast, and does not need solvents for desorbing the carbon 

strips. This step is carried out by thermal desorption. It is important to optimize 

parameters such as equilibration time, sample temperature and extraction time. 

Moreover, in order to avoid signal drifts when monitoring the mass detector state, 

some kind of normalization procedure is required. Despite its interesting 

advantages, for the time being, it seems that this methodology cannot compete 

with GC analysis at the forensic laboratories.  

Capillary electrophoresis (CE) is another separation technique that has 

recently been used for the analysis of fire debris, in this case obtained from a 

specific type of IID, the chemical ignition Molotov cocktail (CIMC) [37, 38]. The 

authors proposed a methodology to analyse rests of CIMCs in order to obtain ionic 

information from their inorganic composition. Additionally, some anionic markers 

were proposed to identify the ignition system of these IIDs. Although both studies 

resulted in crucial IIDs information, the CE methodology can only lead information 

from the inorganic composition. Therefore, a complementary analysis is required 

to determine any ILs present in the sample.  

Besides separation techniques, vibrational spectroscopic techniques (i.e., 

Raman or Infrared) can be very useful tools for chemical profiling of fire debris. 

These techniques and analyses are fast, inexpensive, and nowadays portable. 
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However, they show important drawbacks like lower sensitivity and less potential 

to give detailed description of the sample components. Nonetheless there are 

some published studies dealing with the identification of materials obtained from 

fire debris. González-Rodriguez et al. used Raman spectroscopy for the analysis of 

household plastic materials (CD and DVD cases, foam packaging, nylon stockings, 

and carpet) after burning them with several common ILs (gasoline, kerosene, 

ethanol, and diesel fuel) [39]. They used a complementary PCA classification 

method on the Raman data, obtaining a proper discrimination even after the 

burning process and in spite of the abundance of pyrolysis products. In 2013, Kerr 

et al. published two papers where micro-Raman and ATR-FTIR were used to the 

study household polymeric materials in fire debris [40, 41]. They tried to increase 

the spectra “library” of burnt household materials. In both studies, the materials 

were burnt using newspaper (without ILs). They achieved the material identification 

combining both techniques and PCA on the generated data. However, these 

methodologies were not able to identify the ILs from fire debris. A recent work 

reported the use of a portable ATR-FTIR system for analysing acidified ILs [42]. The 

acidification process leads to their composition change, and therefore, to the 

modification of their IR absorption spectra. After studying the spectral 

characteristics of acidified gasoline and diesel fuel, their complete identification 

was achieved.  shows the IR absorption spectra of neat and acidified 

gasoline samples. Section 3.4 shows more information about the IL acidification 

process and its effects. Although that study is useful to analyse non-evaporated 

acidified ILs, for instance used to make IIDs such as CIMCs, further research is 

necessary regarding the use of ATR-FTIR for the analysis of ILRs from fire debris. 

 

 

 



 Multivariate analysis can facilitate and simplify the processing and 

understanding of the vast quantities of experimental data gathered with laboratory 

techniques (i.e., GC-MS, IR or Raman). During last years, there has been a call for  

 

 

 

 

 

 

 

 

 

. Neat vs. acidified gasoline. The acidified gasoline was measured 24 h 

after preparing the mixture with sulphuric acid. The grey square indicates the main 

region modified in the acidified gasoline spectrum and related to oxygenated 

compounds. Numbers in green are the new identified bands in acidified gasoline. 

Infrared bands assigned in reference [42]. With permission [42]. 

 

the development of chemometric tools to assist the researchers during the data 

interpretation, easing it and making it more objective. Although the review 

proposed by Sandercock [27] reported only few works using chemometric tools, its 

use for the fire debris analysis has increased considerably during recent years. 



69 

Hence, this section will critically discuss the works published from 2008 up to mid-

2015.  

In some works, PCA only [39-42], and PCA, HCA and LDA [35] were used to 

either simplify the data or as complementary tools to corroborate the results. 

Hereafter other publications use several chemometric tools for comparing results, 

differentiating and clustering very similar samples into brand or ASTM classes, or 

for linking neat IL to ILRs samples.  

In 2009 and 2012, Harrington's research group [43, 44] used data pre-

processing and projected difference resolution (PDR), partial least squares-

discriminant analysis (PLS-DA), optimal-PSL-DA (o-PLS-DA), and Fuzzy rule-

building expert systems (FuRES) to compare and group the experimental data 

obtained with several methods. In their first work [43], they used SPME-GC-MS and 

SPME-GC coupled to differential mobility spectrometry (DMS) for studying seven 

neat ILs and ILRs from fire debris. Then, they used PDR to compare the gathered 

GC-MS and GC-DMS data, i.e., one-way (total ion chromatograms, TICs) and two-

way (integrated spectral) data. The results evinced a nowadays widespread practise: 

the experimental design should include a reasonable large amount of samples, and 

a basic pre-processing of the raw data (baseline correction, dimensionality 

reduction, normalization, spectral binning, smoothing, etc.) would generally 

improve the data analysis and its understanding. They also showed that while one-

way data had higher resolution than DMS, the two-way data had higher resolution 

for both methodologies, and that GC-MS exhibited better performance than GC-

DMS. In their second work [44], they used GC-MS to study several neat gasoline 

and kerosene samples from different gas stations. They also used PDR mapping to 

compare target component ratios and two-way profiles (chromatographic and 

spectral information). This approach allowed them to measure quantitative 

differences among neat IL profiles. In both studies, the FuRES classification was 



 

seamlessly used to check the consistency of the PDR results, proving to be a robust 

classifier companion for either two-way or component ratio data structures. 

Likewise, the principal component transformation (PCT) used in both works help 

the authors to compare the data while keeping both the chromatographic and 

mass spectrometric information. 

In 2011, Monfreda et al. used SPME-GC-MS and chemometrics to 

differentiate 50 neat gasoline samples of 5 different brands [45]. Their PCA and 

discriminant analysis (DA) sequence led to a 100 % prediction ability in the sample 

clustering by brand. The study showed that it is possible to differentiate gasoline 

brands using neat samples. It also provides a data matrix useful to link known to 

questioned samples. However, because the gasoline composition varies greatly 

depending on many reasons, it is necessary to update the data matrix in order to 

apply it to real cases. In the same way, this work did not study evaporated samples, 

which is a common scenario in arsons. Around the same time, Mat-Desa et al. 

published two excellent works using PCA, HCA, and self-organizing feature maps 

(SOFM) on chromatographic data [46, 47]. In the first one [46] they compared 

partially evaporated samples of 15 neat lighter fuels from 5 different brands. SOFM 

allowed them to relate by brand the degraded ILs samples to their non-evaporated 

ILs.  shows the SOFM topographic maps of neat and partially 

evaporated samples (U-Matrix visualization method). The degree of 

similarity/dissimilarity among groups is shown by the differences in the boundary 

lines, where darker boundary lines mean a higher degree of dissimilarity. The 

studied samples were correctly classified (clustered) using normalized fourth root 

data ( ). In the second paper [47] they studied neat and evaporated 

medium petroleum distillates (white spirits, paint brush cleaner and lamp oil). 

Again, using PCA, HCA, and especially SOFM, they could relate the brands of both 

fresh and partially evaporated samples. This was particularly true with datasets  
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. SOFM topographic maps of neat and partially evaporated samples of 

lighter fuels. A, B, C, and D represent the maps of raw data, normalized, normalized 

square root and normalized fourth root transformation data set, respectively. The 

different samples are represented inside the maps by letters and numbers: brands 

of lighter fuel are represented with a letter (D, P, R, S, and Z) and the degree of 

evaporation with a number. With permission [46].   



 

containing hydrocarbon compounds showing higher boiling points. In 2014 Frisch-

Daiello et al. used SOFM [48] on ILs extracted ion spectra (EIS) from the ILRC 

database [7]. They could cluster the EIS of neat and partially evaporated gasoline 

samples with their corresponding ASTM classes. SOFM enhanced the 

representation of the class relationships while using just fewer ions, and performing 

comparably when contrasted to HCA, which requires the total ion spectra. 

Interestingly, EIS permitted the comparison of inter-laboratory data whilst avoiding 

retention time shifts. Although it is a promising methodology, more research needs 

to be done on other ILs and matrices before it is actually used in real caseworks. 

In 2011, Sinkov et al. performed PLS-DA on raw (non-integrated) 

chromatographic data of different samples aligned using deuterated alkanes [49]. 

Although this approach strives when the background matrix of the samples varies 

greatly, the method was successfully used to discriminate whether or not gasoline 

residues were present in some fire debris. In 2014 his research group studied 

casework arson data using the same alignment, PLS-DA and soft independent 

modelling of class analogies (SIMCA) methodology [50]. The samples used 

belonged to real caseworks, thus there was no control over the ILs amount, type of 

matrix, sample weathering state, or ILs origin. Furthermore, the samples were 

prepared by different analysts and analysed on different systems. However, the 

classification performed in this work was only based on gasoline content, i.e., it 

focused on whether or not the samples contained gasoline. In addition, to ensure 

a chromatographic alignment, it was necessary to add a perdeuterated n-alkanes 

ladder to all the samples. Both well-trained classification models allowed them to 

classify the casework samples (with 100 % specificity and sensitivity) as being either 

gasoline-containing or gasoline-free samples. 

In 2011, Baerncopf et al. combined PCA and Pearson product moment 

correlation (PPMC) coefficients to compare ILRs from a burnt matrix to their 
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corresponding neat ILs [51]. The matrix consisted of a nylon carpet burnt with 6 

different ILs like gasoline and diesel fuel. This way, weathering and matrix 

interferences were taken into account when trying to associate evaporated samples 

with neat ILs. They used the TICs obtained from the HS-GC-MS analyses. The 

combination of both chemometric tools permitted to link each ILR to its 

corresponding neat IL even in presence of matrix interferences. However, the use 

of TICs implies having the references analysed with the same methodology and 

instruments as the samples, which can be rather complicated. In addition, the IL 

volume used to burn the matrix was relatively high. For this reason in 2014, Prather 

et al. tried to show the importance of the matrix effect, using lower sample volumes 

while studying partially evaporated gasoline, kerosene and lighter fluid burnt over 

a high-density polyethylene matrix [52]. The combination of these chemometric 

tools allowed them to associate the ILRs with their corresponding ILs. However, the 

effect of the matrix interferences did not permit to associate the specific 

evaporation level of the samples. Furthermore, Williams et al. used Bayesian soft 

classification and target factor analysis (TFA) to study household materials burnt 

with ILs (from laboratory and large-scale tests) [53]. In spite of the matrix 

interferences, a high percentage sample classification was achieved. In this case, 

the chemometric sequence was performed on the total ion spectrum (TIS) data of 

the GC-MS analyses. This is because TIS are the average mass spectrum across the 

chromatographic profile which are equivalent to the EIS, allowing to compare 

results from different sources. This methodology may favour the assignation of 

complicated samples into groups, but it could be difficult to implement in real cases 

because it requires the analysis of multiple samples taken from a single fire scene.  

In 2013, Waddell et al. used several chemometric tools to develop a 

classification procedure for detecting ILRs in fire debris samples [54]. PCA, LDA and 

quadratic discriminant analysis (QDA) were used on TIS data of neat ILs from the 



 

ILRC database [7], and fire debris from building and household materials. The 

optimal model achieved about 70 % of true-positives rate for fire debris samples. 

In another work from 2014, Waddell et al. performed SIMCA classification on TIS of 

ILRs samples from fire debris [55]. Although they obtained good classification rates 

when assigning ILRs into the ASTM classes, the method failed with gasoline and 

aromatic solvents possibly as a result of the weathering effect. This is due to the 

relatively low ratio of alkanes to aromatics in evaporated gasoline samples 

compared to neat gasoline. They also published another work in 2014 [56] using 

TIS data from the ILRC database [7]. This data comprised mainly un-weathered, 

burnt and non-burnt samples from usual materials found in fire scenes. They 

applied HCA to classify ILs based on their TIS similarities or dissimilarities, achieving 

a proper clustering with regard to their ASTM classes. However, they excluded the 

oxygenated compounds and miscellaneous ASTM groups. Consequently, this tool 

may be useful to compare inter-laboratory analysis, because TIS are not influenced 

by the retention times as conventional TICs are. Although it is a constantly-

changing field, it is clear that the great variety of chemometric tools are indeed 

helping in the analysis, classification and identification of ILs, and their by-products 

found in fire debris. 

 

 
Some effects could change the IL or ILRs chromatographic patterns or 

modify their chemical compositions, making their study much more difficult. The 

presence of background pyrolysis products, the microbial activity on the samples, 

or the sample evaporation/weathering due to the fire heat are the most common 

distortion effects. Information published before 2008 can be obtained from these 

references [57, 58]. In this section, the most recent studies regarding this issue from 

2008 up to mid-2015 have been grouped according the phenomena: microbial 
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degradation, matrix effect, weathered/evaporation, and finally the acidification of 

the ILs which has been recently reported. 

Some bacteria genera can grow on complex mixtures of hydrocarbons, 

degrading some specific ILs compounds (n-alkanes or substituted aromatic 

compounds) and therefore, hampering their identification process. This 

degradation occurs quickly in soil, wood, and other organic substrates. Bacteria can 

also start growing and damage the original composition of samples awaiting 

analysis during storage (long time periods at room temperature in airtight 

containers). Turner et al. have made enormous efforts to shed light on this issue. In 

2009, they studied the biodegradation of neat ILs in soil [59]. They compared the 

gasoline chemical modifications in spiked sterilized soil with spiked “living” soil. 

Contrarily to what was believed until then, they proved that the microbial action 

prevailed over the soil absorption effect.  shows chromatograms of a 

neat gasoline sample exposed to bacteria during several days. The chemical 

modifications observed in gasoline samples included the degradation of n-alkanes 

and some aromatic compounds such as mono-substituted benzenes. Besides, they 

also observed that n-alkanes were the most affected compounds in petroleum 

distillates (i.e., lighter fluid, charcoal starter fluid, kerosene, and diesel fuel). In some 

of these petroleum distillates, the potential risk of n-alkane misclassification is 

higher because they comprise a large proportion of the most affected compounds. 

Later, they extended the study to other less common ILs like a naphthenic-

paraffinic product, a miscellaneous liquid, and a de-aromatized petroleum distillate 

[60]. It was found that the mainly affected compounds were C9-C16 n-alkanes and 

monocyclic aromatic. Although real ILR samples were not considered in those 

studies, in a recent work, they evaluated the effect of microbial degradation in 

realistic samples over time (on a Molotov cocktail made with gasoline) [61]. This 

work studied simultaneously both the fire weathering effect and the microbial 

degradation. They found differences in the loss of diverse compounds depending 

on the substrate (glass or soil), the device size, and the season, being more 



 

extensive in winter than in summer. It is important to study common samples found 

in real fire cases. In 2013, K. Hutches studied the microbial degradation of gasoline 

 

 

 

 

 

 

 

 

 

 

 

 

. Total ion chromatograms (TICs) of neat gasoline after exposure to 

bacteria in potting soil. From top to bottom: 0.67 % (v/v) standard diluted in 

pentane; after 0 day on soil; after 2 days on soil; and after 7 days on soil. Peaks: 1: 

toluene; 2: n-C8; 3: ethylbenzene; 4: m- and p-xylene; 5: o-xylene; 6: propylbenzene; 

7: 3-ethyltoluene; 8: 1,3,5-trimetylbenzene; 9: 2-ethyltoluene; 10: 1,2,4-

trimethylbenzene; 11: n-C10. GC-MS condition in reference [59]. With permission 

[59]. 

 

in unused building materials (wood and gypsum wallboard) instead of soil [62]. The 

results showed the effects of gasoline microbial degradation, although in these 

cases the microbial colonies were not uniform throughout the substrate. All these 
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results should be taken into account when determining the order of processing or 

setting the storage conditions for these type of samples. Finally, in 2014, Turner et 

al. explored different methodologies to avoid microbial degradation and to 

preserve ILR samples [63]. They proposed an anti-microbial compound to sterilize 

the soil samples, preserving the gasoline residues on their soil matrices. As 

consequence, it seems useful to study additional anti-microbial compounds to 

preserve other ILs on several types of matrices.  

An extra difficulty analysing ILRs is the matrix, which can hamper the ILs 

classification and identification. This is due to the matrix composition, which can 

include synthetic materials related to petroleum products. Consequently, the 

matrix may release residual products in the boiling point range of common ILs. In 

addition, Contreras et al. warned of a potential source of interferences [64]. While 

trying to put out fires, the firefighters may mix dishwashing liquids with water in 

order to create fire-extinguishing agents. Some of these dishwashing liquids 

contain high abundance of alkylbenzene sulphonates, which in turn could produce 

linear alkylbenzenes by thermal degradation. When pyrolysed, these linear 

alkylbenzenes could breakdown into toluene, ethylbenzene, xylenes, 

propylbenzene, indane or naphthalenes, which are compounds of gasoline. 

Nevertheless, any erroneous gasoline identification due to the use of dishwashing 

liquids would probably not be misleading because the detected and relative 

abundances will be very inconsistent. However, the analyst should be aware of the 

surfactants as potential source of interferences, and try to clearly identify them. 

Jhaumeer-Laulloo et al. used GC-MS to characterize 11 household materials (non-

burnt and combustion products) because their volatile organic compounds may 

interfere with the analysis of gasoline residues [65]. Although some typical gasoline 

hydrocarbons such as toluene or alkanes were detected in several of the non-burnt 

and burnt samples, they were detected at low concentration. In another work, a 

carpet was burnt under controlled conditions, with and without gasoline [66]. When 

the carpet was burnt without gasoline, the analysis detected the naphthalene 



 

produced during the combustion process. In 2014, Prather et al. analysed high-

density polyethylene (HDPE) samples burnt with gasoline, kerosene and lighter 

fluid [52], and found alkanes and alkenes in their burnt debris. The Gaussian curves 

of alkanes and alkenes are similar to the Gaussian curves of heavy petroleum 

distillates. The HDPE can be found in fire debris, for instance from some plastic 

bottles. Therefore, it is crucial to discriminate between the ILs pattern and the 

pattern of this type of burnt matrices.  

Weathering normally results in the distortion of chromatographic profiles. 

This is due to the evaporation and/or partial burning of the samples, or their 

exposure for extended periods to the environment after the fire has been 

extinguished. Such events usually result in the loss of the most volatile compounds, 

shifting the chromatographic pattern to the later eluting fractions. Specific libraries 

of weathered samples [7] were published in order to help in the identification 

process. Besides, some new information about the combination of 

weathering/evaporation, matrix interferences and microbial degradation effects 

has been recently reported. Prather et al. evaluated the evaporation effect of 

gasoline and kerosene together with matrix interferences [67]. The partial 

evaporated ILs were spiked onto a nylon carpet. Then the carpet was burnt, and 

the ILRs were extracted from the fire debris. The results were compared with neat 

samples by means of PPMC, HCA, and PCA. They were generally able to get an 

association of the ILRs with their neat ILs. However, they could not associate the 

samples with any evaporation degree. Turner et al. published a comparison of some 

distortion effects combined with multivariate methods [68]. Neat gasoline samples 

were intentionally weathered or exposed to microbial degradation, and their 

chromatographic data was studied by means of PCA. This analysis showed that 

weathering affected mainly to gasoline lighter compounds, while microbial 

degradation mattered to certain compounds such as some aromatic mono-

substituted and n-alkanes. Two specific gasoline compounds (1,3,5-

trimethylbenzene and 2-ethyltoluene) were less vulnerable to both effects. 
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Henceforth, it would be very useful to study other ILs under both effects, and try 

to detect if there are other resistant compounds.  

In the last years, several works have alerted about the use of some IL-acid 

mixtures for various criminal purposes. The effect of some acids over certain ILs 

might still be completely unknown. In 2008, Kaneko et al. showed the preparation 

of illegal diesel fuel (taxed IL in Japan) from fuel oil-A (non-taxed IL) using 

concentrated sulphuric acid [69]. They mentioned how this practice eliminates the 

chemical compound added as a non-taxed marker to the fuel oil-A. In this occasion, 

no more chemical modifications were commented.  

In 2015, Martín-Alberca et al. verified this IL modification effect [42, 70, 71]. 

They showed that gasoline is strongly affected when mixed with concentrated 

sulphuric acid [42, 70]. This form of mixtures are typical in a type of IID, the CIMC. 

They found that gasoline loses its aromatic and oxygenated compounds over the 

reaction time. In turn, new compounds appeared as reaction products, making the 

gasoline identification not possible using the common criteria [9]. The new 

compounds were identified as tert-butylated compounds. They were proposed as 

a powerful tool to identify acidified gasoline. Additionally, the acidification effect 

over diesel fuel was described [42, 70]. This IL was barely affected because its main 

compounds group, the n-alkane, was not modified by sulphuric acid. However, the 

modification of aromatic compounds in diesel fuel was indeed confirmed. 

Furthermore, acidified gasoline residues from real CIMCs weathered fire debris 

were extracted and analysed by SPME-GC-MS, and their results were deeply 

studied [71]. The modifications previously observed in non-burnt acidified samples 

were confirmed in these strongly weathered samples.  

Finally, as a summary,  shows the main gasoline compounds 

affected by the different modification effects explained in this section. 

  



 

. Main gasoline chemical compounds, and criteria to identify neat and 

weathered gasoline. Main compounds affected by microbial degradation and 

acidification of gasoline are also shown. * = no information.  

Compound(s) Neat gasoline 
criterion 

Weathered gasoline  
ASTM E1618-14 

criterion [9] 

Microbial 
degradation of 

gasoline 

Acidified 
gasoline 

Toluene Present in 
significant 
amount 

Can be present; 
pattern comparable 

to reference 

Degradation Degradation 
to almost 

disappearance 
C2-

alkylbenzenes 
Specific 
pattern, 

comparable to 
reference 

Can be present; 
pattern comparable 

to reference 

Ethylbenzene is 
quickly degraded 

Possible 
pattern 

alteration 

C3-
alkylbenzenes 

Specific 
pattern, 

comparable to 
reference 

m,p,o-ethyltoluene 
and 1,2,4-

trimethylbenzene 
shall be present; 

pattern comparable 
to reference 

Propylbenzene is 
quickly degraded 

Pattern 
alteration 

Naphthalenes Could be 
present 

May be present * Quick 
degradation 

Indanes Usually present Usually present * Quick 
degradation 

n, Iso-alkanes Present Present Quick 
degradation, 

particularly C9-
C16 

Present (no 
alteration) 

Cycloalkanes Present in not 
significant 
amount 

Not present in 
significant amount 

More resistant to 
degradation 

No alteration 

Ethanol May be 
present 

May be present * Quick 
degradation 

Methyl tert-
butyl ether 

(MTBE) 

May be 
present 

May be present * Quick 
degradation 

Ethyl tert-butyl 
ether (ETBE) 

May be 
present 

May be present * Quick 
degradation 

Tert-butylated 
compounds 

Not present Not present * Present in 
significant 
amount 
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Forensic experts require a wide knowledge on the most suitable analytical 

tools for the fire debris evidence analysis. Besides, in order to achieve a complete 

ILs characterization, the experts should possess a comprehensive knowledge of the 

ILs distortion effects.  

Standardized methodologies and databases of correct reference samples 

are crucial to ensure the results confidence. It is recommended to have ILs and ILRs 

databases in each laboratory because comparing inter-laboratory data might be a 

difficult task. Extraction and concentration methodologies like solvent extraction, 

or dynamic and passive HS by SPME or activated charcoal are well stablished 

procedures in forensic laboratories. However, promising alternative techniques for 

passive and dynamic HS have been proposed during last years. They showed good 

sensitivity values and effective sample extraction, although more research is need 

before their full adoption. Although GC-MS methodologies are well stablished, a 

few alternative methods have also been published. HS-MS offers faster and less 

expensive analysis, although further research is still necessary prior to its general 

use in forensic laboratories. Although spectrometric techniques have mainly been 

used to study materials, they may be promising complementary tools for the 

analysis of ILRs from fire debris. During last years the call for statistical evaluation 

of the results has increased. Some of the proposed procedures allow to compare 

results of similar samples with slight variation in their composition. They permit to 

differentiate and cluster the samples, or even to compare data gathered from 

different laboratories or methodologies. The use of EIS/TIS data in chemometric 

sequences seems to be more suitable than other because avoids the retention time 

shifts of different instruments. The use of deuterated alkanes to align data can also 

be useful in order to compare samples from different sources and characteristics.  

The distortion effects on ILs or ILRs affect their chromatographic patterns 

or even their chemical compositions, hindering the results interpretation. The 

microbial action in neat gasoline samples affects mainly to n-alkanes and mono-



 

substituted benzenes. In petroleum distillates, it affects to n-alkanes, while in de-

aromatized petroleum distillate ILs, it affects to C9-C16 n-alkanes and monocyclic 

aromatic compounds. Besides, it was observed that the microbial action in 

weathered gasoline samples affects to diverse compounds which disappear in 

different ways depending on the substrate, season, and the sample size. More 

research is still necessary to detect all the modifications produced by microbial 

degradation on the most used ILs, and to expand the research to other usual 

materials found in fire scenes. It could be particularly important to analyse the 

matrix effect, especially when dealing with synthetic materials related to petroleum 

products. The characterization of household materials would help to detect 

potential interferences. Studies of the weathered/evaporation effect, matrix 

interferences, or microbial degradation have been performed, although only for 

gasoline samples. Therefore, the exploration of other ILs comparing several 

distortion effects is imperative. Finally, the ILs acidification, especially of gasoline, 

can severely hinder its identification process. This modification effect of the ILs still 

needs further investigation, for instance studying other acidified ILRs obtained 

from fire debris.  
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The determination of the inorganic anions present in residues from IIDs is 

of interest to the police to obtain information about the type of device employed, 

and to determine its composition. The CIMC is an IID of increasing use. In this 

paper, an analytical procedure for sample treatment and qualitative analysis by CE 

is applied to determine the anionic composition of CIMC residues. First, a 

comparison of two CE methods for the separation of three target anions present in 

CIMCs (sulphate, chlorate, and chloride) was made by considering chromate- and 

pyromellitic acid (PMA)-based buffers. After the analysis of CIMC samples prepared 

in the laboratory under controlled conditions (Lab-CIMC samples) perchlorate was 

found to be a novel target anion useful for the identification of CIMCs. This result 

allowed recommendation of the PMA-based buffer to police forces for the 

separation of target anions in CIMC samples, even if chloride and sulphate may be 

partially overlapped under these conditions. Finally, the analytical procedure was 

applied to the analysis of real CIMC residues and soil samples. Chlorate and 

perchlorate are the target anions making possible the identification of CIMC since 

the other studied anions may have originated from other sources. 
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Recently, in Western countries, there has been a significant increase of the 

number of cases where incendiary devices were used. Incidents involving police 

members and citizens and arson have highlighted the police interest in an efficient 

characterization of the composition of evidence from incendiary devices. As 

happens with inorganic explosive devices, it is possible to infer the original device 

composition from the inorganic ions found in residues of some incendiary devices. 

However, this has never been reported before with incendiary devices. The 

determination of anions from evidence has the potential to reveal the type of 

weapon and/or its ignition system.  

A kind of incendiary homemade weapon is the ‘‘petrol bomb’’ or ‘‘Molotov 

cocktail’’ [1, 2], commonly used in terrorist attacks, vandalism, violent riots, etc. It is 

made of easy to find and cheap components, and its elaboration and use are 

uncomplicated. The main danger of these devices lies in their incendiary potential. 

Classic Molotov cocktails are produced by filling a breakable bottle with a IL usually 

gasoline or alcohol, which needs to be burned to cause damage. This can be 

achieved by burning a cloth wick attached to the bottle cap. They burn when the 

bottle breaks and the liquid is ablaze on contact with fire. However, there is a more 

dangerous and less known version of these petrol bombs, an improved version that 

uses chemical reagents to originate the ignition of the IL. These devices are the 

CIMCs, also known as ‘‘chemical fire bottles’’ [2]. A CIMC is usually composed of an 

IL, such as gasoline, and a chemical ignition system with chemical reagents such as 

concentrated sulphuric acid and potassium chlorate. When the bottle breaks 

against a hard surface, both chemical reagents come into contact. A highly 

exothermic reaction is produced, which starts the ignition of the IL. Other elements 

can also be included, such as sugar or used motor oil, in order to increase the 

effectiveness and destructive power of these devices extending the duration and 

intensity of the fire. Both kinds of weapons can be classified as IEDs [3]. 

Nevertheless, they are more specifically classified as IIDs [4]. 



 

During the forensic analysis of CIMC samples, GC can be used to determine 

their volatile components. A pH measurement allows determination of the 

presence of an acid in the CIMC composition. On the other hand, CIMC residues 

may contain a variety of inorganic compounds produced from the chemical 

reactions of the reagents, as well as unconsumed components of the original 

mixture. The qualitative determination of these anions is of great interest to the 

police for the identification of the original composition and other characteristics of 

the device. The inorganic anions that are normally targeted in this kind of evidence 

are: (I) sulphate, in order to confirm the use of sulphuric acid, (II) chlorate, as a 

marker of the employment of potassium chlorate, and (III) chloride, because this 

anion may be produced by the chemical reduction of chlorate salts and is 

sometimes employed as a marker [5, 6]. However, some of these anions could be 

controversial and attributable to some type of contamination in a forensic process. 

As an example, some environmental surveys demonstrate the presence of 

background levels of ions such as chloride, nitrate, phosphate or sulphate in 

samples such as motor vehicles, private houses, hotels, the exterior of buildings, 

road surfaces, mailboxes and other public areas where an IED could be exploded 

[7, 8].  

Thus, it is of paramount importance for forensic laboratories to implement 

reliable methods to identify chemical markers from forensic evidence collected at 

a crime scene to achieve successful and fast conclusions in a casework 

investigation. Furthermore, as recommended by the Guidelines of Forensic 

Laboratories [9], police laboratories have to use several techniques, based on 

different principles, to analyse the same evidence and provide information useful 

for its identification. Ion Chromatography (IC) [10–15] and CE [5, 6, 11, 12, 16–20] 

are the two separation techniques employed for the determination of the ionic 

content of IED residues.  summarizes the operational parameters used 

in CE for the detection of post-blast residue IED samples. 
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. Operational parameters used in CE for the detection of anions in post-

blast IED residue samples.  

Post-blast residue sample Detected anions Operational parameters Ref. 
ANFO 

Black power 
Chlorate/sulphur/magnesium 
Chlorate/perchlorate/nitrate/ 

sulphur/ charcoal 

Cl-, NO3
- ; 

Cl-, NO3
-, SO4

2- ; 
Cl-, ClO3

-, SO4
2- ; 

Cl-, NO3
-, ClO4

-, 
ClO3

- 

BGE: 70 mM Tris, 70 mM CHES (pH 8.6) 
Contactless conductivity detector.  

LODs: 0.027-0.24 g mL-1 
[5] 

ANFO 
 
 

Perchlorate/sugar 
 
 

Chlorate/sulphur/aluminium 

Cl-, NO3
-, SO4

2-, 
CO3

2- ; 
Cl-, NO3

-, SO4
2-, 

ClO4
-, CO3

2- ; 
Cl-, S2O3

2-, NO3
-, 

SO4
2-,  ClO3

-, F-, 
CO3

2-, C2H3O2  

BGE: 10 mM chromium (VI) oxide, 10 mM 
chromate, 40 mM Tris   (pH 8.05). EOF 

modifier: 1% v/v HDMB 
Detector: In-house miniaturized UV LED 

at 370 nm; 
LODs ~ 0.24 - 1.15 g mL-1 

[6] 

Black powder pipe bomb 
 

Potassium chlorate-vaseline 

NO3
-, SO4

2-, NO2
-, 

HCO3
-, SCN , 

OCN- ; 
Cl-, ClO3

- 

BGE: 2 mM borate, 40 mM boric acid,   
1.8 mM dichromate (pH 7,65 with DETA) 

Detector: Indirect UV at 280 nm;  
LODs ~ 0.5 g mL-1 

[11] 

Black power pipe bomb 
 
 
 

Pyrodex pipe bomb 

NO3
-, SO4

2-, NO2
-, 

HCO3
-, SCN-, OCN-

, HS- ; 
Cl-, NO2

-, NO3
-, 

SO4
2-, SCN-, ClO4

-, 
HCO3

-, HS-, OCN- 

BGE: 2 mM borate, 40 mM boric acid, 1.8 
mM dichromate (pH 7,65 with DETA) 

Detector: Indirect UV at 280nm;  
LODs ~ 0.5 g mL-1 

[12] 

Homemade chlorate 
explosive 

Commercial high explosive 

Cl-, ClO3
- ; 

 
NO3

- 

BGE: 5 mM chromate and 5 mM Nice-Pak 
Detector: Indirect UV at 254 nm [16] 

Homemade explosive device Cl-, NO3
-, SO4

2-, 
N3

-, CO3
2- 

BGE: 0.5 mM chromate, 0.05% 2,4-ionene, 
10% n-butanol, and 7% methanol. 
Detector: Indirect UV at 254 nm;  

LODs ~ 1 - 3 g mL-1 

[17] 

Pipe bomb residues Cl-, SO4
2-, ClO3

-, 
CO3

2- 

BGE: 25 mM chromium (VI) oxide, 25 mM 
chromate, 100 mM Tris (pH 8.2), and 6% 
ethanol. EOF modifier: 0.25% m/v HDMB. 

Detector: Indirect UV at 254 nm 

[18] 

Acid-aluminum mixtures Cl-, NO3
- 

BGE: 20 mM 2,6-pyridinedicarboxylic acid 
(pH 4.5 by 1 M NaOH). EOF modifier: 

HDMB; Detector: Indirect UV at 214 nm; 
LODs: 1.2 g mL-1 

[19] 

Potassium perchlorate/sugar 
 

Chlorate/perchlorate/nitrate/ 
sulphur/ charcoal 

Cl-, ClO4
- ; 

 
Cl-, NO3

-, ClO4
-, 

ClO3
- 

BGE: 50 mM Tris, 50 mM CHES, PEI (0,05%  
w/v) (pH 8.9). EOF modifier: HDMB 
Detector: contactless conductivity 

detector; 
LODs: 0.02-0.05 g mL-1 

[20] 

 



 

As shown in the table, two types of detection systems have been used: contactless 

conductivity detection and UV detection. With the latter and most frequently used 

detector system, indirect detection using a chromophore in the separation buffer 

has been applied. Different buffers using the chromophore chromate have been 

used. These buffers also may contain complexation agents such as chromium oxide, 

alcohols such as butanol or methanol and polymers such as 2,4-ionene. 

This research is aimed at comparing two CE separation methods useful in 

determining target anions present in CIMC residues in order to provide police 

laboratories with an analytical procedure for the qualitative determination of the 

anionic composition of CIMC evidence taken from a crime scene.  

 

 

Readily available materials legally purchased in public stores were used to 

prepare the CIMCs. White sugar was bought in a local supermarket. Gasoline 98 

RON was from a CEPSA-ELF gas-station (Alcalá de Henares, Madrid, Spain). 

Potassium chlorate Orravan and sulphuric acid (95-98%, m/v) were purchased from 

a local drug store (Alcalá de Henares, Madrid, Spain). Also, reagents of analytical 

grade were acquired. Potassium chlorate from Probus (Barcelona, Spain) and 

sulphuric acid (95-98%, m/v) from Panreac Química SAU (Barcelona, Spain) were 

used. Pyromellitic acid (PMA)-based buffer composed of 2.25 mM PMA, 6.5 mM 

sodium hydroxide, 0.75 mM hexamethonium hydroxide, and 1.6 mM 

triethanolamine at pH 7.7 was commercially bought from Agilent Technologies 

(Waldbronn, Germany). Potassium chromate (99.99%, m/m) and chromium (VI) 

oxide were purchased from Biochemical Fluka Sigma-Aldrich Chemie GmbH 

(Steinheim, Germany). Tris and hexadimethrine bromide (HDMB) were from Sigma-

Aldrich (St. Louis, MO, USA). Sodium hydroxide was bought from Scharlau Chemie 

(Barcelona, Spain). Standards used for the identification of anions were purchased 



101 

from AccuStandard (New Haven, CT, USA): chloride at 200 mg L-1, perchlorate at 

1000 mg L-1, chlorate at 100 mg L-1, and sulphate at 200 mg L-1.  

All CE experiments were performed using a PA-800plus system from 

Beckman Coulter (Fullerton, CA, USA) equipped with a DAD. Data were collected 

and processed using Beckman 32 Karat® software, version 9.1. Fused-silica 

capillaries obtained from Polymicro Technologies (Phoenix, AZ, USA) were used. 

Two different separation buffers were employed. With a PMA-based buffer, 

capillaries of 58 cm total length (48 cm effective length) and 50 mm inner diameter 

were used as in reference [21]. For a chromate-based buffer, composed of 10 mM 

chromium(VI) oxide, 10 mM potassium chromate and buffered at pH 8.05 with 40 

mM Tris, capillaries of 92 cm total length (82 cm effective length) and 50 mm inner 

diameter were employed as in ref. 6. New capillaries were successively 

preconditioned with 0.1 M sodium hydroxide (50 min, 20 psi = 1378.95 mbar), 

ultra-pure water (5 min, 20 psi), and a final flush with the separation buffer (5 min, 

20 psi). For the chromate-based buffer, rinses with an aqueous solution of 1% (v/v) 

HDMB (10 min, 20 psi) prior to the separation buffer were performed. HDMB was 

used as an EOF modifier and its solution did not require replacement between runs, 

during, at least, 10–15 injections. Hydrodynamic injections (0.5 psi = 34.47 mbar) 

for 5 s for the standard mixture of chloride, sulphate and perchlorate were 

performed. The same conditions were used for CIMC samples. Separations were 

carried out at 20 ºC using a constant voltage of -30 kV. Electropherograms were 

recorded at 254 nm when the chromate-based buffer was used, and at 250 nm with 

the PMA-based buffer. 

The preparation of Lab-CIMCs (CIMCs made in the laboratory under 

controlled conditions) was performed in 20 mL beakers used as glass containers. 

First, gasoline (1 mL) and then sulphuric acid (0.5 mL) were added to the beaker. 

Finally, sugar (0.40 g) and potassium chlorate (0.60 g) were mixed and added into 



 

the beaker. Upon contacting the reagents responsible for the exothermic reaction, 

the gasoline ignited and the fire was produced. For safety reasons, minimal 

amounts of reagents were used and experiments were performed in the laboratory 

within a laminar flow cabinet, with safety glass (laminated glass). When the fire was 

naturally extinguished, all the wastes generated were extracted for analysis by CE. 

To this end, burned beakers were placed into a beaker of higher capacity (500 mL). 

Then, 100 mL of Milli-Q water (Millipore, Bedford, MA, USA) were added. The large 

beaker was covered with Parafilm®M, and introduced in an ultrasonic bath model 

USC 2100 D, WWR International (Leuven, Belgium) for 30 min. The resulting 

solution was filtered through a 0.45 mm nylon membrane filter from Filter-Lab 

(Barcelona, Spain). Samples were finally injected into the CE system.  

Real-CIMCs (chemical fire bottles) were prepared according to information 

available on the Internet and previous information provided by the Criminalistic 

Service of Guardia Civil (Madrid, Spain). These devices were built in 250 mL glass 

bottles with caps, into which gasoline (150 mL) and sulphuric acid (75 mL) were 

added. This proportion is recommended and adequate for the device to work 

properly. Under other conditions it does not work correctly. In some bottles, a little 

used motor oil (about 10 mL) was also added. A sheet of paper impregnated with 

two teaspoons of potassium chlorate and with or without sugar was fixed with 

adhesive tape around the external surface of the container. Usually, potassium 

chlorate was used as the only component on the outer side of the bottle. The Real-

CIMCs were thrown in authorized sites (Ontigola, Toledo). Prior to launching the 

Real-CIMCs, soil samples from the soil close to the sites where the Real-CIMCs were 

going to be thrown were collected. After launching the Real-CIMC and when the 

fire was naturally extinguished, some pieces of glass were taken for subsequent 

extraction and analysis. These residues were named as Real-CIMC residues. The 

sample treatment designed was based on the water extraction method using a 

minimal volume of ultrapure water in an ultrasonic bath for 30 minutes. Thus, 40-

50 g of Real-CIMC samples were extracted with 75-100 mL of water. 10-15 g of soil 

samples were extracted with 25-50 mL of water. This sample extraction was 
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demonstrated in other research papers to be appropriate to recover ions from soils 

[18]. The final water extracts were filtered (0.45 nm nylon filter) before being 

introduced into the CE system.  

Peak and noise signals were obtained by using the 32 Karat® software. 

Electropherograms were made using Origin® Pro version 8.0. Data processing was 

performed with Microsoft® Office Excel® software.  

 

 

The presence of certain characteristic anions in CIMC evidence is of great 

interest for forensic chemists in order to identify the reagents used in an incendiary 

device. Hence, it is important to find appropriate, unmistakable, and easily 

obtainable target anions enabling the discrimination of evidence. In this paper, only 

the essential ions for the identification of CIMC residues were chosen to prepare a 

standard mixture comprising the inorganic species that are used in CIMCs (sulphate 

and chlorate) or present when a redox reaction of chlorate is produced (chloride). 

This is an approach less comprehensive than, for instance, the determination of 

target anions including a large number of potential ionic contaminants, but it 

allows performing a fast and specific separation for a rapid screening of samples.  

The target anions selected have different electrophoretic mobilities and are 

easy to separate by CE. However, it is important to consider that sulphuric acid is a 

reagent used in a large proportion in CIMC devices. Because of this, and according 

to the information provided to us by the Criminalistic Service of Guardia Civil, 

sulphate is present in large amounts in real samples and can mask the chloride 

anion. Therefore, high resolution between sulphate and chloride was pursued in 



 

order to avoid peaks overlapping in real CIMC samples. As a consequence, 

separations of standard mixtures of CIMC’s target anions were analysed in order to 

choose the most adequate CE separation method for forensic purposes. The most 

important CE parameter is the separation medium or background electrolyte (BGE). 

Most common BGEs, in combination with indirect UV detection, to determine 

inorganic anions are chromate- and PMA-based buffers [22–26]. Therefore, in this 

study both buffers were chosen and tested for the separation of target anions, first 

in the standard mixture and, secondly in residues from CIMC samples. Different 

chromate-based buffers were previously applied to determine anions in post-blast 

IED residues (see ), however, the PMA-based buffer has never been 

used to determine anions in residues from explosive or incendiary devices. In this 

work, a chromate-based buffer composed of 10 mM chromium (VI) oxide and 

10mM potassium chromate buffered at pH 8.05 with 40mM Tris [6] and a PMA-

based buffer containing 2.25 mM PMA, 6.5 mM sodium hydroxide, 0.75 mM 

hexamethonium hydroxide, and 1.6 mM triethanolamine at pH 7.7 [21] were 

compared. In the chromate-based buffer one of its components, chromium (VI) 

oxide, was used to increase the resolution between sulphate and chloride anions 

as this compound has an effect over sulphate anions. Regarding the PMA-based 

buffer, PMA at pH 7.7 is fully ionized enabling the high efficiency separation of 

several inorganic anions. In the latter buffer, hexamethonium was used to modify 

the EOF leading to faster separations between anions with similar migration times 

without interaction with other electrolyte components. Nevertheless, using the 

PMA-based buffer the expected resolution between chloride and sulphate, even 

though sufficient, was lower than the chromate-based one. The latter separation 

medium was studied under different instrumental parameters such as temperature 

and voltage. Different separation temperatures (15, 20, 25, 30, and 35 ºC) were 

used. As expected, decreasing temperatures increase BGE viscosity (2-3% per ºC) 

and reduce electrophoretic and electroosmotic mobilities [18, 19]. The best 

separation of target anion peaks was achieved at 20 ºC. Then, voltages of -10, -15, 

-20, and -30 kV were applied. In this case, -30 kV was selected as fast separations 

were reached. As shown in , although the chromate-based buffer 
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provides the highest resolution between chloride and sulphate peaks, the PMA-

based buffer produces a high resolution between sulphate and chlorate peaks in 

addition to a better detection sensitivity, as expected from the higher molar 

absorptivity of PMA in comparison with chromate [22].  

 

. Comparison of the electrophoretic separation of anions chloride (Cl-

), sulphate (SO4
2-), and chlorate (ClO3

-) at a concentration of 5 g mL-1 using ( ) 

PMA-based buffer composed of 2.25 mM PMA, 6.5 mM sodium hydroxide, 0.75 

mM hexamethonium hydroxide, and 1.6 mM trietanolamine at pH 7.7; capillary: 58 

cm (48 cm effective length) x 50 m internal diameter and ( ) chromate-based 

buffer composed of 10 mM chromium (VI) oxide, 10 mM potassium chromate, and 

buffered at pH 8.05 with 40 mM Tris; capillary: 92 cm (82 cm effective length) x 50 

m internal diameter. Other instrumental conditions: Hydrodynamic injection at 0.5 

psi (34.47 mbar) for 5 s. Temperature: 20 ºC. Voltage: -30 kV. Indirect UV detection 

at 250 nm for PMA-based buffer and 254 nm for chromate-based buffer.

 

Lab-CIMC residues 

First, Lab-CIMC residues were analysed using the two separation methods 

previously compared in order to identify the anionic content useful for the 

identification of the reagents used in the elaboration of CIMCs. Different reagents 

were used to prepare a variety of Lab-CIMC samples of different compositions, 
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varying in the proportion and the amount of each reagent, according to the 

information reported in the examined literature (see ). The residues 

taken from these samples were extracted with a minimal amount of Milli-Q water 

to ensure that anions were not below their limits of detection (LODs) (LODs 

determined for target anions were in the low g mL-1 level). If peak overlapping 

occurs, an appropriate dilution of concentrated solutions can be made [24]. 

 shows electropherograms corresponding to the extracted residue from a Lab-

CIMC sample composed of potassium chlorate, sulphuric acid, gasoline, and sugar. 

The broad chloride peak is partially overlapped by the sulphate peak when the 

PMA-based buffer is used. However, when the chromate-based buffer was 

employed, the chloride peak was clearly observed. Furthermore, an interesting 

difference between both separations was observed. With the PMA-based buffer, 

perchlorate was clearly identified. Nevertheless, with the chromate-based buffer, 

the perchlorate peak was overlapped by the sulphate peak. It should be 

emphasized that the appearance of perchlorate in CIMCs was unexpected, but it 

was always found when potassium chlorate was used in the elaboration of Lab-

CIMCs (see ).  

 

 

 

 

  

 

 

. Electropherograms corresponding to residues from a Lab-CIMC 

sample composed of gasoline (1 mL), sulphuric acid (0.5 mL), potassium chlorate 

(0.6 g), and sugar (0.4 g) using ( ) PMA-based buffer, and ( ) chromate-based 

buffer. Instrumental conditions as in Figure. 2.1.1. 
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. Anions identified in the analysis of different Lab-CIMC and Real-CIMC 

samples using the PMA-based buffer.  

 

Composition of Lab-CIMC samples Identified anions in Lab-CIMC residues 
H2SO4 (0.5 mL), KClO3 (0.2 g), gasoline (1 mL), sugar (0.3 g) SO4

2-, ClO3
-, ClO4

- 
H2SO4 (0.5 mL), KClO3 (0.6 g), gasoline (1 mL), sugar (0.3 g) SO4

2-, ClO3
-, ClO4

-, Cl- 

H2SO4 (0.5 mL), KClO3 (0.6 g), gasoline (1 mL), sugar (0.4 g) SO4
2-, ClO3

-, ClO4
-, Cl- 

H2SO4 (0.5 mL), KClO3 (0.6 g), gasoline (1 mL) SO4
2-, ClO3

-, ClO4
-, Cl- 

Composition of Real-CIMC samples Identified anions in Real-CIMC residues 
H2SO4 (75 mL), KClO3 (2 teaspoons), gasoline (150 mL), 

sugar (2 teaspoons), used motor oil (10 mL) 
SO4

2-, ClO3
-, ClO4

-, Cl-a 

H2SO4 (75 mL), KClO3 (2 teaspoons), gasoline (150 mL), 
sugar (2 teaspoons) 

SO4
2-, ClO3

-, ClO4
-, Cl-a 

H2SO4 (75 mL), KClO3 (2 teaspoons), gasoline (150 mL), 
used motor oil (10 mL)

SO4
2-, ClO3

-, ClO4
-, Cl- 

H2SO4 (75 mL), KClO3 (2 teaspoons), gasoline (150 mL) SO4
2-, ClO3

-a, ClO4
-a, Cl- 

a Detected close to the LOD (considered as the signal height being three times the noise height). 

 

The presence of perchlorate cannot be interpreted by a simple redox 

reaction because an oxidizing reagent is not present in the mixture. However, it can 

be interpreted as a product of the exothermic reaction between potassium chlorate 

and sulphuric acid [27]. Additionally, in a real CIMC device not all the potassium 

chlorate will react with the sulphuric acid, and fire can heat unreacted chlorate 

resulting in its thermal decomposition [28, 29]. Although products produced by this 

reaction depend on reagents used, their concentrations, and temperature, 

perchlorate is always produced [20, 29]. The detection of perchlorate is of great 

relevance because, in addition to the identification of the chlorate anion, it can be 

used as a novel target anion identifying the use of potassium chlorate in CIMCs. 

Taking into account this novel target anion useful for the identification of CIMCs, 

the use of the PMA-based buffer is highly recommended for the analysis of 

incendiary devices because it leads to the separation of sulphate and perchlorate 

peaks. However, when using the chromate-based buffer it was not possible to fully 

separate perchlorate and sulphate anions. In addition, the PMA-based buffer is 



 

composed of non-hazardous BGE components whereas some reagents used in the 

chromate-based buffer are toxic, corrosive, and carcinogenic. The latter buffer can 

also be difficult to prepare, because its reagents tend to oxidize. However, it is 

important to realize that the chromate-based buffer can provide additional 

information when chloride anion determination is required. 

Real-CIMC residues 

Finally, several Real-CIMC sample were prepared with different 

combinations of reagents (see ). Note that Real-CIMC and Lab-CIMC 

residues were substantially different. For the Real-CIMCs, only some burned glasses 

were collected, while for the Lab-CIMC residues, the entire intact sample was 

analysed. For this reason the reactions produced are not consistent in every bottle, 

leading to variations in the quantitative information from sample to sample. For 

this reason, an IID examiner searches for the presence or absence of certain target 

anions, because this is qualitative information which is demanded by the police 

laboratories. The two analytical characteristics evaluating the quality of a qualitative 

method are LODs and selectivity. LODs (S/N = 3) were determined by injecting low 

amounts of standards. LODs between 1 mg mL-1 and 3 mg mL-1 were calculated. 

As expected, these values were in the range of LODs found by other authors using 

a PMA-based buffer [21, 23, 24]. Selectivity is highly important since it gives an 

indication of how strongly the result is affected by other components in the sample. 

 shows the separation of a mixture of 9 possible interfering anions and 

the anions detected in a soil sample and a CIMC residue. includes 

the separation of target anions in CIMCs in a mixture of potential interfering fast 

anions found in real matrices or IED post-blast residues. The mixture shows good 

resolution between anions except between sulphate and nitrite, not fully resolved. 

Nitrite is not usually found in soil samples, but in some kind of IED post-blast 

samples it can be produced as a reduction product from nitrate.  

illustrates anions detected in soil samples from the soil close to the sites where the 

Real-CIMCs were going to be thrown. Anions commonly found in soils such as 

chloride, nitrate, and sulphate were identified in this soil sample. Interestingly, 
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chlorate and perchlorate, unusual in the environment, were not detected. 

 shows the anions identified in Real-CIMC residues from a CIMC bottle 

composed of gasoline, sulphuric acid, used motor oil, sugar, and potassium 

chlorate. Chlorate and perchlorate were detected. In addition, chloride partially 

overlapped by sulphate anions was detected. Since target anions were resolved 

from potential interfering anions, the qualitative method showed good selectivity. 

In this research, the CE qualitative method using the PMA-based buffer has 

demonstrated a clear detection of the relevant ions, chlorate and perchlorate, in a 

single separation with a peak resolution good enough to avoid ambiguities. 

Additionally, chlorate and perchlorate can be used as target anions indicating the 

use of potassium chlorate in the composition of CIMCs. 

 

 

 

 

 

 

 

 

  

  

 

 

. Electropherograms of ( ) a mixture containing 9 potential interfering  anions 
at 30 g mL-1, ( ) a soil-sample from the scenario, and ( ) a Real-CIMC residues  from a 
CIMC bottle of 250 mL composed of gasoline (150 mL), sulphuric acid (75 mL), used motor 
oil (10 mL), sugar (2 teaspoons), and potassium chlorate (2 teaspoons). Experimental 
conditions of Figure 2.1.1 for PMA-based buffer. Peaks: 1 = S2O3

2-, 2 = Cl-, 3 = SO4
2-, 4 = 

NO2
-, 5 = NO3

-, 6 = ClO4
-, 7 = SCN-, 8 = ClO3

-, 9 = OCN-. In the picture, some pieces of glass 
from Real-CIMC residues are shown.  
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A qualitative procedure to determine the anions present in CIMC residues 

by CE has been developed in this paper. A comparison of two buffers, chromate- 

and PMA-based buffers, has shown that the PMA-based buffer provides a good 

separation of sulphate, perchlorate, and chlorate, despite that chloride may be 

partially overlapped by sulphate in post-ignited residues. Although more 

hazardous and difficult to prepare, the chromate-based buffer allows a better 

separation of chloride and sulphate than the PMA-based buffer. The analysis of 

Real-CIMC residues and soil samples collected in the site, where CIMCs were used, 

has demonstrated that chlorate and perchlorate are the target anions that allow 

the identification of CIMCs, due to the other studied anions (chloride and sulphate) 

that may have originated from other sources (i.e., contamination). It is remarkable 

that perchlorate has been detected for the first time as a target anion in CIMC 

residues. Due to the good separation performance of the PMA-based buffer for the 

two target anions determined, chlorate and perchlorate, the CE method using this 

separation medium is recommended to police laboratories for the determination 

of the anionic composition of CIMC residues. 
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An improved version of the famous Molotov cocktail is the CIMC. This 

incendiary device contains chemical reagents that enable its self-ignition. The 

analysis of anions from CIMC residues by CE allows the identification of the 

reagents used to produce the device, and provides forensic analysts with valuable 

information. Although, sulphate, chlorate, chloride, and perchlorate anions have 

been recently proposed in the literature as target anions to determine the CIMC 

composition, the identification of some of them could be controversial due to their 

presence in the environment. Therefore, the purpose of this study was to identify 

highly reliable anions capable of indicating the components used to prepare these 

self-initiated devices. The relation among the detected anions in CIMC residues and 

the reagents employed in their elaboration is discussed. Some anions have been 

proposed as anionic markers of CIMC as incendiary devices. Additionally, the 

viability of different CIMC compositions was studied. 
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Molotov cocktails, also known as petrol bombs, are a classic homemade 

weapon used over the last 70 years [1]. These devices were used during the Winter 

War (when its name became popular) and they also played an important role in 

Spanish Civil War and in World War II used as anti-tank weapon and incendiary 

weapon against cities and towns [2]. They are inexpensive weapons easy to make 

and use. These devices could be classified as homemade explosives or IEDs 

according to the definition of IED [3]. However, a more accurate and specific 

description of these kind of devices would be “IIDs” [4]. According to Spanish 

police, there are a large number of forensic cases where IIDs are used as weapons 

in acts of vandalism, terrorist activities, street violence, street-fighting, violent riots, 

etc. As an example of their extended use, more than 80% of the workload handled 

by the explosives area of the Spanish Criminalistic Service of Guardia Civil is related 

to IIDs or pyrotechnic material.  

Several types of these IIDs have been reported [1, 5-8] using different 

reagents and production methods. One of them, the CIMC [7], is initiated after 

throwing it, not needing a wick. The CIMC self-ignition begins when the bottle is 

broken against a hard surface and the reagents inside the bottle come into contact 

with the external reagents placed outside it. These devices consist of glass bottles 

or jars filled with 1/3 (v/v) concentrated sulphuric acid and 2/3 (v/v) IL, like gasoline. 

Potassium chlorate is the external component [1, 5, 6], which is usually placed into 

a piece of paper fixed with tape, which is wrapped around the bottle (see 

). The bottle can also be inside a cloth or plastic bag which also contains the 

potassium chlorate. Fire starts as a consequence of the exothermic reaction 

produced by the combination of the concentrated sulphuric acid and the 

potassium chlorate. Other compounds, such as sugar, can be added to potassium 

chlorate to make the reaction more exothermic and to cause stronger and longer 

combustion. Used motor oil may also be added inside the bottle, acting like fuel 

and making the fire last longer.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Picture of a CIMC. The bottle is filled with IL and sulphuric acid. 

Outside the bottle there are potassium chlorate and sugar in a piece of paper fixed 

with tape. 

 

In addition, CIMCs are characterized by (i) self-ignition, which makes the 

CIMCs safer for their handling, (ii) easy preparation and use, (iii) pocket-size 
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facilitating transport, (iv) plenty of freely accessible information on the Internet 

about its preparation [5, 6], and (v) components are easy to purchase. These 

characteristics make CIMCs ideal weapons to cause devastating results such as 

citizen stampedes, attacks against people inside vehicles, arsons, or to be used as 

a distracting weapon. Therefore, the analysis of the residues of IIDs has a 

tremendous importance in the police laboratories, to interpret the samples 

collected at a crime scenario. These samples usually include no more than few 

pieces of broken glass, stickers or caps, making their analysis a challenging issue.  

For that purpose, the first approach is to measure the pH to determine the 

presence of an acid in the device composition. A few analytical techniques such as 

GC and GC-MS were used to determine the volatile components in IIDs [8, 9]. IC 

and CE are the most suitable separation techniques to analyse the anions present 

in IEDs residues [10-14]. They use different separation mechanisms which make 

them ideal complementary techniques for analyte confirmation, as recommended 

by Forensic Laboratories Guidelines [15]. Recently, CE was proposed to determine 

the anionic composition from IID residues [7]. In this work, the target inorganic 

anions detected were sulphate, chlorate, chloride, and perchlorate. The authors 

reported that the qualitative determination of these anions could help to identify 

the original device’s composition. Nevertheless, the detection of some of them 

could be controversial and attributable to some type of contamination. In this 

regard, some environmental surveys in the U.S. and U.K. demonstrated the high 

presence of anions such as chloride, nitrate, phosphate or sulphate in public areas 

(public transport, hotels, road surfaces, mailboxes, etc.), whereas perchlorate, 

cyanate or thiocyanate anions are rarely detected [16, 17]. 

In this current research, different samples of CIMCs were prepared and then 

analysed to identify reliable markers of these devices. The CIMC chemical reactions 

were justified. Besides, the viability of different CIMC compositions was studied. 

 

 



 

 

98 RON and 95 RON gasoline, and diesel fuel, were purchased from a gas 

station (Alcalá de Henares, Madrid, Spain). Ethanol, methanol, and Kerosene were 

bought in a local hardware store (Alcalá de Henares, Madrid, Spain). Potassium 

chlorate, sulphuric acid (95-98%, m/v), and hydrochloric acid (Salfumant at 37%, 

v/v) were acquired in a local drug store. White sugar was purchased in a local 

supermarket (Alcalá de Henares, Madrid, Spain). Also, reagents of analytical grade 

were acquired: sulphuric acid (95-98 %, m/v) from Panreac Química (Barcelona, 

Spain), potassium chlorate from Probus (Barcelona, Spain), and potassium 

perchlorate from Sigma-Aldrich (St. Quentin Fallavier, France). Inorganic anion 

buffer (2.25 mM pyromellitic acid (PMA), 6.5 mM sodium hydroxide, 0.75 mM 

hexamethonium hydroxide, and 1.6 mM triethanolamine at pH 7.7) was acquired 

from Agilent Technologies (Waldbronn, Germany). Sodium hydroxide was 

purchased from Scharlau Chemie (Barcelona, Spain). Aqueous solution standards 

used for peak identification by spiking samples (sulphate (200 mg L-1), chlorate (100 

mg L-1), chloride (200 mg L-1), and perchlorate (1000 mg L-1) anions), were bought 

from AccuStandard (New Haven, CT, USA). 

A PA-800plus system from Beckman Coulter (Fullerton, CA, USA) equipped 

with a DAD was used. Data were collected, processed and peak areas were 

measured by integration using Beckman 32 Karat® software, version 9.1. 

Electropherograms were constructed using Origin® Pro version 8.0. Data 

treatment was performed with Microsoft® Office Excel® 2007. 

Fused silica capillaries of 58 cm total length (48 cm effective length) and 50 

m inner diameter from Polymicro Technologies, (Phoenix, AZ, USA) were used. 

They were preconditioned by flushing with 0.1 M sodium hydroxide (50 min, 20 psi 

= 1378.95 mbar), ultra-pure water (5 min, 20 psi), and a final flush with the 
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separation buffer (5 min, 20 psi). Samples were injected hydrodynamically for 5 s 

at 0.5 psi (34.47 mbar) and separated at 20 °C using a constant voltage of -30 kV. 

The UV detection was set at 250 nm. 

Two types of CIMC samples were prepared according to the information 

provided by literature and the Criminalistic Service of Guardia Civil (Madrid, Spain). 

Lab-CIMCs, elaborated and ignited at the laboratory under controlled conditions, 

and real-CIMCs (bottles), launched in an authorized site (Ontígola, Toledo). To 

safely elaborate the Lab-CIMCs, the minimal quantity of gasoline (~1 mL) and 

sulphuric acid (~ 0.5 mL) required for the CICMs were added into 20 mL beakers. 

Then, a sugar and potassium chlorate mixture was carefully added into the beaker, 

and the exothermic reaction was produced. Some seconds later, when the fire was 

self-extinguished, the burned beaker was placed into a beaker of higher capacity 

(500 mL) and a minimal amount of Milli-Q water (~50 mL) was added to remove 

the waste generated (scheme depicted in ). The beaker was covered 

with Parafilm®M and placed in an ultrasonic bath for 30 minutes. The water extract 

was filtered through a 0.45 m nylon membrane filter from Filter-Lab (Barcelona, 

Spain), and injected into the CE system. The Lab-CIMC experiments were 

performed in a laminar flow cabinet. 

Thirty-three real-CIMCs were elaborated in common juice or soft drink glass 

bottles (250 mL). IL (2/3 v/v, ~ 160 mL) and sulphuric acid (1/3 v/v, ~ 80 mL) were 

added into the bottles. Twelve of those bottles also contained motor oil (~ 10 mL). 

Two teaspoons of potassium chlorate and two teaspoons of sugar (~ 6 g of each) 

were placed into a piece of paper towel, and it was fixed to the external surface of 

the bottle. The real-CIMCs were launched and the pieces of glass, caps, etc. were 

collected and the same sample treatment as the Lab-CIMC was applied (see 

). 

 



 

 

. Analysis procedure for CIMC samples. PMA: pyromellitic acid.   

 

 

The anions and cations present in CIMC residues should be determined to 

know the full ionic composition of a CIMC. However, in this work only the anions 

have been studied as suitable markers of these devices because a greater variety 

of them can be found in CIMC residues. In order to determine the anionic 

composition of CIMCs and to understand the relations among the detected anions 

and the reagents employed, varied Lab-CIMC samples were prepared with different 

reagents commercially available from stores and providers. 
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Aqueous solutions of sulphuric acid, potassium chlorate, the exothermic 

reaction product of them, and Lab-CIMCs were analysed in triplicate in order to 

determine the resulting anions. They were analyzed by CE using a method 

previously developed by our research group (analytical procedure depicted in 

) [7]. This method reported a good selectivity since the characteristic 

anions present in CIMC evidence were resolved from potential interfering anions. 

 summarizes the samples analyzed (reagents and Lab-CIMCs) and the 

determined anionic composition.  

. Anions identified by CE for aqueous solutions of the potential 

reagents, individual and mixed in varying proportions, of a CIMC. 

Reagents employed Anions identified 
H2SO4 SO4

2- 

KClO3 ClO3
- 

H2SO4 (2 mL) + KClO3 (0.1g) SO4
2- ; ClO3

- ; ClO4
- 

H2SO4 (2 mL) + KClO3 (0.5 g) SO4
2- ; ClO3

- ; ClO4
- 

H2SO4 (2 mL) + KClO3 (1 g) SO4
2- ; ClO3

- ; ClO4
- 

H2SO4 (0.5 mL) + KClO3 (0.5 g) SO4
2- ; ClO3

- ; ClO4
- 

H2SO4 (0.5 mL) + KClO3 (0.5 g) + sugar (0.5 g) SO4
2- ; ClO3

- ; ClO4
- ; Cl- 

H2SO4 (0.5 mL) + KClO3 (0.5 g) + sugar (1 g) SO4
2- ; ClO3

- ; ClO4
- ; Cl- (a) 

H2SO4 (0.5 mL) + KClO3 (1 g) + sugar (0.5 g) SO4
2- ; ClO3

- ; ClO4
- 

H2SO4 (0.5 mL) + KClO3 (0.2 g) + sugar (0.3 g) + gasoline (1 mL) SO4
2- ; ClO3

- ; ClO4
- 

H2SO4 (0.5 mL) + KClO3 (0.6 g) + sugar (0.3 g) + gasoline (1 mL) SO4
2- ; ClO3

- ; ClO4
- ; Cl- 

H2SO4 (0.5 mL) + KClO3 (0.6 g) + sugar (0.4 g) + gasoline (1 mL) SO4
2- ; ClO3

- ; ClO4
- ; Cl- 

H2SO4 (0.5 mL) + KClO3 (0.6 g) + gasoline (1mL) SO4
2- ; ClO3

- ; ClO4
- ; Cl- 

H2SO4 (0.5 mL) + sugar  + gasoline (1 mL)* SO4
2- 

H2SO4 (0.5 mL) + gasoline (1 mL)* SO4
2- 

SO4
2-: Sulfate; ClO3

-: Chlorate; ClO4 : Perchlorate; Cl-: Chloride; (a): below LOD; *: Burning using a lighter. 

 

It should be noted that these Lab-CIMC samples differed in reagent 

proportion and amount.  depicts the electropherogram obtained for a 

Lab-CIMC sample and, as could be observed, chloride, sulphate, perchlorate, and 

chlorate were identified. As was mentioned above, CIMCs have a great volume of 

sulphuric acid, which is the reason why they produce a huge peak of sulphate when 



 

analysed by CE. The sulphate peak could overlap with the chloride peak, hindering 

the chloride detection. To overcome this drawback a proper sample dilution or a 

chromate buffer should be used [7]. Perchlorate and chlorate were always detected 

when potassium chlorate was used as starter of the combustion reaction in the 

Lab-CIMCs. Lab-samples made with sulphuric acid and gasoline and without 

potassium chlorate were prepared in order to confirm that potassium chlorate was 

the source of perchlorate, chlorate, and chloride anions. Then, they were burned 

with an external flame, since they could not be initiated chemically due to their lack 

of a chemical ignition system. As expected, no perchlorate, chlorate or chloride 

were detected in these samples (see ). 

. Electrophoretic separation of a Lab-CIMC residue sample composed 

by potassium chlorate (0.6 g), sulphuric acid (0.5 mL), gasoline (1 mL), and sugar 

(0.4 g) and diluted in 50 mL of ultrapure water. Experimental conditions as in Figure 

2.2.2. 

 

In the Lab-CIMC, where potassium chlorate is present, the finding of 

chlorate anions could be explained due to the existence of unreacted potassium 

ClO4
-

Cl- 

SO4
2- 

ClO3
- 
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chlorate. Chloride can be produced by the chemical reduction of chlorate salts, but 

the perchlorate presence is not easy to justify according to the standard potential 

of chlorate. Thus, the most favourable half-reaction from a thermodynamic point 

of view is the reduction of chlorate to chloride: 

ClO3
- + 6 H+ + 6 e  Cl- + 3 H2O  E°= 1,450 V 

However, in CIMCs this redox half-reaction is unfavoured because there is 

no reducing agent present in the mixture. Reaction (I), proposed by Davy and other 

authors [18-20] explains the perchlorate anions in the analysis of CIMC residues. 

First, potassium hydrogen sulphate and chloric acid are obtained and then, chloric 

acid decomposes in chlorine dioxide (gas), perchloric acid, and water. Perchloric 

acid is a strong acid which dissociates into perchlorate and hydronium ions. 

KClO3 + H2SO4  HClO3 + KHSO4 

3 HClO3  2 ClO2 + HClO4 + H2O   (I) 

Additionally, it was observed that the colour of the exothermic reaction 

between potassium chlorate and sulphuric acid changed along the time. 

 shows the chlorate and perchlorate area variation with time. As can be 

observed, chlorate concentration decreases meanwhile perchlorate concentration 

increases. This experiment proves that chlorate disappears over time converting to 

perchlorate. 

CIMCs contain IL that releases energy when it burns. It may be noted that 

not all the potassium chlorate reacts with sulphuric acid depending on where and 

how the bottle breaks, but fire could produce a thermal decomposition of 

unreacted potassium chlorate. Potassium chlorate behaves differently depending 

on its concentration and the reaction temperature, and different reaction 

mechanisms have been proposed to date. Otto and Frey [21] postulated that 

reaction (II) and reaction (III) occurred simultaneously. However, Glasner and 

Weidenfeld [22] contradict that theory, and concluded that reaction (III) is 

consecutive to reaction (II). 
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. Reaction progress between potassium chlorate (0.1 g) and sulphuric 

acid (2 mL) over 48 hours. Aliquots taken from the reaction diluted 1/100 (v/v). 

Perchlorate anion (dot line) and chlorate anion (short dash dot line). 

 

Another theory proposed by Rudloff et al. [23] suggests the existence of a 

momentary intermediate in reaction (II), as shown in reaction (IV). 

2 KClO3  KClO4 + (KClO2) 

(KClO2)  KCl + O2 

2 KClO3  KClO4 + KCl + O2                    (IV) 

All the above-mentioned theoretical reactions justify the detection of 

chloride and perchlorate when chlorate is mixed with sulphuric acid and exposed 
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to high temperatures. Chlorate anion detected in some samples may be attributed 

to the unreacted compound. 

In order to confirm the detection of chloride, chlorate, perchlorate, sulfate 

anions in CIMCs, dozens of real-CIMCs samples were prepared and analyzed.

 summarizes the real-CIMCs and the determined anionic composition. Several 

potential IL such as gasoline, diesel fuel, Kerosene, ethanol, and methanol were 

used, in order to determine the viability of these devices in real scenarios and their 

ionic composition. Real-CIMCs were elaborated with and without sugar and with 

and without used motor oil. All samples were prepared in duplicate and each 

sample was analysed by CE three times.  

Although the classic Molotov cocktail could be elaborated with ethanol or 

methanol, in the case of CIMCs the use of these alcohols did not work. In those 

cases, the sulphuric acid reacts with the alcohol violently, splashing it in all 

directions. When gasoline (98 RON or 95 RON) was used, CIMCs were ignited 

immediately after they were launched. In the case of Kerosene and diesel fuel were 

used, fire ignition was produced but a few seconds later than with gasoline. This 

can be attributed to the fact that their flash point values are higher (around 38 and 

61 °C, respectively) than for gasoline (about -40 °C). It can be concluded that 

gasoline is the most suitable flammable to elaborate CIMC devices.  

shows the electropherograms obtained for four CIMCs with different composition. 

Interestingly, sulfate, chlorate, and perchlorate are detected in those samples. As it 

happened with the Lab-CIMCs, sulfate was always found in the devices elaborated 

with sulphuric acid, and perchlorate was always detected in CIMCs elaborated with 

potassium chlorate. Chlorate and chloride were detected in most samples. 

Additionally, not containing potassium chlorate blank-bottles composed of IL, 

sulphuric acid, and sugar were also analyzed. As these devices  



 

 Real-CIMC samples classified according to their combustible. Reagents 

used in their elaboration and anions identified in their residues by CE are also 

shown. a) The device did not work. 

Reagents employed Anions identified 
Gasoline 98 RON + H2SO4 + KClO3 + sugar + used motor oil Cl- , ClO4

- , ClO3
- , SO4

2- 

Gasoline 98 RON + H2SO4 + KClO3 + sugar + used motor oil Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 98 RON + H2SO4 + KClO3 + sugar Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 98 RON + H2SO4 + KClO3 + sugar ClO4
- , ClO3

- , SO4
2- 

Gasoline 98 RON + H2SO4 + KClO3 + used motor oil Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 98 RON + H2SO4 + KClO3 + used motor oil Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 98 RON + H2SO4 + KClO3 Cl- , ClO4
- , SO4

2- 

Gasoline 98 RON + H2SO4 + KClO3 ClO4
- , ClO3

- , SO4
2- 

Gasoline 98 RON + H2SO4 + sugar SO4
2- 

Gasoline 98 RON + HCl + KClO3 a) 

Gasoline 95 RON + H2SO4 + KClO3 + sugar + used motor oil Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 95 RON + H2SO4 + KClO3 + sugar + used motor oil ClO4
- , ClO3

- , SO4
2- 

Gasoline 95 RON + H2SO4 + KClO3 + sugar Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 95 RON + H2SO4 + KClO3 + sugar Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 95 RON + H2SO4 + KClO3 + used motor oil Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 95 RON + H2SO4 + KClO3 + used motor oil ClO4
- , SO4

2- 

Gasoline 95 RON + H2SO4 + KClO3 Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 95 RON + H2SO4 + KClO3 Cl- , ClO4
- , ClO3

- , SO4
2- 

Gasoline 95 RON + H2SO4 + sugar SO4
2- 

Gasoline 95 RON + HCl + KClO3 a) 

Diesel fuel + H2SO4 + KClO3 + sugar + used motor oil Cl- , ClO4
- , ClO3

- , SO4
2- 

Diesel fuel + H2SO4 + KClO3 Cl- , ClO4
- , ClO3

- , SO4
2- 

Diesel fuel + H2SO4 + sugar SO4
2- 

Diesel fuel + HCl + KClO3 a) 

Kerosene + H2SO4 + KClO3 + sugar + used motor oil ClO4
- , ClO3

- , SO4
2- 

Kerosene + H2SO4 + KClO3 ClO4
- , ClO3

- , SO4
2- 

Kerosene + HCl + KClO3 a) 

Ethanol + H2SO4 + KClO3 + sugar + used motor oil a) 

Ethanol + H2SO4 + KClO3 a) 

Ethanol + HCl + KClO3 a) 

Methanol + H2SO4 + KClO3 + sugar + used motor oil a) 

Methanol + H2SO4 + KClO3 a) 

Methanol + HCl + KClO3 a) 
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lacked a chemical ignition system they had to be started manually with a lighter. 

As shown in , sample analysis from one of them confirmed the absence 

of chloride, chlorate, and perchlorate, which means that there are not interferences 

from the bottle, labels or other components. 

 

 

. Electrophoretic separations of anions present in real-CIMC samples 

of different composition: ( ) gasoline 98 RON (150 mL), sulphuric acid (75 mL), 

potassium chlorate (two teaspoons), and sugar (two teaspoons); ( ) gasoline 95 

RON (150 mL), sulphuric acid (75 mL), potassium chlorate (two teaspoons), and 

sugar (two teaspoons);  ( ) diesel-fuel (150 mL), sulphuric acid (75 mL), potassium 

chlorate (two teaspoons), sugar (two teaspoons) and used motor oil (10 mL); ( )

Kerosene (150 mL), sulphuric acid (75 mL), potassium chlorate (two teaspoons), 

sugar (two teaspoons) and used motor oil (10 mL). All samples were diluted in 75 

mL of ultrapure water. Experimental conditions as in Figure 2.2.2. 



 

. Electropherogram depicting the anions detected in a blank-bottle 

composed of gasoline 95 RON (150 mL), sulphuric acid (75 mL), and sugar (two 

teaspoons) diluted in 75 mL of ultrapure water. Experimental conditions as in Figure 

2.2.2. 

 

Moreover, the possible addition of hydrochloric acid instead of sulphuric 

acid by CIMC users was tested in other real-CIMCs. This experiment was performed 

to answer the questions raised by the Criminalistics Service of Guardia Civil in this 

respect, because they report that in some evidence a high quantity of chloride was 

detected. For this purpose, some bottles with hydrochloric acid were prepared. 

Nevertheless, none of those bottles was ignited after launched them probably 

because the reaction between hydrochloric acid and potassium chlorate is not 

exothermic enough to ignite the IL.  

Additionally, in this work some devices were elaborated replacing 

potassium chlorate by potassium perchlorate, although there are not references 

about CIMCs elaborated with other salt different to potassium perchlorate. 

Potassium perchlorate is widely used in explosives and pyrotechnic devices. The 
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reaction between sulphuric acid and potassium perchlorate was tested, and it did 

not produce the gasoline ignition. The reason could be the highest melting point 

and less-exothermic decomposition of potassium perchlorate [24]. Hence, it seems 

not possible to use this salt as ignition system in a CIMC. 

These findings support that, according to the theoretical reactions, 

perchlorate together with sulfate anions are reliable markers of the self-ignition 

reaction of CIMCs. Chloride, which could be also a good marker according to the 

theoretical reactions, could come from some common contamination sources 

(salts, water, etc.), making it less advisable. Although perchlorate is usually less 

common in the environment than chloride, in the last years some studies about 

perchlorate persistence and environmental contamination alert about its 

widespread distribution and its increasing presence [25, 26]. Chlorate seems to be 

another good candidate, but it could be consumed during the reaction with 

sulphuric acid and hence, undetected.

 

 

 

 

 

 

 

 

 

 

 



 

 
Reliable markers to identify the reagents used in the CIMC preparation 

provide relevant information to assist forensic investigations. Different CIMC 

formulations were elaborated in order to study their viability. Mixtures of alcohols 

and sulphuric acid can not be used. Hydrochloric acid instead of sulphuric acid and 

potassium perchlorate instead potassium chlorate were also tested, concluding 

that they can not be used in a CIMC, because these kind of reactions are not 

exothermic enough to ignite the IL. Also, CIMCs were analyzed by CE in order to 

detect potential anions which indicate the presence of potassium chlorate as the 

chemical responsible for device ignition. The combined detection of perchlorate, 

chloride, chlorate and high levels of sulfate can be used as reliable anionic markers 

of CIMCs. 
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In this work, mixtures of gasoline with sulphuric acid and diesel fuel with 

sulphuric acid were analysed by GC-MS. The results showed considerable 

qualitative and semi-quantitative modifications in the chromatographic profiles of 

the ILs. In the case of acidified gasoline, the alteration of the abundances of 

aromatic compounds and the hydrolysis of an oxygenated compound such as 

MTBE, in addition to the immediate and unexpected appearance of tert-butylated 

compounds were observed. In the case of acidified diesel fuel, the alteration of 

aromatic compounds occurred. These sequential changes were then studied in 

detail in order to explain the chemical modifications taking place. These extensive 

chemical modifications may be considered as a new chromatographic profile 

distortion effect, the acidification of ILs. As such modifications are not generally 

taken into account in the criteria followed to assess the classification of an IL, we 

propose some recommendations helping to the identification of acidified ILs. This 

information can be especially useful to detect and identify non-burned ILs from 

seized or failed improvised incendiary devices made with mixtures sulphuric acid-

IL, or ILs altered intentionally with the aim to modify their composition.  
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Among IIDs, classic Molotov cocktails may be used as a mean to commit 

arson, either as an act of vandalism, of revenge or for setting a fire motivated by 

the lure of profit. A more dangerous version of this device is the so called CIMC [1, 

2], which is based on self-ignition through rapid heat generated by an exothermic 

reaction between two chemical substances integrated in the device. The most 

frequently encountered recipe of CIMCs is based on a bottle of glass containing an 

IL, often gasoline, kerosene or diesel fuel, mixed with concentrated sulphuric acid. 

Besides, potassium chlorate (powder) is wrapped in an envelope or a folded sheet 

of paper that is taped to the bottle. As soon as the container breaks against a target, 

sulphuric acid and potassium chlorate get in contact and react very violently setting 

fire to the aerosol of IL mixed with air. 

According to preliminary results obtained in casework, analyses performed 

either on the content of seized IIDs prepared with IL and sulphuric acid, or on 

samples grabbed on the ground where a CIMC was thrown, have sometimes lead 

to unexpected and weird results. In some of the analyses, generally performed by 

HS-GC-MS, total ion current chromatograms (TICs) and extracted ion 

chromatograms (EICs) presented huge differences with reference data from neat 

ILs. Semi-quantitative and qualitative alterations of the chromatographic profile 

were observed, leading to great difficulties in detecting and/or assessing the 

presence and identification of an IL. Although in some cases similar profiles to ILs 

such as gasoline, kerosene or diesel fuel were detected, some of the obtained 

chromatograms clearly differed from known ILs. These findings suggested that the 

mixing of concentrated sulphuric acid may react with some ILs, leading to the 

alteration of their composition, and thus of the chromatographic profile obtained 

by HS-GC-MS analysis. As the detection, characterization and classification of ILs 

from casework evidence can be very meaningful and provide significant 

intelligence to a forensic investigation, it is of utmost importance to understand 

the effect of mixing sulphuric acid with ILs.  



 

Several works have been focused on the analysis of neat ILs and ILRs looking 

for identifiable distinctive profiles [3-7]. With such samples, the characterization 

and classification of the detected IL is straightforward: very distinctive 

chromatographic patterns allow to distinguish the different classes of IL [3, 8]. The 

outcomes of these analysis may be of importance as they may contribute to a 

police or prosecution inquiry, leading to the production of evidence of the use an 

IL as accelerant, or may initiate a further process of comparison in a common 

source inference perspective. In some cases however, it is found that a modification 

of the chromatographic profile obtained after HS-GC-MS analysis occurred in 

comparison to a putative or known IL. The chromatographic profile after the 

analytical process presents important differences with the neat IL, complicating 

significantly the process of comparison and identification, and precluding the 

possibility of common source inference (if required). Such a situation may happen 

due to: 1) strong weathering, which is the natural process of evaporation that alters 

the composition of ILs; 2) matrix interactions or interferences that can ensue from 

the constitution of the matrix, its thermal degradation or from the thermal 

constraints encountered by the environment; 3) biodegradation resulting from 

bacterial activity; 4) extraction strategy or parameters chosen for the extraction 

step. The effects of these different forms of modification of changes in the 

chromatographic profile and the potential impact on the process of IL classification 

and identification have been extensively addressed by previous publications [5-10]. 

However, to our knowledge, none of these studies considered the presumable 

action of mixing an IL with a strong acid, as sulphuric acid, as well as its impact on 

the use of the results in a forensic intelligence perspective or for the production of 

evidence.  

Thus, this work was undertaken with the aims of analysing samples of 

acidified ILs by GC-MS and studying the chemical modifications induced in the ILs. 

Two types of gasoline and diesel fuel mixed with sulphuric acid were analysed by 

GC-MS to gather fundamental data and knowledge on the ILs chemical 
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modifications. The acquired knowledge was used to formulate some 

recommendations for the identification of acidified ILs.  

 

 

Gasoline 98 RON, gasoline 95 RON and diesel fuel were obtained from a 

local petrol station (SOCAR, Lausanne, Switzerland) and they were stored in glass 

jars at room temperature. Working samples from neat gasoline and diesel fuel were 

then prepared for GC-MS analysis by diluting at 1% (v/v) in dichloromethane 

purchased from Sigma Aldrich (Buchs, Switzerland). All other chemicals used in this 

study were also purchased from Sigma Aldrich (Buchs, Switzerland): sulphuric acid 

(95-98%, m/v) and pure methyl tert-butyl ether (MTBE).   

Simulated solutions of CIMCs were prepared by pouring, first, sulphuric acid 

(2 mL or 1/3 v/v) and then, the IL (4 mL or 2/3 v/v) in 10 mL glass vials. These vials 

were immediately closed with screw silicone/Polytetrafluoroethylene (PTFE) caps 

(Sigma Aldrich, Buchs, Switzerland) taking extreme care not to shake or mix the 

phases before analysis. At regular time intervals, 10 L aliquots of the organic 

fraction of the simulated solutions (gasoline or diesel fuel) were taken using a 

positive-displacement pipette Rainin® Pos-D™ purchased from Mettler-Toledo 

(Greifensee, Switzerland), avoiding to take sulphuric acid. These aliquots were 

diluted in dichloromethane at 1% (v/v) and analysed by GC-MS. The time intervals 

that were considered are the following: during the first hour, sampling of an IL 

aliquot was performed every 5 min. Then, every hour during the next 24 h, and 

every 24 h during the next 6 days. The last aliquot was thus sampled 7 days after 

the preparation of the simulated solution (mixture of sulphuric acid and IL). In total, 

41 samples collected at different time intervals were considered for each simulated 

solution of CIMCs. Additional experiments were performed using an orbital shaker 



 

at 600 rpm shaking new simulated solutions during several time intervals: 5, 50, 

100, 150 and 200 min. After each time interval, an aliquot from the organic fraction 

was taken, diluted in dichloromethane at 1% (v/v) and analysed.  

With the aim to study the changes in the organic fraction when it is doped 

with MTBE, a simulated solution of CIMC (using gasoline 98 RON as IL) was 

prepared, and 100 L of pure MTBE were added immediately over the organic 

fraction. Then, an aliquot of 10 L of the organic fraction was sampled and analysed 

by GC-MS at each of the following time intervals: immediately after preparing the 

mixture, and after 5 min, 35 min, 24 h, 48 h and 96 h. After each sampling of the 

organic fraction, the simulated solution was doped anew with 100 L of pure MTBE. 

The extracted aliquots were diluted at 1% (v/v) in dichloromethane before analysis 

by GC-MS. Additionally, to check if the reaction stops when sulphuric acid is 

extracted from the organic fraction, another simulated solution of CIMC (using 

gasoline 98 RON as IL) was prepared. After 18 h, the organic fraction (upper part 

of the mixture) was extracted using a positive-displacement pipette. This fraction 

was poured in another vial and an aliquot of 10 L was sampled and analysed by 

GC-MS at several time intervals: immediately after separate the organic fraction 

from the original simulated solution of CIMC, and after 24, 48, 72 and 168 h. 

Gas chromatography hyphenated to mass spectrometry (GC-MS) analyses 

were carried out on an Agilent 7890A gas chromatograph connected to an Agilent 

5975C inert XL mass spectrometer (Agilent Technologies, Santa Clara, CA, USA). 

Chromatographic separation was achieved with a 12 m HP5-MS capillary column 

(0.2 mm i.d., 0.33 m thickness) from Agilent Technologies (Santa Clara, CA, USA). 

Injection was performed at 250 °C in split mode (25:1), with an injection 

volume of 1 L. Oven temperature program started at 35 °C for 1.4 min, and was 

then ramped at 10 °C/min up to 250 °C (hold time of 9 min). Helium (99.999% 

purity) was used as carrier gas at a constant flow of 0.8 ml/min. The MS instrument 

was used in scan mode (10-400 m/z) with a 3.66 scan/sec sampling rate.  
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Peak area information was extracted from integrated chromatograms using 

MSD ChemStation® software (Agilent Technologies). Data were loaded and 

calculation performed in Microsoft® Excel. 

In order to study and illustrate physical changes occurring in simulated 

solution of CIMCs, pictures of these solutions were recorded at each time interval 

by means of a Canon 60D camera and with the constant illumination of a Digital 

Imaging Box (MEDALight, Hong Kong).  

  

 

First, the modifications of neat gasoline when is mixed with sulphuric acid 

were studied. This was first based on the visual examination of the simulated 

mixtures of gasoline-sulphuric acid at different time.  shows a 

photographic sequence of the first 48 h of a gasoline-sulphuric acid mixture. A 

reaction was taking place at the interface between the two liquids, and 

progressively the appearance and colours of both liquids changed. Firstly, sulphuric 

acid became black from its interface with gasoline, and the latter started to darken, 

suggesting chemical changes.  

In a second step, the chemical composition of the organic phase was 

considered. Neat gasoline holds a characteristic GC-MS profile that allows its 

identification by considering the semi-quantitative combination of several 

compounds recognized through their retention times and mass spectra. 

 shows a list of the main gasoline compounds and their major ions fragments. 

 

 

 



 

 

 

 

 

 

 

. Pictures of a vial with gasoline 98 RON (upper part) and sulphuric acid 

(lower part) at 2/3 (v/v) and 1/3 (v/v), respectively. Pictures (from left to right) were 

taken at 0 h, 3 h, 7 h, 30 h and 48 h after mixing both liquids. 

 

Aromatic compounds (i.e., toluene or C2-alkylbenzenes), alkanes (C4-C12) 

and MTBE were detected by the analysis of neat un-weathered gasoline 98 RON 

( ). At the beginning of the chromatogram, MTBE as well as normal 

and branched alkanes were detected. They were followed by toluene, C2-, C3- and 

C4-alkylbenzenes. Indane and naphthalene were as well clearly identified.  

 

. List of typical compounds and fragmentation ions found in neat and 

un-weathered gasoline. Adapted from [11].  

 

Compound family Compounds Characteristic m/z ions 
 
 

Aromatics 

Toluene 91 
C2-alkylbenzenes 91, 106 
C3-alkylbenzenes 91, 105, 120 
C4-alkylbenzenes 91, 119, 134 

Indanes 117, 132 
Naphthalenes 128, 142 

Alkanes n, Iso-alkanes 43, 57, 71, 85 
Cycloalkanes 41, 55, 69, 83 

 
Oxygenates 

Ethanol 31 
Methyl tert-butyl ether (MTBE) 57, 73 

Ethyl-tert-butylether (ETBE) 59, 87 
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. TICs of ) neat gasoline 98 RON, and aliquots of the organic fraction from a 

mixture of gasoline 98 RON and sulphuric acid that were sampled after ) 5 min; ) 55 min; 

) 2 h; ) 19 h; ) 48 h; ) 144 h (6 days); ) 168 h (7 days). All samples were diluted at 1% 

(v/v) in dichloromethane. Abundance equivalent to x106. Number in red: original 

compounds in neat gasoline. Small letters in green: new compounds identified in the 

organic fraction of mixtures of gasoline with sulphuric acid. GC-MS conditions as shown in 

section 2.3. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. (Continuation) 
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. (Continuation) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. (Continuation) 
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In order to study the modification of gasoline composition that was 

suggested by the visual examination of the simulated solutions, aliquots sampled 

at different time intervals (from 5 min to 7 days) from the organic fraction of these 

gasoline-sulphuric acid mixtures were analysed by GC-MS.  to  

show the results obtained at different time intervals. As suggested by the visual 

examination, the chromatographic profiles of the gasoline samples changed over 

the reaction time with sulphuric acid in comparison to the neat gasoline profile. 

Some peaks corresponding to gasoline characteristic compounds, mainly aromatic 

hydrocarbons such as toluene or C2-alkylbenzenes, decreased over time (indicated 

with red numbers in ). Specifically,  to  (after 19 h to 

168 h –7 days– mixed) illustrate that the abundance of these compounds is 

substantially lowered. The decrease is less obvious at the naked eye for the C3-

alkylbenzenes. 

In order to better understand the extent of the modification occurring, the 

ratios of the peak area at the different time intervals were calculated in reference 

to the area at t0 (neat gasoline). This was undertaken for the main aromatic 

compounds that seemed to be altered; these ratios are compiled in .

First, for each time interval, the peak areas of the considered compounds were 

normalized to the area of heptane, as this compound was not altered by sulphuric 

acid under these conditions (see explanation below). Then, ratios were calculated 

by dividing the normalized peak areas at each time point by the normalized peak 

areas at t0. 

After 5 min (t1), all peak areas of the compounds indicated in  

have already decreased. After 180 min (t6), the areas of some of them such as ortho-

xylene or indane decreased around 50%. After 7 days (t15), some peaks have almost 

disappeared. It is important to remind that, in addition to the sole absence or 

presence of these compounds (pure qualitative approach), the identification of 

gasoline relies on a semi-quantitative approach based on the measurements of the 

relative abundances within and between groups of compounds. In our study, we 

clearly notice that over the reaction time with sulphuric acid, relative abundances 



 

of the major aromatics were affected. This is for example the case with the relative 

proportions of the C2-alkylbenzenes (see ) that changed over time. 

More surprisingly, we observed that MTBE, disappeared also very quickly. 

Comparing chromatograms of gasoline obtained after 5 min in contact with 

sulphuric acid ( ), and of neat gasoline ( ), we observed 

that MTBE had almost completely disappeared, which was confirmed by studying 

EICs of its main ions fragments. 

 

 

 

 

 

 

 

 

 

 

 

. Ratios of some typical aromatic compounds in gasoline 98 RON after 

some hours mixed with sulphuric acid. Several time intervals of analysis taken after 

mixing gasoline and sulphuric acid are considered. t0 = neat gasoline; t1 = 5 min; t2 

= 25 min; t3 = 45 min; t4 = 55 min; t5 = 120 min; t6 = 180 min; t7 = 240 min; t8 = 300 

min; t9 = 360 min; t10 = 420 min; t11 = 480 min; t12 = 540 min; t13 = 1140 min; t14 = 

1440 min; t15 = 10080 min. Area ratio regarding heptane peak area is expressed in 

percentage on base 1. Area quantifications were performed considering the major 

ion fragment for each compound. 
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At the same time, new peaks (indicated in green small letters in 

) appeared in the gasoline chromatograms after some minutes of contact with 

sulphuric acid ( ). All of them showed up in the time range between 

6 and 15 min, among peaks already existing or in new groups of peaks. In 

, we noticed the sudden appearance of a new compound, identified as 4-

tert-butyltoluene (4-t-BTO) with its mass spectrum, in the acidified gasoline 

sample, already after 5 min of exposition to the acid. The abundance of this 

compound rapidly increased in the obtained chromatograms during the first 48 h 

( ) and remained rather constant after this. Meanwhile, a group of 

new peaks arose around the naphthalene peak ( ). EICs revealed that 

naphthalene (retention time of approximately 8.7 min) decreased over time 

(reduction of its characteristic ions), but this was not noticeable in the TIC, 

suggesting that a new compound appeared at the same retention time. This 

compound was eventually identified as 1-tert-butyl-4-ethylbenzene on the basis of 

its mass spectrum. Physical and chemical properties of 4-t-BTO and four other new 

compounds eventually identified in the acidified gasoline samples are collected in 

, with relevant GC-MS data related to their identification.  

After several hours of storage with sulphuric acid, the gasoline 98 RON 

chromatographic profile significantly changed in comparison to the one of neat 

gasoline 98 RON: that is, the composition of the IL had undergone extensive 

modifications and could no longer be clearly attributed to gasoline (depending on 

the selected identification criteria). One of the fastest disappearing compounds was 

MTBE. Others major compounds of neat gasoline that experimented a high 

reduction with sulphuric acid were toluene, ortho-xylene, 1,2,3-trimethylbenzene 

and indane. In similar experiments using gasoline 95 RON instead of gasoline 98 

RON, the results turned out to be very analogous (data not shown). It is important 

to bear in mind that these experiments were carried out at static and room 

temperature conditions. As chemical reaction is occurring, temperature and 

agitation may have an impact, accelerating the transformation. Additional 

experiments were performed undergoing the simulated solutions to movement 



 

using an orbital shaker at 600 rpm (see section 2.2). Results obtained confirmed 

that the reaction was accelerated and the changes previously described occur 

faster.  

. New compounds appearing in acidified gasoline. Chemical 

characteristics of interest for their separation by GC-MS are collected. Some 

divergence can be found between the different publications considered as their 

flash point or density values. , no data. 

Compound Retention 
time 
(min) 

Quantification 
Ions (m/z) 

Density 
(g/mL) 

Molecular 
mass 

(g/mol) 

Vapor 
pressure 
(mm/Hg) 
at 25ºC 

Boiling 
point (ºC) 

Flash 
point 
(ºC) 

Ref 

4-tert-
Butyltoluene 

7.4 133; 105; 148 0.858 (at 
25 ºC)  

148.24 0.65 191 54 [12, 
13] 

4-tert-Butyl-
ortho-xylene 

8.70 
 
 

147; 119; 162 
 

0.86 
(at 25 ºC) 

 

162.27 * 216.3 
 

78.3 [14] 
 

1-tert-Butyl-4-
ethylbenzene 

8.77 147; 162 0.8568 
(at 20 ºC) 
 

162.27 0.1 (at 
20ºC) 

216 75 [15, 
16] 

3-tert-
Butyltoluene 

8.9 133; 105; 148 0.87 148.24 0.811 188.8 60.5 [17, 
18] 

5-tert-Butyl-
meta-xylene 

9.1 147; 119; 162 0.86 162.27 * 207 – 209 84 [19] 

 

On the basis of these results, and after a thorough review of the literature 

on some of the main identified new compounds, the origin of these new 

compounds was interpreted. They were attributed to the alkylation of the 

compounds present in neat gasoline such as toluene, ethylbenzene or xylenes, with 

tert-butylation agents (or alkylating agents), and sulphuric acid as catalyst [20-22]. 

The main substances able to act as such tert-butylation agents are isobutylene, 

diisobutylene, MTBE or tert-butyl alcohol (TBA) [22]. Yet, as previously mentioned, 

the samples of neat gasoline used in this work contained MTBE and this compound 

was quickly altered in presence of sulphuric acid. In fact, MTBE is sensitive to 

hydrolysis under strong acid conditions, which is favoured by the low water content 

of this kind of mixtures [23]. Therefore, in the interface between sulphuric acid and 

gasoline the following reactions were interpreted: 1) catalytic hydrolysis of MTBE 
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in presence of sulphuric acid producing methanol and TBA, also known as 2-

methyl-2-propanol or tert-butanol; 2) reaction of TBA in sulphuric media to form 

isobutene; 3) protonation of isobutene by the catalyst to form tert-butyl 

carbocation; 4) alkylation of alkylbenzenes, catalysed by sulphuric acid, with tertiary 

carbocations producing tert-butylated compounds [22]. For example, tert-butyl 

carbocations react: 

with toluene, producing 4-t-BTO and 3-t-BTO (3-t-BTO being an 

isomerization product from 4-t-BTO) ( ); 

with xylenes, producing 4-tert-Butyl-meta-xylene or 5-tert-Butyl-ortho-

xylene ( ); 

with ethylbenzene, producing 1-tert-Butyl-4-ethylbenzene ( ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Hypothetical reactions occurring in mixtures of gasoline and sulphuric 

acid. Molecular structure of the new compounds identified in these samples based 

on the information obtained from [20-24]. 



 

The higher amount of 4-t-BTO compared with the other new compounds 

ensues to our knowledge from the para-position which is favoured due to the 

influence of the steric hindrance of the methyl group on one side and the 

voluminous tert-butyl group on the other side [24]. Tert-butyl carbocations also 

react with para-xylenes, although it is the less favourable bond. 

Thus, GC-MS results and reported information lead us to suggest a 

hypothetical explanation of the reactions taking place. Following a scientific 

approach based on a hypothetico-deductive reasoning, additional experiments 

were then carried out in order to test our hypothesis. Pure MTBE was added to a 

gasoline-sulphuric acid mixture that was analysed over time. After each analysis 

step of the organic fraction, the mixture was doped anew. It was observed that 

MTBE peak was not detected. However, some of the new peaks such as 4-t-BTO 

grew quickly, meanwhile alkylbenzene signals were declining proportionally. 

Additionally, control experiments were carried out in order to confirm that 

sulphuric acid has a key influence on these changes. The organic fraction from a 

gasoline-sulphuric acid mixture (mixed for 18 h) was extracted and introduced in 

another vial. An aliquot from this gasoline was sampled and immediately analysed 

by GC-MS, producing a similar profile to other aliquots analysed at the same time 

interval and under the same conditions. Further samples from this organic fraction 

were then analysed for several time intervals after the extraction of the gasoline 

from the gasoline-sulphuric acid mixture (at 24, 48, 72 and 168 h). All these GC-MS 

results displayed comparable chromatographic profiles, similar to the one obtained 

for the first sample. This indicated that the reaction stopped as soon as the gasoline 

was no more in contact with sulphuric acid, highlighting the crucial contribution of 

sulphuric acid in the alteration of the gasoline composition. 

Besides all the modifications that the gasoline composition main undergo, 

some compounds that are important for identification of the presence of gasoline 

do not seem to be affected by sulphuric acid under the studied conditions. For 

example, benzene was not affected, nor alkanes such as n-hexane, n-heptane, n-

octane or 2-methylpentane. This is related to the high aromatic stability of benzene 
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or to the absence of double bonds of the normal and branched alkanes, rendering 

these substances less sensitive to strong acids [25]. 

In addition to all the changes described, several other peaks appeared over 

time in the acidified gasoline profile between 10 to 14 min ( ). While 

these compounds could not be clearly identified on the basis of their mass 

spectrum, we presume that the series of reactions previously discussed can 

continue in presence of sulphuric acid, leading to the production the new alkylation 

products.   

In order to assess if neat diesel fuel would undergo similar composition 

modifications than those observed in gasoline-sulphuric acid mixtures, 

experiments testing diesel fuel-sulphuric acid mixtures were also carried out. Diesel 

fuel is mainly composed of alkanes (normal and branched). Its chromatographic 

profile is characterized by a series of n-alkane peaks, often depicted as a Gaussian-

like distribution.  shows the results of analysis of neat diesel fuel. 

Normal alkanes are interspersed with branched alkanes, cycloalkanes and aromatic 

compounds, which are less abundant. 

Assuming that the hypothesis previously exposed on the mechanism of 

gasoline compounds modification by sulphuric acid under the specified conditions 

was correct, we expected that the main compounds of diesel fuel (alkanes) would 

not undergo modifications, while an alteration of the aromatic compounds would 

occur. In order to assess this assumption, a simulated solution of CIMC with neat 

diesel fuel and sulphuric acid was prepared. Samples of the organic fraction were 

taken and analysed by GC-MS at different time intervals (from 5 min to 7 days). As 

example,  shows the TIC chromatogram of an aliquot of the organic 

fraction that was sampled 19 h after being mixed with sulphuric acid. It can be 

clearly observed that no major changes occurred in comparison with the neat diesel 

fuel TIC, except for aromatic compounds such as toluene, ethylbenzene, xylenes or 

C3-alkylbenzenes ( ), corroborating our hypothesis.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. TIC of ) a sample of neat diesel fuel and, ) a sample from mixture 

of diesel fuel with sulphuric acid after 19 h. Aromatic compounds: . Toluene; . 

Ethylbenzene; . Xylenes; . benzene 1,2,3-trimethyl; and . Benzene 1-ethyl-

2,4,dimethyl. Samples were diluted at 1% (v/v) in dichloromethane. Abundance 

equivalent to x106. GC-MS conditions as shown in section 2.3. 
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The effect on the aromatic hydrocarbons appeared more clearly by 

considering selected EICs and comparing neat diesel fuel (black chromatogram, 

upside down in ) with diesel fuel after being in contact with sulphuric 

acid for 19 h (blue chromatogram, upside up in ).  

depicting the profiles that were measured for ion 91, shows how the relative 

abundances of C2- and C3-alkylbenzenes in acidified diesel fuel are altered. On 

, considering ion 128, the decreasing abundance of naphthalene is 

obvious. 

It is important to point out that neat diesel fuel usually does not have MTBE 

[26] and the amount of other oxygenated compounds is low [27-29]. Therefore, 

there are not tert-butylation agents responsible of the alkylation of aromatic 

compounds. Accordingly, no products of alkylation were detected when diesel fuel 

and sulphuric acid were mixed (even after longer time intervals) although aromatic 

compounds decreased slightly.  

It is known that some of the aromatic compounds, for example toluene, also 

react with sulphuric acid producing para-toluenesulfonic acid in the aromatic 

sulfonation reaction [30]. This compound is soluble in water; therefore it is not 

possible to find it in the organic fraction of these mixtures. Xylenes can also react 

with sulphuric acid and form, for example, para-xylene-2-sulfonic acid [31]. Sulfonic 

salts being soluble in water and insoluble in non-polar solvents, it is possible that 

sulfonation reactions are favoured in these mixtures in the absence of tertiary 

carbocations, and that the sulfonated compounds that are produced are extracted 

in the aqueous fraction of the mixture.  

Finally, further simulated solutions with neat diesel fuel and sulphuric acid 

were prepared and shaken for 200 min before being analysed by GC-MS. In this 

case, no additional modifications, other than those described above, were noticed. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. EICs of neat diesel fuel (in black, in the web only, and upside down) 

and diesel fuel after 19 h mixed with sulphuric acid (in blue, in the web only, and 

upside up). EICs of ) ion 91; ) ion 117 and ) ion 128.  
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As demonstrated by the different sets of experiments, the chromatographic 

profile of gasoline mixed with sulphuric acid displayed significant qualitative and 

semi-quantitative differences comparing to neat gasoline profiles, and those 

differences increased over the reaction time. Some of the most important 

compounds for the identification of gasoline (following the generally accepted 

ASTM E1618 standard [3]) are substantially altered in abundance, while new 

compounds not present in neat gasoline appeared. All these changes could cause 

great difficulties in the detection, classification and characterization of gasoline. To 

our knowledge, this chromatographic profile distortion effect has not been 

addressed to date and the ‘traditional’ identification/classification schemes do not 

take into account the contingency of mixing gasoline with sulphuric acid. 

It is obvious that the identification of acidified gasoline following the usual 

criteria could be possible in some aspect, especially during earlier stages of the 

reaction. However, it is important to take into account that agitation or temperature 

can accelerate this reaction and, to consider that more often than not, GC-MS 

analysis are undertaken several hours to several days after collection of samples. 

For these reasons, according to the obtained results, we propose a series of 

recommendations for the identification of acidified gasoline or diesel fuel. First of 

all, if there is suspicion of the presence of an IL mixed with a strong acid, we 

recommend carry out a first pH test to corroborate an acidic media. If a clearly acid 

pH is obtained, the GC-MS analysis should consider the knowledge gathered 

through the experiments we have reported in this work. While the ‘characteristic 

pattern’ of a known IL is not recognized, the following characteristics may orientate 

on the possibility of and acidified gasoline: 1) aromatic compounds alteration: a 

significant decrease of some aromatic compounds can occur, leading to a change 

of their relative abundance in the chromatographic profile in comparison to their 

usual relative proportions in gasoline; 2) MTBE disappearance: MTBE is not present; 

3) tert-butylated compounds presence: a new group of tert-butylated compounds 

is detected in the chromatographic profile, and 4) alkanes non alteration: normal 



 

and branched alkanes are not altered in comparison to their usual relative 

proportions in gasoline. 

A valuable fact to keep in mind is that tert-butylated compounds do not 

appear in neat gasoline and neither as consequences of other gasoline 

modification effects. Therefore, this group of compounds may be considered as 

diagnostic group to point to the potential identification of gasoline acidified by 

sulphuric acid. 

In the case of acidified diesel fuel, the modifications of its composition are 

not deleterious for its identification following the traditional criterion, at least under 

the studied conditions. However, it is important to take into account that aromatic 

compounds contained in diesel fuel can be modified in their relative abundances 

or not be found in the analyses of the organic fraction.  
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In this work, mixtures of gasoline with sulphuric acid and diesel fuel with 

sulphuric acid were analysed by GC-MS and the analytical results were studied to 

understand the visual and chromatographic modifications occurring. In the case of 

gasoline with sulphuric acid, it has been shown that sulphuric acid affects the 

gasoline chemical composition, modifying some of its original compounds and 

changing its chromatographic profile. The performed experiments suggest that 

sulphuric acid catalyses several reactions, promoting the production of tertiary 

carbocations from the hydrolysis of MTBE and the alkylation of aromatic 

compounds with these tertiary carbocations. The series of reactions leads to a 

significant decrease or disappearance of some aromatic compounds, affecting their 

relative abundances, the disappearance of MTBE, and the immediate appearance 

of a new group of compounds identified as tert-butylated compounds. Normal and 

branched alkanes are not altered at all. 

In the case of diesel fuel with sulphuric acid, it has been observed that the 

sulphuric acid alter the diesel fuel in a much smaller extent. Aromatic compounds 

are affected, decreasing their abundance. It is supposed that sulphuric acid is 

favouring the sulfonation of these aromatic compounds and their probable elution 

in the aqueous fraction of the mixture. Normal and branched alkanes, the main 

compounds of diesel fuel as the main indicators for its identification, are not 

affected by the sulphuric acid action.  

All these changes may complicate the process of detection, classification 

and characterization of these ILs, especially in the case of gasoline. As this 

chromatographic profile modification effect is has not previously been described, 

we make some recommendations to help with the identification of these mixtures.  

While the findings of this work may already be of some operational use, 

further studies are necessary to better understand the ILs acidification effect, prior 

to the formulation of specific identification schemes for non-burn acidified ILs. 

Besides, further research is necessary to assess the consequences on the extraction 

process of acidified ILRs from fire debris.   
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The detection and identification of ILRs in fire debris can be meaningful in 

fire investigations. However, background pyrolysis products and weathering hinder 

the identification and classification steps. In addition to those processes, the 

acidification of the ILs before the combustion process could make those tasks even 

more difficult. Nevertheless, there is not systematic studies assessing the 

extraction, analysis and composition of acidified ILRs obtained from fire debris. In 

this work, a methodology for the study of acidified ILRs in fire debris by SPME-GC-

MS is proposed. This methodology has been evaluated, first with simulated 

solutions (gasoline-sulphuric acid mixtures set on fire under controlled conditions), 

and then with analysis of samples from real fire debris obtained from eighteen 

CIMCs made with sulphuric acid and three different ILs (two types of gasoline and 

diesel fuel). In addition, the extensive modifications observed in acidified ILRs 

chromatograms regarding neat and weathered samples were studied. These 

alterations were produced by the combustion and acidification processes. As a 

consequence, tert-butylated compounds are proposed as diagnostic indicators for 

the identification of acidified gasoline in fire debris, even in strongly weathered 

samples.  
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Forensic fire investigation can require the chemical analysis of fire debris, 

searching for ILs and ILRs. This information, together the findings from the fire 

scene, could serve as intelligence in the inquiry or for the production of evidence 

for court. As a consequence, there is a broad offer of techniques and 

methodologies for the analysis of non-burned ILs and fire debris [1, 2]. In addition, 

knowledge of a wide variety of ILs has been published providing reliable 

information to forensic scientists for the identification and characterization of IL 

and ILRs [1, 2].Most of neat ILs can be easily classified using the generally accepted 

ASTM classification system and IL databases [3-5]. However, several distortion 

effects can modify the ILs and ILRs chromatographic patterns or even change their 

chemical compositions, hindering the classification and identification processes. 

Microbial activity, evaporation or the weathering effect, or the presence of 

background pyrolysis products are the most common distortion effects [6-8].  

In addition, a recent work reported an additional distortion effect, the 

acidification of ILs [9]. Mixtures of concentrated sulphuric acid with ILs are used to 

make IIDs, for instance the so called CIMCs [10, 11]. As was explained in our 

previous work [9], analysis by GC-MS of acidified diesel fuel showed slight changes 

in comparison to neat diesel fuel chromatograms. However, when sulphuric acid is 

mixed with gasoline, an extensive modification of the gasoline chemical 

composition occurs. Specifically, GC-MS analysis showed significant alterations of 

the relative abundances of the main aromatic hydrocarbons, with the 

disappearance of some of them. In addition, the quick hydrolysis of an oxygenated 

compound such as MTBE and the production of new compounds were observed. 

These new compounds were identified as a type of alkylated compounds, 

specifically tert-butylated. These significant modifications in composition may 

induce some problems or even preclude the identification of the ILs applying the 

current classification schemes [3]. For this reason, some recommendations were 

proposed in order to achieve the determination of non-burned acidified ILs [9].  



 

If ILs have been subjected to major modifications in composition, as occurs 

in the case of acidified gasoline, the extraction, detection, identification and 

characterization of their ILRs in fire debris could be presumably more complicated 

due the usual distortion effects of weathering and background pyrolysis products. 

Nevertheless, no systematic studies have been performed yet to extract acidified 

ILRs from fire debris and assess their chemical compositions.   

Several sample extraction techniques have been proposed and have been 

generally applied in forensic labs to extract and concentrate ILRs from fire debris 

[12-16]. Solvent extraction, one of the oldest techniques, is still used [13]. But more 

often, headspace extraction methodologies have been widely used due to their 

simplicity and efficiency [12]. Among these extraction techniques, passive 

headspace concentration is widely applied [14, 15]. In addition to its simplicity and 

portability, this technique allows multiple extractions from a sample to be made 

without a significant decrease in sensitivity [12]. SPME and activated charcoal strips 

are possibly the most frequent passive headspace extraction techniques applied 

for fire debris analysis [14, 15]. Headspace extraction is generally followed by GC-

MS. 

The goals of this study are to develop a methodology based on SPME-GC-

MS to study acidified ILRs in fire debris, and assess the modifications of the 

chromatographic profiles obtained in comparison with non-acidified ILRs. To 

achieve these aims, fire debris from simulated CIMC solutions (made under 

controlled conditions by mixing gasoline 98 RON and sulphuric acid) were analysed 

and their compositions were studied. Then, eighteen real CIMCs made with ILs 

(gasoline 98 and 95 RON, and diesel fuel) and sulphuric acid were thrown to targets 

and their residues were analysed and studied.   
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Gasoline 98 RON, gasoline 95 RON and diesel fuel were obtained from a 

local petrol station (SOCAR, Lausanne, Switzerland). ILs were stored in closed glass 

jars at room temperature. Sulphuric acid (95-98 %, m/v) and potassium chlorate 

were purchased from Sigma Aldrich (Buchs, Switzerland). 18 juice bottles of 200 mL 

of capacity with cap were purchased from a local supermarket (Lausanne, 

Switzerland). 10 ml glass vials and silicone/PTFE screw caps were purchased from 

Sigma Aldrich (Buchs, Switzerland).  

Simulated CIMC solutions (lab-samples made under controlled conditions) 

were prepared adding mixtures of sulphuric acid (0.5 mL) and neat gasoline 98 

RON (1 mL) over glass slides covered with a piece of PTFE tape (Teflon®) of 1 cm2 

approximately. Glass slides were placed in a laboratory glass tray for the 

combustion process to take place. Immediately after the first sample was made, it 

was set on fire using a lighter. The combustion was maintained until self-extinction, 

presumably by lack of volatile vapours. The burned piece of PTFE (the fire debris) 

was then placed in a 10 ml glass vial and analysed immediately by SPME-GC-MS. 

Additional batches of simulated solutions were prepared and set on fire 

immediately, following the same procedure. The PTFE pieces were stored in glass 

vials (a batch in closed vials and another in open vials) and analysed after 24 h, 48 

h and 72 h of storage. 

Other simulated solutions were prepared in closed glass vials, mixing 

sulphuric acid and gasoline 98 RON. After 24 h, 48 h and 72 h from the preparation, 

they were poured out over the slides with the piece of PTFE and set on fire. The 

pieces of PTFE of these samples were stored and analysed after different storage 

intervals: immediately, 24 h and 48 h.  summarizes the samples 

prepared for this phase of controlled experiments. For each preparation and 



 

storage conditions, three samples were prepared, in order to determine the 

variability associated with these experiments.  

. List of simulated CIMC samples and real CIMC samples.  

 
Simulated 
samples: 

gasoline 98 RON 
(1 mL) + 

sulphuric acid 
(0.5 mL) 

Number of 
samples 

Time interval (in hours) 
between the preparation of 

the solutions and the 
combustion process 

Time interval (in hours) 
between the combustion 

process and the SPME-GC-
MS analysis 

3 0 0 
3 0 24 
3 0 48 
3 0 72 
3 72 0 
3 24 24 
3 24 48 
3 48 24 
3 48 48 

 
Real samples: 
IL (120 mL) + 
sulphuric acid  

(60 mL) 

CIMCs 
prepared 24h 

before 
launching 

CIMCs prepared 4 h before 
launching 

CIMCs prepared in-situ 

2 with gasoline 
98 RON 

2 with gasoline 98 RON 2 with gasoline 98 RON 

2 with gasoline 
95 RON 

2 with gasoline 95 RON 2 with gasoline 95 RON 

2 with diesel 
fuel 

2 with diesel fuel 2 with diesel fuel 

 

Eighteen CIMCs were prepared as real samples. 200 ml glass juice bottles 

with screw metal caps were emptied and rinsed with tap water. 60 mL of sulphuric 

acid were poured inside each one of these glass bottles. Then, 120 mL of IL were 

poured in the bottle that was then closed with the metal screw cap. Finally, a piece 

of paper with two teaspoons of potassium chlorate was fixed with a piece of tape 

over the bottle outer surface, as part of the device self-ignition system. The bottles 

were prepared at different times: 6 of them were prepared 24 h before the CIMC 

launch session. Another group of 6 bottles was made 4 h before the session, and a 
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final group of 6 bottles was made in-situ, a couple of minutes before being thrown. 

 summarizes the CIMCs prepared for this experimental part.  

Glass bottles were thrown to a concrete floor. Immediately after the 

breaking of the bottle, the IL was set on fire because of the exothermic reaction 

produced between the sulphuric acid and the chlorate salt. The combustion took 

place at the concrete surface until self-extinction, occurring several seconds later. 

Videos and pictures of the launch session were recorded using a Canon 60D digital 

camera. 

After extinction, glass fragments, paper labels and caps were collected for 

further analysis (fire debris containing acidified ILRs). Glass jars were used to store 

the debris; as they still contained significant amount of sulphuric acid and 

presented sharp edges, packaging such as nylon or polymeric multilayers bags 

were not suitable. As not all the samples contained paper labels, it was decided to 

focus on the recovery of ILRs adhered to glass fragments. Samples were thus 

prepared mashing up the glass fragments using a vise clamp tool. Small pieces of 

glass were put into 10 mL glass vials closed with silicone/PTFE caps.  

 

Volatiles were extracted from fire debris samples by passive headspace 

procedure using SPME. A MPS automated multi-purpose sampler (Gerstel, 

Germany) was used, and the passive headspace extraction was undertaken with a 

100 m PDMS fiber (Supelco, Bellefonte, USA), with the following conditions: 

extraction temperature: 40 °C; extraction time: 20 min; desorption time: 5 min (300 

s); GC injector port temperature for desorption: 250 ºC.  

The SPME fiber was introduced into the injection port of an Agilent 7890A 

gas chromatograph coupled to an Agilent 5975C inert XL MSD mass spectrometer 

(Agilent Technologies, Santa Clara, CA, USA). The capillary column used was a HP-



 

5MS (12 m x 0.2 mm x 0.33 m) from Agilent technologies. Chromatography 

conditions selected were: split injection (25:1) at 250 °C; temperature programmed 

from 35°C (hold time 1.4 min) to 250 °C at 10 °C/min (hold time 9 min); helium 

carrier gas at a constant flow of 0.8 ml/min; transfer line temperature: 280 ºC. The 

MS-Detector conditions were: temperature MS source: 230 ºC; scan (10-400 m/z); 

3.66 scan/s sampling rate; threshold 150. Integration of the results was performed 

with the MSD ChemStation® software (Agilent Technologies). 

 

 
 

As starting point, those conditions reported in the literature [1, 3, 9, 17, 18] 

for the extraction, separation and identification by SPME-GC-MS of gasoline and 

diesel fuel typical compounds from fire residues, and some of the tert-butylated 

compounds previously identified in non-burned acidified gasoline (i.e., 4-tert-

butyltoluene) were considered. Thus, one type of SPME glass vial (10 mL) and two 

different SPME fibers with appropriate characteristics to extract this kind of analytes 

were tested at that stage: 100 m thickness PDMS fiber and 50/30 m thickness 

divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fiber. Several 

extraction temperatures, and extraction and desorption times were studied using 

both fibers. Given the constraints induced by the concern to preserve the durability 

of the SPME fibers, the selection of the SPME analytical parameters followed a basic 

One-Variable-At-a-Time procedure.  

First, the extraction temperature was set for the extraction of volatiles from 

mixtures of sulphuric acid with gasoline or diesel fuel. When the extraction 

temperature was stablished between 60 and 80 ºC, it was observed that both fibers 

were quickly rusted and broken after two or three analyses. This was attributed to 

the production of acid vapours at high temperature which condense over the fiber, 

producing something similar to an acid rain. However, at lower temperatures (40-
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50 ºC), the analyte extraction was satisfactory: the extraction of volatiles was not 

significantly affected by the reduced temperature, and simultaneously, this avoided 

an early fiber breakage. As consequence, 40 ºC was selected as extraction 

temperature. Then, several extraction times were tested. It was observed that the 

extraction efficiency improved when the extraction time increased from 5 to 20 

min, but longer times did not lead to increase the peaks intensity. Therefore, an 

extraction time of 20 min was selected for the analytes extraction at 40 ºC. 

Desorption time in the GC injector port was performed for 5 min at the maximum 

temperature recommended for the selected fiber. 

On the basis of these results, the PDMS fiber was selected due to its higher 

signal intensity under the same conditions for the analytes of interest. The 

extraction conditions selected are summarized in . Additionally, GC-MS 

conditions used in the previous work analysing non-burned acidified ILs samples 

were applied for the analysis after the extraction step [9]. Since good analytes 

separation and detection were achieved, these conditions were selected. They are 

also included in . 

It is important to note that, in addition to the reaction products and the 

expected analytes from fire debris, sulphur dioxide and dimethyl sulphate were 

detected at the beginning of the chromatograms (at around 0.5 min), which could 

be attributed to the presence of sulphuric acid. Moreover, in some occasions some 

siloxane derivatives such as hexamethylcyclotrisiloxane, 

octamethylcyclotetrasiloxane or decamethylcyclopentasiloxane were detected. 

These last compounds may derive from the degradation of the PDMS fiber or the 

column, both subjected to the action of the acid. 

 

 

 

 



 

. SPME-GC-MS optimized conditions to analyse acidified ILRs. 

 
 

 SPME 

Parameters Optimized conditions 

Fiber 100 m thickness PDMS 
Extraction temperature 40 ºC 

Extraction time 20 min 
Desorption time 5 min 

Injector port temperature 250 ºC 
 
 
 

GC-MS 

Column HP-5MS (12 m x 0.2 mm x 0.33 m) 
Carrier gas Helium at constant flow of 0.8 ml/min 
Inlet mode Split (25:1) 

Injector temperature 250 ºC 
Oven temperature From 35 ºC (hold time 1.4 min) to 250 ºC at 

10 ºC/min (hold time 9 min) 

Transfer line temperature 280 ºC 
MS-detector Scan 10-400 m/z 

Scan sampling rate 3.66 scan/s 
Threshold 150 

 

 

Once the extraction and separation method was selected, it was applied to 

the analysis of gasoline residues obtained from simulated fire debris. Gasoline was 

selected for two reasons: this IL, when is mixed with sulphuric acid, shows more 

significant modifications in its chemical composition than diesel fuel. Besides, 

gasoline has a significantly lower flash point than diesel fuel, which make easier to 

set fire to the simulated solutions using a lighter.  

First of all, a suitable matrix for burning ILs of the simulated solutions was 

chosen. PTFE was selected to create a substrate where ILs could be held even after 

exposure to elevated temperatures. In order to assure that there was not interfering 

signals from the matrix, an intact PTFE piece was analysed by SPME-GC-MS. No 

interfering background signals were detected. Then, a PTFE piece was exposed to 

the lighter flame, obtaining the same analytical result. In addition, sulphuric acid 

(0.5 mL) was added to a PTFE piece and its analysis was performed, leading only to 

the detection of small signals of siloxane derivatives. This result was a confirmation 
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that acid vapours have a deleterious effect on the PDMS fiber or the GC column. 

Finally, neat gasoline (1 mL) with a piece of PTFE was set on fire and let burn until 

self-extinction. The analysis of this sample ( ) revealed without surprise 

the profile of highly evaporated gasoline: although oxygenated compounds (i.e., 

MTBE) and light aromatic hydrocarbons (i.e., toluene, ethylbenzene, xylenes or C3-

alkylbenzenes) were still detected, they were significantly less abundant than 

polycyclic aromatic hydrocarbon (PAH) derivatives such as naphthalene, 

anthracene or phenanthrene derivatives, which are between 10 min and 19 min. 

PTFE substrate signals were not detected. 

Once the potential interfering contribution of the matrix was known, 

experiments were carried out to recover acidified gasoline by SPME-GC-MS and to 

study the composition of its residues. A simulated solution of gasoline mixed with 

sulphuric acid was prepared and, immediately set on fire as indicated in the 

experimental section. The PTFE residue was collected in a SPME glass vial and 

immediately analysed.  shows a TIC of acidified gasoline residues. As 

noticed with the experiment conducted only with gasoline (cf. ), the 

extensive combustion lead to a significant loss of the most volatile aromatic 

hydrocarbons (toluene, C2- and C3-alkylbenzenes) and a relative abundant 

presence of PAH derivatives. But in addition, new compounds were detected, 

arising from the reaction with sulphuric acid ( ). The presumed identity 

of these compounds (by confrontation with the NIST08 mass spectra database), 

their retention times and main ion fragments are summarized in .  

In addition to the overall modifications of the gasoline profile induced by 

the extensive combustion process and/or the SPME extraction, the local balance of 

selected aromatic hydrocarbons abundances was affected by the addition of 

sulphuric acid (see and ). Thus, both inter- and intra-group 

relative abundances of alkylbenzenes were altered. On the other hand, the new 

tert-butylated compounds such as 1-tert-butyl-4-ethylbenzene, tert-butyltoluenes 

or tert-butylxylenes may arise from the reaction of the original aromatic 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. ) Total ion current (TIC) chromatogram of fire debris from 1 mL of gasoline 98 RON burned on a 

PTFE piece; ) TIC of acidified gasoline residues from a simulated solution (1 mL gasoline and 0.5 mL sulphuric 

acid) set on fire immediately after mixing, and immediately analysed after combustion self-extinction. Identified 

compounds were : Toluene, : Ethylbenzene, : meta- / para-xylene, : ortho-Xylene, : Propylbenzene, : 1-

ethyl-2-methyl-benzene, : 1,2,3-trimethylbenzene, : 1-ethyl-4-methyl-benzene, : 1,2,4-trimethylbenzene, : 

1,3,4-trimethylbenzene, : 1,2,4,5-tetramethylbenzene, : 1,2,3,5-tetramethylbenzene, : meta-xylene-4-ethyl, 

: 2-tert-butyltoluene, : 4-tert-butyltoluene, : 4-tert-butyl-ortho-xylene, : 1-tert-butyl-4-ethylbenzene, : 4-

tert-butyltoluene, : 1-methyl-2-(1 ethylpropyl) benzene, : 4-tert-butyl-ortho-xylene. : 1, isopropyl-3-tert-

butylbenzene, : 5-tert-butyl-ortho-xylene, : 4-tert-butyl-ortho-xylene, : 2-tert-butyltoluene, : 5-tert-butyl-

1,2,3 trimethylbenzene. Extraction and analysis conditions as is indicated in Table 3.2.2. Abundance equivalent to 

x106. 
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. Compound numbers and letters (as is showed in Figures 3.2.1, 3.2.2, 

3.2.3 and 3.2.4), and IUPAC names of the identified compounds in neat and acidified 

gasoline, indicating their corresponding characteristic ions and retention time (RT) 

under the optimized conditions. 

Nº Compound RT (min) Characteristic ions (m/z) 
1 Toluene 2.17 91, 65, 51 
2 Ethylbenzene 3.55 106, 105, 91, 77 
3 para-/meta- xylenes 3.68 106, 105, 91, 77 
4 ortho- xylene 4.05 106, 105, 91, 77 
5 Propyl-benzene 5.05 120, 105, 91, 77 
6 1-ethyl-2-methylbenzene 5.20 120, 105, 91, 77 
7 1,2,3-trimethylbenzene 5.31 120, 105, 91, 77 
8 1-ethyl-4-methylbenzene 5.48 120, 105, 91, 77 
9 1,2,4-trimethylbenzene 6.16 120, 105, 91, 77 
10 1,3,4-trimethylbenzene 6.21 91, 119, 134 
11 1,2,4,5-tetramethylbenzene 7.63 134, 119 
12 1,2,3,5-tetramethylbenzene 7.70 134, 119 
a meta-xylene-4-ethyl 6.78 134, 119, 105, 91 
b 2-tert-butyl-toluene 7.20 133; 105; 148 
c 4-tert-butyl-toluene 7.27 133; 105; 148 
d 4-tert-butyl-ortho-xylene 8.57 147; 119; 162 
e 1-tert-butyl-4-ethylbenzene 8.63 147; 162 
f 4-tert-butyltoluene 8.77 133; 105; 148 
g 1-methyl-2-(1-ethylpropyl) benzene 8.86 105, 148, 133, 162 
h 4-tert-butyl-ortho-xylene 9.03 147; 119; 162 
i 1, isopropyl-3-tert-butylbenzene 9.44 161, 176 
j 5-tert-butyl-ortho-xylene 9.62 147; 119; 162 
k 4-tert-butyl-ortho-xylene 9.83 147; 119; 162 
l 2-tert-butyltoluene 9.93 133; 105; 148 

m 5-tert-butyl-1,2,3-trimethylbenzene 10.64 161, 176 
 

under sulphuric acid media in presence of tert-butyl carbocations. As it was verified 

in the previous paper [9], tert-butyl carbocations derive from the hydrolysed 

original MTBE under sulphuric acid catalysis. As expected, MTBE was not detected 

in acidified gasoline residues because of its hydrolysis and evaporation.  

An additional batch of simulated CIMCs solutions was prepared as 

previously stated and immediately set on fire. This time, the residues were not 

analysed directly after self-extinction but were stored in vials during some hours 

before analysis.  show TICs of these acidified gasoline residues 

analysed after storage of 24 h, 48 h and 72 h, respectively. This type of fire debris 



 

has sulphuric acid remains. Therefore, these experiments were designed to assess 

whether acidified gasoline residues could suffer from additional alterations by the 

presence of sulphuric acid during their storage. This is an essential practical issue 

to be studied in a real case because is more often than not impracticable to analyse 

the samples directly after collection. As can be seen in , the 

qualitative composition of the samples remains unchanged because the same 

alkylated products and the weathered gasoline were detected. However, 

differences in abundances were observed for some compounds, which may be 

attributed to the combined action of the acidification and combustion processes. 

As a consequence of these results, it seems that the exposure to the excess of 

sulphuric acid during 3 days of storage at room temperature did not lead to further 

modification of the acidified gasoline residues qualitative result.  

Concurrently, another batch of simulated CIMC solutions was made. In this 

case, the mixtures of sulphuric acid and gasoline were prepared and stored in 

closed vials during 72 h to evaluate how the previous exposure of gasoline to 

sulphuric acid could affect the chromatographic profile of their residues. 

 shows an example of the obtained result: the peaks observed in acidified 

gasoline residues from previous experiments were also noticed. Some differences 

in relative abundances of aromatic and alkylated compounds were observed, 

however all the alkylated compounds previously described were still detected in 

high abundance.  

Finally, other samples were prepared 24 or 48 h before being set on fire, 

and analysed after some hours of storage at room temperature. Thus, the 

combined effect of both timeouts was studied. This situation is more similar to real 

case issues, where the timeline of events (i.e., the elaboration of the device before 

being used or the analysis of the collected samples) could be at least of several 

hours.  present the chromatograms of these acidified gasoline 

residue samples. Compounds of highly weathered gasoline are still detected, as 

well as the alkylated compounds arising from the presence of sulphuric acid. 
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. TICs of acidified gasoline residues from simulated solution are shown. ) 

simulated solution burned immediately after mixing, and analysed after 24 h stored; ) 

simulated solution burned immediately after mixing, and analysed after 48 h stored; The 

identified compounds are labelled as in Figure 3.2.1. Extraction and analysis conditions as 

indicated in Table 3.2.2. Abundance equivalent to x106. (More chromatograms on the next 

page). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. (Continuation). TICs of acidified gasoline residues from simulated solution are 

shown; ) simulated solution burned immediately after mixing, and analysed after 72 h 

stored; ) simulated solution made 72 h before set on fire, and analysed immediately after 

fire was extinguished; The identified compounds are labelled as in Figure 3.2.1. Extraction 

and analysis conditions as indicated in Table 3.2.2. Abundance equivalent to x106. 
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. (Continuation). TICs of acidified gasoline residues from simulated solution are 

shown; ) simulated solution burned after 24 h after mixing, and analysed after 24 h of 

storage; ) simulated solution burned after 48 h after mixing, and analysed after 48 h of 

storage. The identified compounds are labelled as in Figure 3.2.1. Extraction and analysis 

conditions as indicated in Table 3.2.2. Abundance equivalent to x106. 



 

Qualitatively, the chromatographic profiles were very similar to these obtained 

previously ( ) but, in a semi-quantitative perspective, tert-butylated 

compounds are in higher amount than the majority of alkylbenzenes. The physical 

properties of these reaction products (i.e., their vapour pressure, boiling point or 

molecular weight [9]) may explain the less evaporation during the combustion 

process, influencing their persistence and their recovery [19]. All these finding 

supports the use of this compounds group as diagnostic indicators for the 

identification of acidified gasoline.   

 

The final and decisive part of this study concerned real CIMCs. After being 

prepared, CIMCs were thrown, their debris were collected and analysed by the 

SPME-GC-MS developed method, searching for acidified ILRs. A total of eighteen 

bottles made with three different ILs mixed with sulphuric acid were prepared at 

different times, as detailed in the experimental section and summarized in 

. These samples were studied to assess and refine the findings observed in the 

simulated solutions. In this perspective, it was crucial to implement the throwing of 

real CIMCs to study real fire debris where other modifications of the ILs and 

background interferences could appear. Thus, different exposure times to the 

sulphuric acid, studying how this parameter would affects to the ILRs composition, 

as well as the analytical chain for their recovery and detection were considered.  

 show the chromatograms of two different CIMCs 

elaborated with gasoline 98 RON. These devices were prepared 24 h before the 

launch session. Although both bottles were elaborated in the same way and at the 

same time, chromatograms displayed significant semi-quantitative differences, 

especially for the more volatile aromatic hydrocarbons and the PAHs. In fact, they 

showed chromatographic profiles corresponding to different weathering stages: 

while  pretty much fits a highly weathered acidified gasoline profile, 

 corresponds to a less weathered acidified gasoline. This effect may 

be interpreted by the non-controlled conditions of the combustion process that  
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. TICs of acidified gasoline residues recovered from CIMCs residues are showed. CIMCs 

were prepared with gasoline 98 RON and sulphuric acid at different timeouts: ) and ) two CIMCs 

prepared 24 h before the launch session; (more chromatograms on the next page). The identified 

compounds are labelled as in Figure 3.2.1. Black arrows indicate siloxane derivative compounds. 

SPME-GC-MS conditions as indicated in Table 3.2.2. Abundance equivalent to x106. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. (Continuation). TICs of acidified gasoline residues recovered from CIMCs residues are 

showed. CIMCs were prepared with gasoline 98 RON and sulphuric acid at different timeouts: ) CIMC 

prepared 4 h before the launch session; ) CIMC prepared in-situ, some seconds before launch it. The 

identified compounds are labelled as in Figure 3.2.1. Black arrows indicate siloxane derivative 

compounds. SPME-GC-MS conditions as indicated in Table 3.2.2. Abundance equivalent to x106. 
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arose during the launch session and the collection stage of the samples. In the first 

CIMC, despite the C2- and C3-alkylbenzenes are hardly detected, the tert-butylated 

compounds were clearly observed. This is also the case in the less weathered 

acidified gasoline profile, which confirms, the indicative value of this group of 

compounds to hypothesize the presence of acidified gasoline.  

presents a chromatogram of fire debris from a similar CIMC (mixture of sulphuric 

acid and gasoline 98 RON) prepared 4 h before being thrown. In this case, the 

signal (abundance) was lower than the previous ones, resulting from a smaller 

amount of ILRs on the debris recovered and collected. However, a similar trend of 

alteration was observed in the TIC chromatogram. The more volatile aromatic 

compounds from gasoline were detected in lower abundance, hindering the 

identification process of the IL, while tert-butylated compounds were detected in 

relative higher amount, reaffirming once again the importance of this diagnostic 

group of compounds. Besides,  shows the result of the fire debris 

analysis from a CIMC prepared in-situ with gasoline 98 RON, i.e., it was made a 

couple of minutes before being used. The general TIC chromatogram, indicative of 

a slightly weathered gasoline profile, is certainly induced by the occurring 

combustion process, but the shorter exposure time to the acid is possibly also 

contributing to the not extensive modification of the aromatic compounds. 

Interestingly, although the exposure time of gasoline to sulphuric acid was limited, 

it was enough to imply the production of a significant amount of tert-butylated 

compounds.  

The different experiments performed in the experimental stage involving 

the throwing of real CIMCs made with gasoline 98 RON confirmed the indicative 

value of tert-butylated compounds, which were clearly detected in the real fire 

debris. It also occurred in both non-burned [9] and burned simulated samples. 

Whereas the combined effect of combustion and acidification may hinder the 

characterization of gasoline in CIMC fire debris, the tert-butylated compounds 

group could be an excellent diagnostic indicator of the presence of acidified 

gasoline.  shows a comparative between the generally accepted 



 

identification criteria for gasoline residues and the main characteristics observed in 

acidified gasoline residues; the extent to which the presence of sulphuric acid can 

affect these groups of compounds is emphasized. 

. Comparison of generally accepted criteria to identify weathered 

gasoline [3] with acidified gasoline residues characteristics.  

Compound(s) Weathered gasoline ASTM E1618-14 
criterion [3] 

Acidified gasoline 
residues 

 

Toluene Can be present; 
pattern comparable to reference 

Degradation to almost 
disappearance 

 

C2-alkylbenzenes Can be present; 
pattern comparable to reference 

Possible pattern alteration  

C3-alkylbenzenes m,p,o-Ethyltoluene and 1,2,4-
trimethylbenzene might be present; 

pattern comparable to reference 

Pattern alteration  

Naphthalenes May be absent Quick degradation  
Indanes Usually present Quick degradation  

n, Iso-alkanes Present Present (no alteration)  
Cycloalkanes Not present in significant amount no alteration  

Ethanol May be present Quick degradation  
MTBE May be present Quick degradation  
ETBE May be present Quick degradation  

Tert-butylated 
compounds 

Not present Present in significant 
amount 

 

 

Additionally, some CIMCs were prepared with gasoline 95 RON and diesel 

fuel in order to compare and corroborate the obtained results (see ). As 

presumed, fire debris from the CIMCs made using gasoline 95 RON produced 

similar chromatogram modifications to the ones observed in CIMCs containing 

gasoline 98 RON.  shows an example of chromatogram obtained by 

the analysis of debris from a CIMC elaborated 24 h before the launch session. While 

the general pattern is indicative of the extensive combustion process, it is 

remarkable the presence of the tert-butylated compounds, being some of the most 

abundant peaks in the chromatogram. In the case of CIMCs prepared by mixing 

sulphuric acid with diesel fuel, the analysis of the fire debris did not reveal 

significant signs of chemical alteration because of the acidification, with the 

exception of the expected aromatic compounds modification [9].  

illustrates one of the obtained TIC chromatogram, with the typical diesel fuel profile 
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of n-alkanes following Gaussian-like distribution. As was previously exposed [9], n-

alkanes are not affected by sulphuric acid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. ) TIC of acidified gasoline 95 RON residues recovered from fire debris of a CIMC made 

24 h before the launch session; ) TIC of acidified diesel fuel residues recovered from fire debris of a 

CIMC made 24 h before the launch session. The identified compounds are labelled as in Figure 3.2.1. 

SPME-GC-MS conditions as indicated in Table 3.2.2. Abundance equivalent to x106.



 

 
In this work, the forensic applicability of a SPME-GC-MS methodology for 

the study of acidified ILRs in fire debris has been demonstrated. This method was 

assessed, first with simulated solutions made under controlled experimental 

conditions, and then analysing debris collected after the use of real CIMCs 

prepared with two types of gasoline and diesel fuel. 

The fire debris analyses from simulated solutions (elaborated with gasoline 

98 RON and sulphuric acid) showed considerable chromatographic alterations in 

comparison with neat and weathered gasoline samples. MTBE was not detected 

and total and relative abundances of aromatic compounds were modified. Besides, 

PAH and new alkylated compounds, specifically tert-butylated compounds, were 

detected. These modifications were produced by the combustion and acidification 

processes. In addition, no significant differences in the qualitative compositions of 

simulated fire debris were noticed studying several previous exposure times of 

gasoline to sulphuric acid or several post-burning storage conditions. 

The real fire debris analyses obtained from CIMCs elaborated with gasoline 

(98 and 95 RON) revealed that the general TIC profile was mainly affected by the 

extent of the combustion process, varying between a slightly to a highly weathered 

gasoline-type profile. In all cases, tert-butylated compounds were detected in 

significant amount, while some specific aromatic hydrocarbons showed 

abundances deeply altered in gasoline exposed to longer times to the acid. 

Regarding CIMCs prepared with diesel fuel, the results did not reveal significant 

alterations induced by the presence of sulphuric acid, as presumed on the basis of 

the fundamental findings of a previous study. 

The tert-butylated compounds definitely constitute an indicative group of 

compounds useful to infer the putative diagnostic of the acidified gasoline 

presence in forensics. For instance, it is useful for cases of non-burned or fire debris 

samples obtained from CIMCs made with gasoline containing MTBE. Furthermore, 

it is mandatory to study the acidification effect in other IL types, i.e., gasoline 

containing ethanol.
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In this work, the use of a portable Raman spectrometer is evaluated for the 

non-invasive analysis of two types of pre-ignited IIDs, the classic Molotov cocktails 

and the CIMCs. The most common ILs used to make classic Molotov cocktails 

(gasoline, diesel fuel, kerosene and ethanol) were measured in seven different clear 

and colored glass bottles to evaluate if the container features could hamper the 

Raman measurements. The results showed that the portable Raman spectrometer 

can be employed to detect ILs in glass bottles without disturbances. Chemical 

changes on the ILs are produced when they are mixed with acid; therefore, to 

evaluate the use of the portable Raman spectrometer for the analysis of CIMCs 

required an investigation of how time and movement influence the measurements. 

Thus, two different IL-sulfuric acid mixtures commonly used to make CIMCs 

(gasoline-sulfuric acid and diesel fuel-sulfuric acid) were measured over time under 

static and motion conditions. In spite of the intense fluorescence encountered in 

both CIMCs, it was possible to identify the acid and the gasoline for the first hours 

of the reaction both in the static and motion experiments. Concerning the diesel 

fuel present in the CIMC, it underwent instantaneous chemical changes under both 

measurement conditions, showing high fluorescence that impeded its 

identification. In view of the results achieved, the portable Raman spectrometer can 

be a useful instrument for the rapid, non-invasive and safe analysis of pre-ignited 

IIDs.  
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The IIDs are a group of homemade devices adapted to cause physical harm 

to persons, environment, or property by means of fire [1-4]. These devices are easy 

to make with readily available and cheap compounds. In most cases, IIDs consist of 

one or more ILs (i.e., gasoline, diesel fuel, ethanol or kerosene), a container and an 

ignition source. The most popular IID is the classic Molotov cocktail [5], which 

consist of a glass bottle filled with IL and a wick that is lighted just before being 

hurled. An advanced and more dangerous version of this device is the CIMC [6-8]. 

CIMCs are usually closed glass bottles containing gasoline or diesel fuel and 

concentrated sulfuric acid [5, 7]. Taped to the bottle, a chlorate salt is wrapped in 

a folded sheet of paper. When the bottle breaks after been thrown at a target, the 

contact between chlorate salt and sulfuric acid produces a strong exothermic 

reaction that ignites the IL.  

The IIDs samples submitted to the forensic laboratories can be pre-ignited 

samples (i.e., failed or seized devices) or post-ignited samples (i.e., fire debris or 

container fragments). Their analysis may provide useful information contributing 

to the forensic investigation. Nowadays, GC-MS is the technique commonly used 

to analyze these samples at the laboratory [9]. Recently, CE with a diode array 

detector was used to detect anions in post-ignited remains of CIMCs [6, 7]. The 

anions detected provide guidance about the initial composition of the CIMC 

ignition system. However, there is a lack of specific methods to confirm the 

presence of ILs and/or strong acids in pre-ignited IIDs, both in the laboratory and 

on the field, in order to manage the hazards and their associated safety measures. 

For example, the current methodologies to confirm the presence of sulfuric acid in 

CIMCs (i.e., litmus paper or a pH-meter) involve the bottle aperture/manipulation 

exposing the analyst to the acid and hazardous gases (i.e., the reaction between 

sulfuric acid and some ILs generates hydrogen sulfide) [7, 10]. Therefore, it would 

be very useful for laboratory technicians and for the first attendees of law 

enforcement agencies to have fast and non-invasive techniques that can be directly 

used to identify the above mentioned compounds through transparent containers.  



 

Raman spectroscopy complies with these requirements. Raman 

spectroscopy was employed to analyze several ILs used in IIDs [11-16]. Quality 

indicators as well as the physicochemical properties of gasoline [11, 12], diesel fuel 

[13] or kerosene [14] were determined using Raman spectroscopy either alone or 

in combination with ATR-FTIR or statistical techniques. Other proposed 

applications of the combined used of Raman spectroscopy with chemometrics are 

the identification of adulterated gasoline with kerosene [15], MTBE and benzene 

[11], or to measure the ethanol proportion in ethanol-gasoline mixtures [16]. 

However, the use of Raman spectroscopy to analyze pre-ignited IIDs was not 

evaluated to date. 

This article aims to evaluate the use of a portable Raman spectrometer for 

the non-invasive analysis of pre-ignited classic Molotov cocktails and CIMCs. Field 

portable Raman spectrometers are rugged, handheld, lightweight tools that allow 

users without extensive chemistry training to perform rapid raw material 

verification. In fact, these systems have been used to analyze samples of forensic 

interest such as gasoline, explosives or abuse drugs [11, 17, 18]. However, various 

factors may influence the results such as the focalization of the laser beam, the 

daylight and artificial light sources (i.e., neon light), and the color and thickness of 

the container [19]. In fact, the color of the glass represents a challenge due to the 

fluorescence originated from some surface materials [20]. Additionally, it should be 

considered that chemical modifications are produced over time in the gasoline and 

diesel fuel due the presence of sulfuric acid [8]. Therefore, in this work, compounds 

present in IIDs were measured in different glass bottles to assess if the container 

features hamper the Raman measurements. Additionally, two different types of 

CIMCs were analyzed over time under static and motion conditions to investigate 

how time and movement influence the measurements.   
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Gasoline 98 and 95 RON, and diesel fuel were acquired in a local petrol 

station (Alcalá de Henares, Madrid, Spain). Charcoal starter (trading name: 

barbecue liquid) made of kerosene 100 % (v/v) was obtained in a supermarket 

(Alcalá de Henares, Madrid, Spain).  Ethanol 96 % (v/v) was purchased from Panreac 

(Barcelona, Spain), sulfuric acid of analytical grade 95-98 % (m/v) was acquired from 

Labkem (Mataró, Barcelona, Spain), and potassium chlorate and sodium chlorate 

were purchased from Sigma-Aldrich (St. Quentin, Fallavier, France).  

Seven clear and colored glass bottles were used as containers for Molotov 

cocktails and CIMCs devices. The type, color and wall thicknesses of the bottles are 

summarizes in . The wall thickness of the bottle was measured with a 

hand-held caliper. 

 

. Types of bottles used. 

 

 

 

 

 

 

 

 

 

 

Bottle type Glass color Wall thicknesses (mm) 

Tonic water Clear 20 

Mineral water Clear 30 

Sparkling wine Dark blue 22 

Beer Brown 15 

Beer Dark brown 22 

Cough medicine Amber 28 

Beer Green 15 



 

Raman spectra were acquired using a portable CBEX Raman spectrometer 

(size 9.14 × 7.11 × 3.81 cm and 0.333 kg weight) from Bonsai Advanced 

Technologies (Alcobendas, Madrid, Spain) equipped with a 785 nm laser. The laser 

power was 100 mW (70 mW at sample) and the measurement range was 400-2300 

cm-1.  

The reference spectra of gasoline 98 and 95 RON, diesel fuel, kerosene, 

ethanol, chlorate salts, and sulfuric acid were collected in quartz cuvettes that were 

hold in close contact against the Raman spectrometer. Then, the ILs and the sulfuric 

acid were poured in the seven glass bottles and the Raman spectra were measured 

through the glass, placing the Raman spectrometer as close as possible to the wall 

bottle. Acquisition times between 0.6 and 3 s and 8 scans were selected. The 

measurements were taken under illumination (daylight and artificial light) and 

darkness conditions. 

A mixture of 400 mL gasoline 98 RON and 200 mL sulfuric acid and a mixture 

of 400 mL diesel fuel and 200 mL sulfuric acid were prepared in duplicate in clear 

glass bottles (mineral water bottles). Clear bottles were selected in order to easily 

visualize changes in the physical appearance of the mixture. A total of 5 

measurement points at different heights were set (see ). The first two 

points were set on the lower third of the bottle where the sulfuric acid was present. 

The first point of measurement was taken near the bottom of the bottle and the 

second one some centimeters above. The other three points of measurement were 

set on the two-thirds of the upper part of the bottle, where there was IL. The third 

point of measurement was set near the sulfuric acid, and the fourth and the fifth 

points of measurement some centimeters above, being the fifth point of 

measurement the nearest to the bottleneck. For the static experiments, two of the 
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bottles remained motionless until the end of the experiment. They were measured 

for approximately 10.5 days (each 5 min for the first 8 h and each 8 h for the next 

245 h). The second pair of bottles remained under constant motion using an orbital 

shaker GFL 3005 from GFL Gesellschaft für Labortechnik mbH (Burgwedel, 

Germany) at 200 rpm. All the bottles remained closed during the measurement 

period and exposed to daylight and artificial light. The measurements were 

performed each 5 min for the first 12 h, and after 24 and 48 h at the 5 previously 

mentioned measurement points. The times for the static and dynamic 

measurements were different because under the dynamic conditions chemical 

changes occurred faster. After every measurement, pictures of the bottles were 

taken.  

 

 

 

 

 

 

 

 

 

 

. Scheme of the five points (red arrows) set for the measurement of the 

CIMCs devices.   

 



 

Under the experimental conditions applied (785 nm laser, 70 mW), sample 

burning was not observed in any of the samples. Additionally, Harvey et al. analyzed 

several ILs (gasoline, toluene, hexane, acetone, isooctane, diethyl ether and diesel) 

with a Raman spectrometer equipped with a 785 nm laser (300 mW) concluding 

that the safety risks were low [21]. To minimize the risk of laser accidents, especially 

those involving eye injuries laser safety goggles are recommended to use. Chemical 

resistance gloves to avoid the skin contact to the acid should be used.  

 

 

Thirty-five classic Molotov cocktails were prepared in seven different glass 

bottles using gasoline 98 and 95 RON, diesel fuel, kerosene and ethanol. The tip of 

the Raman spectrometer was initially placed in close contact to the wall bottle. 

Then, it was moved back several millimeters to evaluate to which extent the 

distance between the wall bottle and the tip of the Raman spectrometer affected 

the quality of the spectra obtained. Only the measurements taken in close contact 

produced good spectra. The measurements performed under illumination (daylight 

and artificial light) and darkness conditions indicated that both conditions did not 

affect the spectra obtained.  compares the spectra obtained for neat 

gasoline 95 RON in several glass bottles (clear, blue, green and brown) and in a 

quartz cuvette. The Raman bands present in the 1800-600 cm-1 region of the 

gasoline spectrum are predominantly a mix of C-C skeletal vibrations and C-H 

deformations [12]. The bands at about 1609, 1380, 1207, 1031, 1004, 788 and 518 

cm-1 are attributed to the presence of aromatics such as toluene and xylenes [15]. 

The broad band at about 1450 cm-1 can be attributed to a combination of CH2 

scissoring and CH3 bending [12, 15]. The broad band at about 741 cm-1 is a 
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combination of several bands including, very possibly, the band at 724 cm-1 

assigned to C C symmetric stretching of the tert-butyl group of the MTBE, which 

is an oxygenate additive present in gasoline [15].  

 

 

 

 

 

 

 

 

 

 

. Raman spectra of gasoline 95 RON in four different glass bottles and 

in a quartz cuvette. ( ) Gasoline 95 RON in clear bottle, ( ) gasoline 95 RON in blue 

bottle, ( ) gasoline 95 RON in green bottle, ( ) gasoline 95 RON in brown bottle 

and ( ) gasoline 95 RON in a quartz cuvette. Raman conditions: laser at 785 nm, 

100 mW, 0.6 s × 8 acquisitions (clear and blue bottles) and 3 s × 8 acquisitions 

(green and brown bottles). Several bands are labeled for clarity.  

 

Although the glass contribute to the spectra with some fluorescence, especially in 

the case of the green bottle, this effect did not hinder the visualization of the above 

mentioned bands, allowing the identification of the gasoline. Also the thickness of 

the bottles (15-30 mm) did not represent a major stumbling.  shows 



 

the spectra of different ILs in some bottles, proving once again that the 

identification of the ILs can be performed even when they are in colored glass 

bottles. Ethanol shows bands at 1450 cm-1 (CH3 and CH2 bending vibrations), 1094 

cm-1 (CH3 rock vibrations), 1052 cm-1 (C-O stretching vibrations), 883 cm-1 (C-C 

stretching vibrations) and 535 cm-1 (bending vibrations of C-O-C) [22]. Gasoline 98 

RON, as was expected, shows bands in the same positions as gasoline 95 RON (cf. 

).  

 

 

 

 

 

 

 

 

 

 

. Raman spectra of ( ) ethanol in clear bottle, ( ) gasoline 98 RON in 

green bottle, ( ) diesel in blue bottle and ( ) kerosene in brown bottle. Raman 

conditions: laser at 785 nm, 100 mW, 2 s × 8 acquisitions (blue bottle), 1 s × 8 

acquisitions (clear bottle), and 3 s × 8 acquisitions (green and brown bottle). Several 

bands are labeled for clarity.   
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The most intense bands of diesel fuel are present at about 1610, 1450, 1300 and 

1004 cm-1. The band at 1610 cm-1 corresponds to the ring stretching of benzene 

derivatives, the band at 1450 cm-1 with C-H deformations of CH2 and CH3 groups, 

the band at 1300 cm-1 is related with twist and rock vibration of alkanes and the 

band at 1004 cm-1 arose from the symmetrical (trigonal) ring breathing mode of 

monocyclic aromatic components in the fuel [13]. Kerosene shows several bands in 

the 1500-450 cm-1 region, being the band at about 1450 cm-1 the most intense, 

which is attributed to the CH2 and/or CH3 deformation in n-alkanes [14]. 

 

The mixtures most commonly used to make CIMCs (IL-sulfuric acid) were 

prepared in clear glass bottles. Clear glass bottles were selected to visualize 

appearance changes of the mixtures. Two bottles contained gasoline with sulfuric 

acid while the other two contained diesel fuel with sulfuric acid. Both types of 

mixtures were measured over time under static and motion conditions in order to 

evaluate the effect of the time and the bottle movement on the measurements. 

Pictures were also taken over time to compare the CIMCs appearance with the 

analytical results. 

 depicts some images of the bottles with gasoline-sulfuric acid 

and diesel fuel-sulfuric acid mixtures under static conditions. The bottle with the 

gasoline-sulfuric acid mixture showed visual changes in the mixture even at an early 

stage. As expected, the organic and the inorganic phases formed a two-phase 

solution. Approximately 15 min after the start of the reaction, a black layer was 

observed at the top of the inorganic phase. The black layer grew over time and 

showed great fluorescence hindering the Raman identification of the sulfuric acid. 

Thus, only the spectra collected at the bottom of the bottle (first point of 

measurement) offered good spectra. depicts several spectra 

corresponding to the spectrum of the sulfuric acid (spectra taken over time on the  



 

 

 

 

 

 

 

 

 

 

. Pictures over time of ILs-sulfuric acid mixtures under static conditions 

(gasoline-acid mixture at top and diesel fuel-acid mixture at bottom). The bottles 

at t = 0 min only contains gasoline (top) and diesel (bottom). 

 

first point of measurement). Sulfuric acid shows bands at 1363, 1156 and 561 cm-1 

which are respectively attributed to asymmetric and symmetric stretching, and 

bend bending mode of the SO2 group. The band at 912 cm-1 is attributed to 

symmetric stretching of the S[OH(D)] group and the band at 1044 cm-1 is attributed 

to the HSO4
- ion [23]. After 250 h (~10.5 days), only the spectra collected closer to 

the bottom of the bottle showed weak bands at 1044 and 912 cm-1 due to 

increasing presence of the black layer. The presence of these bands could be a red 

flag in CIMCs screening, indicating the presence of sulfuric acid.  also 

depicts how the organic phase (top phase) of the gasoline-sulfuric acid mixture 

becomes turbid and darker over time. 
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. Raman spectra over time of a gasoline-sulfuric acid mixture measured 

under static conditions. ( ) Sulfuric acid and ( ) gasoline. Raman conditions: laser 

at 785 nm, 100 mW, 1 s × 8 acquisitions. Several bands are labeled for clarity.  

 

Additionally, blackish-brown droplets gathered on the internal walls of the glass 

bottle were present at top phase from the start, probably derived from insoluble 

subproducts. These droplets can be clearly observed in the picture taken after 5 h 

30 min. When the laser beam was focused on these droplets, fluorescence was 

observed.  summarizes the gasoline spectral changes observed. The 

spectra collected in the upper part of the organic phase clearly show the gasoline 

spectrum during the first 10 min. However, due to the increasing fluorescence, after 

40 min only the bands at 1450, 1004 and 741 cm-1 were clearly observed. After 

approximately 2 h, these bands were not visualized anymore due to fluorescence.  

Concerning the bottle with the diesel fuel-sulfuric acid mixture under static 

measurement conditions, the organic phase became black at the same moment at 



 

the diesel fuel was poured to the bottle ( ). This black layer showed high 

fluorescence impeding the identification of the diesel fuel from the beginning. On 

the other hand, as in the case of the gasoline-sulfuric acid mixture, a black layer 

that grew over time was observed at the top of the inorganic phase. Only the 

sulfuric acid present at the bottom of the bottle remained transparent. 

Measurements taken from this clear layer showed the spectrum of the sulfuric acid, 

even after 29 h. The spectra collected afterwards did not allow the identification of 

sulfuric acid due to the presence of the above mentioned black layer. 

 depicts some images of the bottles with gasoline-sulfuric acid 

and diesel fuel-sulfuric acid mixtures under motion conditions. As in the above 

mentioned case (gasoline-sulfuric acid mixture), visual changes can also be 

observed in the mixture from the start.  

 

 

 

 

 

 

 

 

 

. Pictures over time of ILs-sulfuric acid mixtures under motion 

(gasoline-acid mixture at top and diesel fuel-acid mixture at bottom). The bottles 

at t = 0 min only contains gasoline (top) and diesel (bottom). 
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However, it is possible to observe several differences between both experiments. 

First, the constant motion of the bottle results in a turbid inorganic phase and a 

shorter detection time for the sulfuric acid. 

 In fact, the characteristic sulfuric acid bands (1156, 1044, 912 and 561 cm-1) were 

detected for the first 5 h after the start of the reaction (see ). Secondly, 

the organic phase became turbid from the beginning and the blackish-brown 

droplets above mentioned were not observed. The spectra collected at the organic 

phase showed the most intense bands of the gasoline spectrum (1450, 1004 and 

741 cm-1) and other smaller bands ( ) even after 10 h. Then, spectra 

overwhelmed by fluorescence were obtained. The continuous motion of the 

mixture could lead to the incorporation of the droplets into the aqueous phase 

resulting in a longer detection time for the gasoline.  

 

 

  

 

 

 

 

 

. Raman spectra over time of a gasoline-sulfuric acid mixture under 

motion conditions. ( ) Sulfuric acid and ( ) gasoline.  Raman conditions: laser at 

785 nm, 100 mW, 1 s × 8 acquisitions. Several bands are labeled for clarity.  



 

In the case of the bottle with the diesel fuel-sulfuric acid mixture under motion, as 

was expected, the organic phase also became black at the same moment both 

liquids contacted (see ). The main difference between the diesel fuel-

sulfuric acid mixture under motion with regard to the same mixture under static 

conditions was the fact that in the motion experiment both inorganic and organic 

phases became totally black. Thus, spectra overwhelmed by fluorescence were 

obtained in both phases. After approximately 19 h, the organic phase became 

transparent. However, the compounds present could not being identified due to 

high fluorescence.  

Finally, it is important to considerer that, apart from the IL and the sulfuric acid, the 

presence of chlorate salts is necessary to ignite the CIMCs. Therefore, in real cases 

it will be necessary to identify these compounds. As an example,  

shows the Raman spectra of the two chlorate salts most used for the preparation 

of CIMCs, potassium chlorate and sodium chlorate. Potassium chlorate shows 

bands at 978, 936, 615 and 490 cm-1 while sodium chlorate was clearly determined 

by the bands 1028, 987, 938, 624 and 487 cm-1. 

 

 

 

 

 

 

 

. Potassium and sodium chlorate Raman spectra. Raman conditions: 

laser at 785 nm, 100 mW, 3 s × 8 acquisitions. Several bands are labeled for clarity. 
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The use of a portable Raman spectrometer (785 nm laser wavelength) for a 

fast and non-invasive analysis of pre-ignited IIDs was evaluated. The measurements 

taken on ILs in different glass bottles showed that the bottle color or the wall 

thickness (~15-30 mm) did not impede the identification of the content. Therefore, 

the portable Raman spectrometer used can be employed to detect ILs commonly 

used to make classical Molotov cocktails (gasoline, diesel fuel, ethanol and 

kerosene).  

The mixtures of IL-sulfuric acid under static and motion conditions showed 

several chemical modifications over time. These modifications lead to the 

production of compounds that show intense fluorescence impeding the 

identification of the content at certain time. Despite this shortcoming, in the 

gasoline-sulfuric acid mixtures, it is possible to identify the acid and the gasoline 

whether the analysis are carried out for the first hours of the reaction and the 

devices are not exposed to intensive motion. Regarding to the diesel-sulfuric acid 

mixtures, the sulfuric acid only remained clear under static conditions allowing its 

identification for the first hours. However, when the diesel fuel was poured in the 

bottle it became immediately black not allowing its identification even at the 

beginning.  

These findings indicate that portable Raman spectrometers are useful 

instruments to carry out safe and fast analysis of suspected pre-ignited IIDs both 

in the laboratory and in the field. The information obtained with these tools could 

also assist in the decision-making process that first attendees of law enforcement 

agencies deploy on operational level (intelligence serving security and policing 

issues). However, in CIMCs the fluorescence is a limiting factor that should be taken 

into account. Finally, further investigation would be necessary to perform by 

analyzing other ILs-sulfuric acid mixtures and proportions and its use should be 

evaluated for the analysis of post-ignited samples.
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In this work, the spectral characteristics of two types of acidified gasoline 

and acidified diesel fuel are discussed. Neat and acidified ILs IR absorption spectra 

obtained by ATR-FTIR spectroscopy were compared in order to identify the 

modifications produced by the reaction of the ILs with sulphuric acid. Several bands 

crucial for gasoline identification were modified, and new bands appeared over the 

reaction time. In the case of acidified diesel fuel, no significant modifications were 

observed. Additionally, the neat and acidified ILs spectra were used to perform a 

PCA in order to confirm objectively the results. The complete discrimination among 

samples was successfully achieved, including the complete differentiation among 

gasoline types. Taking into account the results obtained in this work, it is possible 

to propose spectral fingerprints for the identification of non-burned acidified ILs in 

forensic investigations related with arson or the use of IIDs.  
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ILs such as gasoline or diesel fuel can be used to commit arson, vandalism 

acts or other criminal actions. Their detection and accurate identification can be of 

paramount importance in casework to provide intelligence to the investigation. 

Therefore the characteristics of neat or non-burned ILs and ILRs from fire debris 

have been deeply studied to date [1-4]. In order to ensure the highest accuracy in 

the results, the ASTM collects accurate information and lists standardized analytical 

methodologies [5], and the National Center for Forensic Science (NCFS) offers the 

ILRC database [6]. Both institutions help to forensic experts from all over the world. 

In addition, there are a wide knowledge about the distortion effects of their 

chemical fingerprints, which can hinder the interpretation of the analytical results 

[3]. The microbial activity over samples, the presence of background pyrolysis 

products or the weathering effect of the ILs are the most usual distortion effects 

[7-11]. 

In a recent study carried out by our research group was described what 

might be considered a novel distortion effect of IL chemical fingerprints: the 

acidification of ILs [12, 13]. The investigation showed how the action of a 

concentrated strong acid affects the ILs original chemical composition and their 

identification following the traditional identification criteria [5]. Mixtures of 

sulphuric acid and ILs are used to make dangerous IIDs such as the CIMC [14, 15]. 

According to our results investigating ILs obtained from a Swiss gas station, when 

sulphuric acid was mixed with gasoline, some of its main distinctiveness 

compounds were altered. The abundances and relative abundances of the 

oxygenated and aromatic compounds changed over time, or even these 

compounds disappeared. In addition, new compounds were produced. In the case 

of sulphuric acid mixed with diesel fuel, the relative abundances of aromatic 

compounds were also altered. All these changes modified their distinctive 

chromatographic fingerprints, hindering the identification of ILs or ILRs using 

traditional identification criteria. In order to achieve the complete identification, 



 

some recommendations using chromatographic results for acidified gasoline and 

diesel fuel and their residues were proposed [12, 13].  

The most commonly used analytical technique in forensic laboratories to 

analyse neat ILs or fire debris samples is GC-MS [2, 3, 5]. In addition, during the last 

years has increased the interest applying spectroscopic techniques such as Raman 

spectroscopy or FTIR to carry out the analysis of these samples. The portability of 

some of these instruments, no sample treatment, very fast scan time or no sample 

destruction are some of their interesting advantages. Up to date, some works have 

been focused on the analysis of household materials (before and after burning 

using ILs or other ignition sources) by Raman spectroscopy and FTIR with ATR 

sampling accessory [16-18]. In addition, the non-invasive analysis of pre-ignited 

IIDs (classic Molotov cocktails and CIMCs) by portable-Raman was recently 

reported by our research group [19]. In the case of analysing classic Molotov 

cocktails, the complete identification of several neat ILs in glass bottles of different 

characteristics was achieved, and it was also possible to identify gasoline and 

sulphuric acid in CIMCs. However, in the CIMC case the derived compounds of the 

reactions between gasoline compounds and sulphuric acid showed intense 

fluorescence impeding their identification at certain time by Raman. As an 

alternative, FTIR spectroscopy could be applied to analyse these mixtures. It is well 

known that FTIR has been applied to identify neat gasoline or diesel fuel [20]. 

Nevertheless, some of the identifiable bands in the ILs IR absorption spectra are 

related to the presence of alkanes, aromatic (i.e., alkylbenzenes) or oxygenated 

compounds [20], some of which are strongly affected when neat ILs are mixed with 

sulphuric acid, as was above explained. Therefore, it is necessary to assess the 

usefulness of this spectroscopic technique to analyse acidified ILs.  

Medium region or mid-IR (4000 to 400 cm-1) is the most commonly scanned 

range, which encompasses absorption by the majority of common organic 

functional groups in ILs. ATR-FTIR has been applied to the characterization of 

gasoline or diesel fuel coupled to chemometric analysis, which can determine 

critical parameters for detecting and classifying ILs in quality control [20-24]. PCA 
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was applied to detect similarities among gasoline samples [21], in addition to 

supervised pattern recognition methods such as LDA, PLS-DA and SVM were used 

to classify these samples containing additives or not [21]. Besides, a predictive 

procedure was developed by QDA, which was applied for detection of 

passed/failed gasoline samples [22], and PLS was applied in another work to 

discriminate between different adulterated gasoline samples [23]. PLS was also 

applied as complementary tool to determine the main properties of diesel fuel [24].  

The aim of this work was to study the spectral characteristics of acidified 

gasoline and diesel fuel by ATR-FTIR. To that, IR absorption spectra of neat and 

acidified ILs (gasoline 98 and 95 RON, and diesel fuel obtained from a Spanish gas 

station) have been investigated to test how the concentrated sulphuric acid affects 

to the ILs spectra over the reaction time. Finally, a PCA classification has been 

explored with the neat and acidified spectra in order to achieve an objective 

interpretation of the results. 

 

 

Gasoline 98 and 95 RON, and diesel fuel were acquired in a local petrol 

station (Alcalá de Henares, Madrid, Spain). All neat ILs were stored in closed 

containers at room temperature. Sulphuric acid (95-98 %, m/v) was purchased from 

Labkem (Mataró, Barcelona, Spain). Glass vials with screw caps were purchased 

from Labbox (Mataró, Barcelona, Spain). A compact portable ALPHA FTIR 

spectrometer with ATR sampling accessory from Bruker Optics Inc. (Billerica, MA, 

USA) was used to analyse the samples.   

Sulphuric acid and individual neat gasoline 98 RON, gasoline 95 RON or 

diesel fuel were poured into 10 mL glass vials with screw caps. The acid/IL ratio was 

1/3 and 2/3 (v/v), respectively. These vials were stored at room temperature, closed 



 

and keep still during the experiments. Aliquots from the organic part were 

extracted and poured directly on the cleaned diamond crystal surface of the ATR 

sampling accessory. The instrument was cleaned between samples with a clean 

paper tissue and then with ethanol or isopropyl soaked tissues. Analyses of each 

mixture were carried out every 24 h during 8 days (192 h). A total of 3 independent 

repetitions of each experiment were prepared. From each repetition three 

individual aliquots were analysed each time. Additionally, in order to study the 

quick chemical changes at the initial part of the reaction gasoline-sulphuric acid, a 

new batch of mixtures was prepared and analysed every 15 min during 8 h. 

IR absorption spectra were recorded from 4000 to 400 cm-1 with a 

resolution of 4 cm-1, and the signal averaged over 24 scans. Spectra at higher 

number of scans were not recorded due to the quick evaporation of the gasoline. 

Data were imported from Opus software (Bruker Optics Inc., Billerica, MA, USA) into 

The Unscrambler X 10.2 software (CAMO, Norway) for pre-processing and 

statistical analysis.   

From each IL, a triplicate set of calibration spectra (each one containing 

three independent spectra), was considered to calculate a mean spectra set for all 

calibration samples ranging from time 0 to 192 h. This was done in order to get the 

spectral fingerprint of each IL, simplifying the plotting and its interpretation. Neat 

and acidified ILs spectra were pre-treated to allow their correct comparison. The 

spectral region selected for data treatment was 1300-400 cm-1 in order to focus on 

the spectral fingerprint region. Besides, baseline and offset corrections of the 

spectra were performed as automatic options given in the used software. The 

baseline offset subtracted the value of the lowest point in the spectrum from all 

the variables, thus the minimum value was set as 0 and the rest were positive values. 

The linear baseline correction transformed a sloped baseline into a horizontal 

baseline. By this way, two variables defining the new baseline were pointed out and 
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set as 0, and the rest of the variables were transformed according to this with linear 

interpolation/extrapolation. In addition, SNV normalization, and a 9-points-

window Savitzky-Golay smoothing were applied. These pre-processing methods 

and conditions were selected among others because they provided good spectra 

leading to the best models fitting and interpretability.  

In the Unscrambler data matrix, the sample classes (rows groups) were the 

neat and acidified samples (IR spectra). They were grouped by their specific 

categorical variable: IL type named with their specific name and the time of mixing 

with sulphuric acid (i.e., neat gasoline 98 RON “gas98_000”, gasoline 98 RON after 

48 h of mixing with sulphuric acid “gas98_048”, gasoline 95 RON after 192 h of 

mixing with sulphuric acid “gas95_192” or diesel fuel after 24 h of mixing with 

sulphuric acid “diesel_024”). The variables (columns) were every data point 

(wavenumbers) of the spectral region selected, and they were named with their 

specific wavenumbers (cm-1). PCA models were generated for each sample class, 

including PCAs with and without the neat spectra. The data were auto-scaled, and 

cross validation and NIPALS were selected for the PCA analysis. Cross validation 

was considered to preliminary test the model performance instead of using an 

independent test based on a separate test set. In PCA, the data were organized in 

3D scores plots using the three first PCs according to the spectral similarities and 

differences among samples. From the PCs used, a value of explained variance is 

given. It quantifies the variation in the data and expresses the proportion of 

structure found in the data by the model.   

 

 

In order to identify the possible spectral changes in the IR spectra of neat 

gasoline and diesel fuel when they are mixed with sulphuric acid, neat ILs and 

acidified ILs were measured and their spectra were compared. shows 

the IR absorption spectra of the three neat ILs studied: gasoline 98 RON, gasoline 



 

95 RON and diesel fuel. Taking into account the bands assignment reported in the 

literature, both gasoline ( ) display bands corresponding to C-H 

stretching of alkanes, alkenes and aromatic rings at around 3100-2800 cm-1. 

Specifically, the intensity of the bands between 3100-3000 cm-1 is very low in 

gasoline spectra, which indicates the low concentration of alkenes. Besides, 

gasoline shows bands corresponding to stretching mode of aromatic rings at 

around 1600-1475 cm-1, C-H bend of alkanes at around 1500-1300 cm-1, and C-H 

out-of-plane bend of alkanes and aromatic rings at 1000-400 cm-1 [21, 25-29]. C-H 

out-of-plane bends of aromatic rings represent important compounds in gasoline 

such as the aromatic mono- or di-substituted toluene and xylenes [25]. It is also 

interesting to mention the unequal-intensity doublet of bands might be related to 

tert-butyl groups (at ca. 1395-1360 cm-1) [28]. A usual compound in European 

gasoline is the MTBE, which contains a tert-butyl group. Besides, the ether band of 

the MTBE and ethanol is seen in the range 1200-1075 cm-1 [23]. Differently, neat 

diesel fuel FTIR spectrum ( ) shows bands of higher intensity in the 

region 3000-2800 cm-1 than in the gasoline samples. These bands, corresponding 

to C-H stretching of alkanes, present higher intensity because these compounds 

are more abundant in diesel fuel than in gasoline [3]. The bands in the range 1600-

1475 cm-1 may corresponds with stretching mode of aromatic rings, although the 

proportion of aromatic compounds is considerably lower in diesel fuel [3] and the 

C-H bend bands of alkanes at around 1500-1300 cm-1 can be also seen. However, 

differences are observed around 1400-1300 and 1200-1075 cm-1 when compared 

to neat gasoline due to diesel fuel does not have oxygenated compounds such as 

MTBE [30], and around 1000-400 cm-1 due to the lower proportion of aromatic 

compounds.  

 shows the IR spectra of the three ILs before and after mixing 

with sulphuric acid. As can be seen in , the acidified gasoline 98 RON 

spectrum (measured after 24 h mixing with sulphuric acid) showed relevant 

differences with regard to the neat gasoline 98 RON spectrum. 
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. ) Neat gasoline 98 RON, ) Neat gasoline 95 RON, and ) Neat diesel 

fuel spectra of the mid-IR region (4000 to 400 cm-1). Chemical compound groups, 

their corresponding vibrations and number of bands are labelled on the figure.  

 

Specifically, the region at 1200-900 cm-1 is modified extensively (inside the grey 

square in ). The ether band of MTBE at 1200 and 1117 cm-1, and 

ethanol at 1075 cm-1 end up almost disappearing. The acid attacks to MTBE 

producing methanol and TBA. Then, TBA turn yields to isobutene due to the 

sulphuric acid action, and isobutene derives in tert-butyl carbocations [12]. Bands 

related to TBA were not detected in the acidified gasoline FTIR spectrum, except 

for the doublet of bands related to tert-butyl groups which remain in the acidified 

spectrum (at ca. 1370 cm-1). By other way, methanol probably also reacts with 

sulphuric acid producing methyl hydrogen sulphate and/or dimethyl sulphate [31]. 
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Interestingly, after some time of mixing, new bands seem to appear at around 1019, 

815, 564 and 546 cm-1, and also some changes can be observed in the region of 

500-400 cm-1 (  and ). Some of those bands might be 

attributed to methanol by-products. The shoulder (at 822 cm-1) of the wide band 

at ca. 815 cm-1 may be related to asymmetric S-O stretch [32]. Bands at 546 and 

564 cm-1 may be related to SO2 bending [28], and new bands at ca. 500-438 cm-1 

and 430-400 cm-1 may correspond to SO2 wagging, and SO2 rocking and twisting 

modes [28]. In addition to those modifications, it is possible that ethanol also reacts 

with sulphuric acid to produce ethyl hydrogen sulphate and diethyl sulphate.  

 

 

 

 

 

 

 

 

 

 

 

. Neat ILs (in black) vs. acidified ILs (in red); ) Gasoline 98 RON; ) 

Gasoline 95 RON, and ) Diesel fuel. Acidified ILs were measured 24 h after mixing 

with sulphuric acid. The grey square indicates the modified region related to the 

oxygenated compounds. Numbers in green are the new identified bands in 

acidified gasoline. 
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. Infrared bands assignment for acidified gasoline 98 RON and gasoline 

95 RON, showing the functional groups, type of vibration, new bands appearing, 

and which type of change occurs in the common bands of neat gasoline after 24 h 

mixing with sulphuric acid. *= no data.  

Wavenumber 
(cm-1) 

Assignment Functional group 
or possible 
compound 

Changes after 24 h 
mixing with sulphuric 

acid 

Reference 

3100-2800 C–H stretching of 
alkanes, alkenes and 

aromatic rings 

–CH3; –CH2–; 
=C–H (aromatic) 

No or scarce 
modification 

25-29 

1600-1475 aromatic rings stretching 
mode 

Ring –C=C– No or scarce 
modification 

25, 26, 29 

1500-1300 C–H bend –CH3 (alkane); C–
CH3 

No modification 25-27 

1395-1360  C-H3 symmetric bend tert-butyl group No modification 28 
1200 C–O(H) stretching MTBE Abundance decreasing 25 
1117 C–O(H) stretching MTBE Abundance decreasing 25 
1075 C–OH stretching Ethanol Abundance decreasing 25 
1019 * * New band * 

1000-400 C–H out of plane bend of 
alkanes and aromatic 

rings 

Aromatic =C–H Several modifications 21, 25, 26 

956 * * Abundance decreasing * 

822 asymmetric S–O stretch Dimethyl 
sulphate or 

methyl hydrogen 
sulphate 

New band 28 

815 =C–H out-of-plane bend 
of aromatic rings 

Aromatic =C–H 
 

New band 26 

795 p-di- C–H out-of-plane 
bend of aromatic rings 

para-xylene Abundance decreasing 25 

768 m-di C–H out-of-plan 
bend of aromatic rings 

meta-xylene Abundance decreasing 25 

741 o-di C–H out-of-plane of 
aromatic rings 

ortho-xylene Abundance decreasing 25 

728 Mono- C–H out-of-plane 
of aromatic rings 

Toluene Abundance decreasing 25 

695 Mono- C–H out-of-plane 
of aromatic rings 

Toluene Abundance decreasing 25 

564 –SO2– bending Dimethyl 
sulphate or 

methyl hydrogen 
sulphate 

New band 28 

546 –SO2– bending Dimethyl 
sulphate or 

methyl hydrogen 
sulphate  

New band 28 

461 C–C–C in plane bending Toluene Abundance decreasing 23 



 

These compounds might be also related to the new bands above described. Several 

other spectral modifications are observed between 1000-400 cm-1, which represent 

common neat gasoline aromatic compounds such as the mono-substituted 

toluene (bands around 728, 695 and 461 cm-1), or di-substituted xylenes (bands 

around 795, 768, 741 and 676 cm-1). Similarly, the band at 956 cm-1 also 

disappeared.  summarises the gasoline IR bands modified after mixing 

gasoline with sulphuric acid. As tert-butyl carbocations are attached to the 

aromatic compounds due to the action of sulphuric acid, new compounds are 

produced (i.e., 4-tert-butyltoluene) [12]. Because these reactions do not involve the 

destruction of the original aromatic compounds, the chemical structures and bonds 

should remain still.  shows the bands at 1600-1475 cm-1, representing 

stretching more of aromatic rings, which were scarcely modified. However, bands 

at 845-500 cm-1, representing C-H out-of-plane bends of aromatic rings, are 

strongly modified. It is important to stress that the new heavier compounds 

generated have a big tert-butyl group attached to the aromatic ring. This new 

configuration could influence the electron clouds and the characteristics of those 

bonds. One possible explanation could be as follows: In toluene, for instance, the 

bond between the aromatic ring and the methyl group becomes stronger due to 

the presence of the tert-butyl group in either para- or meta- position, forming 4-

tert-butyltoluene or 3-tert-butyltoluene. This could explain the change of the 

original bands in the neat gasoline IR spectrum and the appearance of new bands 

(i.e., 815 cm-1) shifted to the left of the acidified gasoline IR spectrum. Another 

explanation for this behaviour could be the increase of di-substituted aromatic 

rings in para- position, which is represented around 840-810 cm-1 [26, 27]. By this 

way, the mono-substituted compounds (represented between 795-695 cm-1) 

would decrease over time after mixing with sulphuric acid, while the di-substituted 

ones would increase over time leading to the appearance of the new peak at 

around 815 cm-1. Besides, as it was expected, peaks related to alkanes (3100-2800 

cm-1 and 1500-1300 cm-1) remained in the spectrum because they are not modified 

by sulphuric acid [12]. These results agree with our previous findings, where 

gasoline from a Swiss gas station was studied [12]. Similarly, after 24 h of mixing 
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gasoline 95 RON with sulphuric acid, similar changes were observed in the obtained 

spectrum ( ). This is because the composition of gasoline 95 RON is 

substantially equal to the composition of gasoline 98 RON, with the exception of 

the amount of oxygenated compounds [3]. The bands in  were 

intentionally non-labelled in order to better compare the spectra. Both gasoline 

mixtures were analysed every 24 h until completing 8 days. However, not major 

differences were visually observed along the 8 days when comparing the IR spectra. 

Due to most spectral changes were observed within the 24 h of mixing, new 

mixtures of gasoline 98 RON with sulphuric acid were prepared in order to study 

in detail the quick chemical changes at the beginning of the reaction. In this case, 

they were analysed every 15 min during the first 8 h.  shows the 

spectral changes in the region 1500-400 cm-1 in acidified gasoline. For clarity 

reasons, not every 15 min spectrum is drawn, only those showing particular 

tendencies (15, 90, 210, 330 and 450 min). The bands related to the ether band of 

the oxygenated compounds (at around 1200, 1117 and 1075 cm-1) were modified 

at the very beginning of the reaction, i.e., just after 15 min. Although small peaks 

remain after the first 15 min, they almost disappeared after 240 min (4 h) (spectrum 

not shown). Another band that disappeared instantly was the situated at 956 cm-1. 

Contrarily, a new peak at 1005 cm-1 appeared after 30 min (spectrum not shown), 

remaining in place for more than 90 min, and finally disappearing shortly after, 

while the small peak at 1019 cm-1 appeared after 180 min (3 h).  also 

clearly shows how the bands at around 846-676 cm-1 are gradually modified over 

time during the first 480 min (8 h) of the reaction. However, the most interesting 

event in this region after the initial 60 min, is the continuous growth of the new 

peak at around 815 cm-1. Another small band appeared after 15 min (at around 822 

cm-1) close to the new peak at 815 cm-1. After several minutes, this small peak 

appeared as a shoulder of the wide band at 815 cm-1. And finally, the modification 

of the bands at around 564-436 and 430-400 cm-1, specifically the appearance of 

the bands at 564 and 546 cm-1 after some minutes and the modification of the 

band at 461 cm-1. 



 

In the case of the acidified diesel fuel, not major changes were observed in their IR 

spectra after 24 h of acid exposition ( ). Alkanes are the most abundant 

group of compounds in diesel fuel, which are not modified by sulphuric acid as was 

indicated previously. Although neat diesel fuel contains small proportion of 

aromatic compounds that can be detected by GC-MS, they were not detected 

clearly by ATR-FTIR spectroscopy. In this case, the reaction between aromatic 

compounds and sulphuric acid to produce polar aromatic sulfonates may be 

favoured due to the absence of tert-butyl carbocations. However, there was not 

sing of their presence. These compounds are insoluble in non-polar solvents, hence 

their identification analysing the organic phase of these mixtures by ATR-FTIR 

spectroscopy might be not possible. The organic fractions of these mixtures were 

analysed every 24 h until completing 8 days. Their spectra were visually compared 

with each other, not observing major differences. These results also agreed with 

those previously found by GC-MS analysing diesel fuel from a Swiss gas station 

[12]. 

Although visual inspection of the IR spectra could be in most of the cases 

enough to discriminate acidified from neat gasoline, or neat gasoline from neat 

diesel fuel, it depends on the analyst experience and his/her interpretation 

capability. Therefore, an efficient and rather simple chemometric methodology, 

based on a PCA classification, is proposed to assure an objective sample 

discrimination.  

This chemometric tool helped to graphically reveal more differences 

between the ILs, and the consequences of the exposition to sulphuric acid. First, a 

Scores plot using the neat and acidified IL IR spectra was plotted (not shown) in 

order to point out the main disparities among the studied samples (calibrated 

samples ranging from 0 to 192 h). The PC-1, PC-2 and PC-3 showed a variability 

with a 94 % confidence level among all samples. All acidified ILs samples were 

clustered in two groups by type of IL: gasoline and diesel fuel. Besides, neat ILs 

appeared completely separated from the acidified ILs and also among them.  
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. IR spectra of neat gasoline, and acidified gasoline 98 RON measured 

over time. Bands of neat gasoline and new bands of acidified gasoline are labelled 

in grey and green, respectively. 



 

The Loadings plot (not shown) indicated the IR bands which most strongly 

influence the PCs. The difference between the two acidified gasoline and the other 

samples is mainly related to the new wide band in the acidified gasoline spectra at 

around 815 cm-1, which did not appear in the neat ILs or acidified diesel fuel 

samples. Both neat gasoline appeared separated from the acidified gasoline 

samples because of the presence of bands at around 1200-1075 cm-1, which were 

modified by the treatment with sulphuric acid, confirming the results observed at 

the naked eye. Diesel fuel samples were clustered apart due to the influence of the 

band at around 721 cm-1 and small differences in the bands at around 800 cm-1. 

In order to look for more differences, only the acidified samples were selected to 

another PCA classification. In this case, neat samples were excluded since they had 

a strong influence over the other samples in the before explained PCA. 

shows a PCA Scores plot for PC-1, PC-2 and PC-3. The samples were colour-

labelled according to the type of IL, and named according to the time of mixing 

with sulphuric acid (see section 2.4). In this case, these three PCs explained 96 % of 

the variance in the data set, which is a successful discrimination. As can be seen, it 

was possible to differentiate completely acidified diesel fuel and acidified gasoline 

on the PC-1. It was expected because of the diesel fuel composition is very different 

from gasoline, even when is acidified. In addition to that, the two acidified gasoline 

appeared separated with no entanglements on the PC-2 and PC-3. Although in PC-

1 one sample (gas95_024) and in PC-2 another sample (gas98_024) showed 

relatively higher residual values, both samples were expected to behave differently. 

It is due to during time 0-48 h, they undergo a sharp change, which make them 

clearly distinct from the rest of their classes.  shows that these 

samples were also clustered in the same way when performed a complete linkage 

clustering analysis. Similar results were observed by K-means clustering analysis 

(plot not shown).  shows the Loadings plot where the most relevant 

variables (IR absorbance bands) are plotted. The variables are labelled according 

to their IR band (the wavenumber). The bands at around 721 cm-1 (inside the long 

dash dot-dot green line) are once again related with the bunch of acidified diesel 
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fuel samples (cf. ). Besides, the bands at around 817-809 cm-1 (inside 

the solid red line) and the bands 830-821 cm-1 (inside the dash dot blue line) are 

related with the two types of acidified gasoline (cf. ). Under the 

hypothesis before mentioned, this range of IR bands (from 840 cm-1 to 810 cm-1) is 

related directly to the production of methanol and ethanol by-products in addition 

to new tert-butylated compounds. That is, the initial content of MTBE and ethanol, 

which is different in both gasoline (higher in gasoline 98 RON), and therefore the 

content of products derived of their hydrolysis (tert-butyl carbocations, and 

methanol and ethanol by-products) will be quantitatively different. As a 

consequence, the amount of aromatic compounds with the tert-butyl group 

attached forming the new tert-butylated compounds will be higher in gasoline 98 

RON than gasoline 95 RON. This is shown in slight differences among the acidified 

gasoline spectra, appearing this wide band slightly to the left in acidified gasoline 

98 RON (830-825 cm-1) and slightly rightmost in acidified gasoline 95 RON (815-

809 cm-1). Besides, the acidified gasoline samples for 24 h and 48 h appeared 

slightly separated of their core groups (see ). The Loadings plot (see 

) showed some bands at around 695 cm-1 (dash orange line) which 

influence these samples. As was exposed before, these bands are related with 

mono-substituted aromatic compounds such as toluene which is modified over the 

exposition time to the sulphuric acid. Thus, the modification of the original bands 

and the appearance of new bands would occur gradually and differently. Therefore, 

this suggest a sequential timing of the events during the ILs acidification (a specific 

order from 0 to 192 h) which may be logical with the chemical reaction. Similarly 

occurred with the acidified diesel fuel sample for 24 h (see ). However 

these PCAs simply showed a tendency or group direction, and it is not possible to 

confirm the existence of a sequential timing of events. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ) 3D Scores plot of PC factors 1, 2 and 3, showing all the studied 

acidified ILs IR spectra: gasoline 98 and 95 RON, and diesel fuel. Names and 

symbols of the samples are indicated in the figure. ) Linkage clustering analysis 

showing all the studied acidified ILs IR spectra: gasoline 98 (highlighted in blue), 

gasoline 95 (highlighted in red) and diesel fuel (highlighted in green). 
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 (Continuation).   

 

. 3D Loadings plot of PCA factors 1, 2 and 3, showing all the studied 

acidified ILs IR spectra: Gasoline 98 and 95 RON, and diesel fuel. 

Complete linkage clustering using Chebyshev distance 



 

 
The IR absorption spectra of neat gasoline 98 and 95 RON have shown 

several modifications after mixing gasoline with sulphuric acid. Bands representing 

oxygenated compounds (around 1200-1000 cm-1) disappeared at the beginning of 

the reaction due to the sulphuric acid action over those compounds. Bands in the 

1000-400 cm-1 range, where aromatic compounds are represented, were also 

modified over the reaction time. In addition, new bands appeared at around 1019, 

820, 815, 564 and 546 cm-1. Those bands can be related to new reaction products, 

the tert-butylated compounds, and methanol and ethanol by-products. Besides, 

bands related to alkanes remained unmodified. In the case of acidified diesel fuel 

spectrum did not vary significantly from the neat diesel fuel spectrum due to the 

no alteration of alkanes by sulphuric acid.  

Additionally, applying an objective chemometric tool based on a PCA 

classification, the results observed at the naked eye were confirmed. Besides, the 

discrimination between acidified diesel fuel and acidified gasoline, and also among 

the two type of gasoline was successfully achieved. The chemical reactions act 

slightly different in gasoline 98 and 95 RON, which has been mainly attributed to 

their different MTBE content.   

All these observations enable to propose the acidified ILs IR spectra 

presented in this work as spectral fingerprints for identifying acidified ILs in 

casework (i.e., failed or seized CIMCs or when non-burned acidified ILs are 

recovered from the evidence). In addition, this information may be useful to further 

investigate the identification of acidified ILs from fire debris by spectroscopic 

techniques. Further studies are also necessary to confirm the existence of a 

sequential timing of events during the acidification of ILs.  
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This review provides an overview of common consumer fireworks, their 

usual chemical compositions, and some important classification and legal 

regulations in Western countries. We show the main analytical techniques and 

methodologies used to determine consumer fireworks. Most articles published to 

date focused on studying characteristics and properties of pyrotechnic reagents 

and explosive compositions by thermal techniques. However, a few research papers 

focused on the determination of chemical reagents from intact devices or their 

residues. In this review, we critically review colorimetric tests, and microscopy, 

spectroscopy, separation and potentiometric techniques. This information is useful 

for police laboratories in order to identify the consumer fireworks involved in 

certain incidents. 
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Pyrotechnic compositions are usually based on organic or inorganic 

chemical oxidizers and fuels to produce visual, thermal, audible or mechanical 

terminal effects, such as smoke, light, loud noise, motion, and colour [1-3]. In the 

industrial and military field, pyrotechnic mixtures are used to demolish, and they 

comprise ammunition or signalling and illuminating items [2]. In the civilian field, 

they are utilized to make fireworks for attractive displays for entertainment [1]. 

Fireworks are any composition or devices designed to produce visible and/or 

audible effects by combustion, while meeting the definitions of ‘‘professional or 

display fireworks’’ or ‘‘consumer fireworks’’ [4, 5]. Professional or display fireworks 

are large items commonly used during festivals and celebrations. They are handled 

and ignited by qualified workers. Consumer fireworks are small fireworks designed 

to produce some effects, such as smoke, sparks, noise, colour, and flames, by 

combustion. They have generally weaker explosive properties than professional 

items. Consumer fireworks are available on sale to the general public and are used 

in marriages, parties or other celebration events.  

 shows some examples of consumer fireworks – a wide variety 

of devices with numerous effects. Firecrackers (European bangers), bottle rockets, 

sparklers, fountains and smoke bombs are some widely-used consumer fireworks. 

For analytical chemists, it is important to analyse consumer fireworks in 

order to know their composition for quality control. Furthermore, there is a high 

forensic interest in the analysis of post-blast residues and pre-blast devices from 

incidents where consumer fireworks have been used in acts of vandalism, street 

riots, or illegal trade. It is tremendously important that some IEDs could contain 

pyrotechnic mixtures as explosive charges, obtained by breaking down consumer 

fireworks or purchasing legally the reagents used in fireworks reactions [6, 7]. Other 

important and quite common cases that require forensic attention in Western 

countries are occupational accidents, suicides, injuries, fires or arsons [8, 9]. Lots of 

such cases are related to misuse, devices being altered or fireworks being made by 



 

 

 

 

 

 

 

 

 

 

 

 

 

. Multi-picture showing some consumer fireworks. . Rocket, . Mini-

whistle rocket, . Two units of sparkler flares, . Two kind of multi-effect firecracker, 

. Mini-fountain, . Cone-fountain, . Smoke bombs, . Thunder snaps or trick 

noisemakers, . Multi-colour flares, . Firecrackers (different sizes and categories). 

 

non-professional users using legal handbooks in a home laboratory [4, 7, 10-12]. 

For example, in USA, during 2001–2012, over 100.000 firework-related injuries were 

treated by emergency departments [10, 11]. Sparklers, reloadable shells, and 

firecrackers are the types of firework devices with higher percentages of incidents. 

In Spain, 80% of the annual workload at the explosive area of the Criminalistics 

Service of Guardia Civil (SECRIM) relates to pyrotechnic devices or incendiary 

improvised devices (IIDs) [13, 14]. In The Netherlands, more than half the explosives 

casework at the Netherlands Forensic Institute (NFI) relates to fireworks [7]. Most 

countries have strict laws, continually under revision, trying to control their citizens’ 

handling of all kind of explosive devices, including firework devices [15-18]. These 

laws relate to manufacture, supply, possession, transport, storage and use of 
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fireworks. Explosives and fireworks are classified using procedures established by 

the United Nations (UN) within the framework of international transport [19]. The 

UN proposed UN numbers that exactly identify hazardous substances and articles. 

Regarding fireworks, UN0336 identifies consumer fireworks, while UN0035 covers 

display fireworks. In USA, the Code of Federal Regulations (CFR) establishes the 

fireworks regulations [20]. CFR, in titles 16 (parts 1500 and 1507) and 27 (part 555), 

includes some definitions of explosives and consumer product safety [5, 21]. In 

addition, the Department of Transportation (DOT) lists and classifies fireworks [22]. 

This classification comprises a class number indicating the shipping hazard class, 

and a compatibility group suffix describing the type of material in general. Display 

fireworks, which are more hazardous than consumer fireworks because they may 

contain certain chemicals or larger amounts of powder, are included in the 1.3G 

class whereas consumer fireworks are classified as 1.4G class.  shows 

this information and some characteristics. These transportation codes, as well as 

the UN numbers, must be marked on the item’s container or package. In the 

European Union (EU), Directive 2007/23/EC of the European Parliament and of the 

Council states that groups of pyrotechnic articles that are similar in design, function 

or behaviour should be assessed by the notified bodies as product families [17]. In 

the EU, consumer fireworks are categorized in three categories ( ). This 

depends on their hazard, which affects directly the public limits on age of purchase 

and use. The fourth category corresponds to display fireworks, restricted to 

professional operators.  also shows other characteristics influencing this 

classification. The EU Directive provides a wide framework in which the European 

countries may develop their national regulations. For example, in Germany, the use 

of fireworks is limited to one hour per year [1]. In The Netherlands, they can only 

be bought during a few allocated days just before the turn of the year, and can 

only be used one day around New Year’s Eve [7]. In England, fireworks are 

traditionally set off on Guy Fawkes Day, New Year’s Eve, Diwali and Chinese New 

Year, and they can be purchased only a few days before these events [15]. In France, 

fireworks are used around Bastille Day on 14 July. In Mediterranean countries, such 



 

as Spain or Malta, the use of consumer fireworks is really extended, and they can 

be used throughout the year.  

. Classification of the consumer and display fireworks by several official 

organizations: United Nations (UN) numbers; US explosive shipping classification 

system, depending on the firework transport hazard; and, European Union (EU) 

classification legislation, according to the level of hazard with respect to age limit 

of use, purpose, noise level and type of use. 

 Consumer fireworks Display 
fireworks 

United Nation 
shipping category 

UN number UN0336 UN0335 

 
 
 
 
 

U.S. Classification 

Class number 
and group suffix 

1.4G 1.3G 

Type of hazard Small hazard with no mass explosion 
and no projections of fragments of 

appreciable size or range 

Hazard of 
radiant heat or 
violent burning 
or both. There is 

no blast or 
projection 

hazard 

Characteristics of 
pyrotechnic 
composition 

Less than 50 mg in Bottle rockets, 
Flares, Fountains, Smoke and Novelty 

items, Firecrackers, etc. and Aerial 
devices containing less than 130 mg. 

Over 20 g for 
Roman candles, 

Rockets, etc., 
and Over 130 g 
for Aerial salutes 

 
 
 
 
 

E.U. Classification 

 Category 1 Category 2 Category 3 Category 4 

Age limitation 12 years 
old 

16 years 
old 

18 years 
old 

Professional use 

Hazard category Low Low Medium High 

Noise hazard Negligible Low Not 
harmful to 

human 
health 

Not harmful to 
human health 

Recommend area 
to use the item 

Inside 
domestic 
buildings 

Outdoor – 
Confined 

areas 

Outdoor – 
Large open 

areas 

Outdoor / 
Indoor 
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There are a lot of firework types and compositions. Depending on the 

desired effect, the chemical formulation must be different. For each desired effect, 

the device is accurately elaborated and calibrated, using a clever choice of reagents, 

configuration, and suitable use. For forensic experts, in order to favour the 

identification of pre- and post-blast fireworks, it is very important to know the usual 

reagents used, and their function in a particular device. In consumer fireworks, 

some basic components, such as oxidizing agents, fuels, binders, colorants and/or 

metallic salts, are required to obtain the characteristic pyrotechnic effects. 

 shows the oxidizer agents and fuels most commonly used to elaborate 

consumer fireworks. Inorganic oxidizers, such as salts of perchlorate, nitrate and 

chlorate, are some of those used most usually [1, 23, 26, 27]. They are oxygen-rich 

ionic solids that decompose at moderate-high temperatures, liberating oxygen gas. 

The most used salts are potassium perchlorate and potassium nitrate. Both salts 

appear in fuses and charges, normally together with other oxidants or fuels. The 

fuel is necessary because it reacts with the liberated oxygen to produce an oxidized 

product and heat. The energy serves to produce the pyrotechnic effects [1]. 

Magnesium, aluminium and charcoal are frequently used as fuels ( ). 

  

. Main oxidizers and reducing agents used in consumer fireworks and 
their major uses.  

Oxidizers Major uses Reference 
Potassium 
perchlorate 

Currently, the most used oxidizer in fireworks. It can be used in fuses 
and for producing effects such as noise, light, coloured flames and 

smoke. 

[1, 4] 

Potassium 
nitrate 

Oxidizer used as component of black powder. It is usually employed in 
safety fuses and lift charges. 

[1, 4] 

Potassium 
chlorate 

It is usually used in dye smoke blends, matches, and toy caps. It should 
not appear with sulphur. It is banned in most countries. 

[1, 4, 23] 

Strontium 
nitrate 

It appears rarely as the only oxidizer. It is in red colour flames. [1, 4] 

Barium nitrate It can be used as oxidizer and green colour agent in flames, smoke, and 
flash mixtures. It can produce white or silver effect with aluminium. 

[1, 4, 24] 

Barium 
chlorate 

It is used as oxidizer and colour agent. In green smoke blends and 
green coloured fire compositions. It must not be mixed with sulphur, 

realgar, red phosphorous or potassium chlorate. 

[1, 4] 
 

 



 

Fuels Major uses Reference 
Magnesium It is used in flash powders and coloured flames. [1, 4] 

Aluminium It is the most widely used fuel. It produces brilliant flames and white 
sparks. 

[1, 4] 

Charcoal Organic fuel used in black powder. It can produce orange sparks. 
Sometimes, it could be replaced by coal. 

[1, 4] 

Magnalium Alloy of magnesium and aluminium (50/50; m/m) used to give yellowish 
white sparks. It is also in coloured and crackling mixtures. It can be used 

in a black powder type composition or with potassium perchlorate. 

[1, 4] 

Titanium It produces white-silvering or yellowish white brilliant sparks. Used in 
pyrotechnics fountains. It can also be mixed with a black powder type 

composition. 

[1, 4] 

Iron Iron filings are used as fuel and to create yellow (gold) branching 
sparks, mainly in sparklers and fountains. 

[1, 4, 25] 

Ferrotitanium Alloy of iron and titanium used to create yellow white sparks in 
fountains and star compositions. 

[4] 

Sulphur Used in white and coloured smoke composition, flash and sound 
blends. It is a component of black powder. It could also be used as 

oxidizer in some mixtures. 

[1, 4] 

Carbohydrates: 
Sucrose, 
glucose, 

lactose, starch 
or dextrin 

They can be used in coloured smoke blends as fuel. They also have 
binder properties. 

[1, 4] 

Accroides resin 
or acaroid 

gum 

It is a resin obtained from plants. It can be used as fuel and binder. 
Commonly used in colour fire and smoke compositions and flash 

powder. 

[4] 

Polyviniyl 
chloride 

It is used in coloured flames. It is a compound of plastics. [1, 4] 

Red 
phosphorous 

It is in toy caps, party poppers and trick-noise makers mixed with 
potassium chlorate. It is quite sensitive to friction and shock. 

[1, 4] 

Shellac It is used as fuel and binder in coloured flames. [4] 
Antimony 
trisulphide 

It is sometimes used in glitter and fountain compositions to create 
bright light. It is a compound of sound mixtures. 

[1, 24] 

Potassium 
benzoate 

Whistling powder. It is used to produce loud noise. [4] 

Sodium 
benzoate 

It is most often used to make whistling noise. [1, 4] 

 

For example, in some pyrotechnic mixtures, aluminium or magnesium acts 

as fuel with potassium perchlorate. Charcoal is part of the black powder, where 

potassium nitrate is the oxidant.  
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Frequently, a substance can have a double function. On one hand, it acts as 

oxidizer or fuel, and, on the other hand, during the reaction, it is responsible for 

producing coloured light or smoke, sound, etc. [3]. 

In other cases, small amounts of auxiliary substances are necessary to 

produce different effects.  shows how the colour effect depends on the 

cation of the colour agent. Strontium or barium nitrate produce red and green 

colours, respectively. They also have double function as oxidizers and colour 

donors, although, at trace amounts, they will mainly act as colour donors. The 

whistle effect is obtained, for example, by incorporating in the mixture potassium 

benzoate or sodium benzoate [1, 4].  

. Colour agents for colour effects in consumer fireworks. 

Cation Colour effect Colour producing agents/compounds Reference 
Strontium Red Strontium carbonate, strontium nitrate [6, 18, 26] 

Calcium Orange Calcium carbonate [4, 18] 

Sodium Yellow Sodium oxalate, sodium nitrate, sodium 
hexafluoroaluminate (Cryolite) 

[1, 6, 18] 

Barium Green Barium carbonate, barium chlorate, barium nitrate [6, 18] 

Copper Blue Copper powder, copper (II) chloride, copper (II) 
carbonate, cupric oxide 

[1, 6, 18] 

 

In smoke compositions, colour dyes are used to produce coloured smoke. 

Another important reagent in this kind of mixture is the binder, which is used to 

hold the composition’s powder together in a lump (powder agglutination). A 

common binder is dextrin that also acts as fuel [1, 4]. Other binders are 

nitrocellulose, polyvinyl alcohol and Laminac [1].  shows some of the 

most used pyrotechnics blends making consumer fireworks, including various kinds 

of black and flash powders, whistle, smoke, and colour mixtures. The combination 

and the proportion of reagents are decisive for the final effect, as well as the 

combination of powders in a single device. In the composition of some items, there 

is a percentage of inert material that is not declared as pyrotechnic substance.  

 



 

. Usual pyrotechnic mixtures in consumer fireworks. 

Mixture name or 
Pyrotechnic effect 

Composition (% m/m) Reference 

Black powder Potassium nitrate, charcoal, sulphur (75:15:10) [1] 

Pyrodex Potassium perchlorate, potassium nitrate, sodium benzoate, 
sulphur, charcoal, dicyandiamide 

[28] 

Flash powder Potassium perchlorate, aluminium (from 70:30 to 60:40) [1, 29] 

Flash powder Potassium perchlorate, magnesium (60:40) [1] 

Flash powder Potassium perchlorate, magnalium, sulphur (60:30:10) [30] 

Flash powder-white 
sparks effect 

Potassium perchlorate, titanium, dextrin (42:42:16) [1] 

Photoflash mixture Potassium perchlorate, barium nitrate, aluminium (30:30:40) [1] 

Flash powder Barium nitrate, aluminium (65:35) [31] 

Flash powder Strontium nitrate, magnesium (50:50) [29] 

Flash composition Potassium chlorate, aluminium (70:30) [32] 

Glitter composition 
(white glitter) 

Potassium nitrate, sulphur, charcoal, aluminium, iron oxide, 
barium carbonate, barium nitrate (55:10:10:10:5:5:5) 

[1] 

Flash and sound 
composition 

Potassium perchlorate, antimony sulphide, magnesium 
(50:33:17) 

[1] 

Whistle blend Potassium perchlorate, potassium benzoate (70:30) [1, 4] 

Noise composition Barium nitrate, aluminium, sulphur (68:23:9) [4, 25] 

Green composition Barium chlorate, barium carbonate, charcoal, acaroid resin, 
dextrin (72:4:8:12:4) 

[25] 

Green smoke Potassium chlorate, sulphur, green dye, sodium bicarbonate 
(25:10:40:25) 

[1] 

Green light 
composition 

Potassium perchlorate, barium nitrate, starch (47:28:6) [4] 

Green light 
composition 

Potassium perchlorate, barium nitrate, chlorinated rubber, red 
gum (48:28:5:14) 

[4] 

Green light 
composition 

Barium nitrate, ammonium perchlorate, magnesium, polyviniyl 
chloride (26:25:32:17) 

[4] 

Brilliant green light 
composition 

Barium nitrate, magnesium, polyviniyl chloride (59:19:22) [1, 4] 

Red composition Strontium nitrate, magnesium, polyviniyl chloride (55:28:17) [4] 
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Red composition Potassium perchlorate, strontium nitrate, magnesium, 
polyviniyl chloride, polyester (9:42:30:12:7) 

[4] 

Red smoke bomb Potassium chlorate, lactose, red dye (35:25:40) [1, 33] 

Red light Potassium chlorate, strontium carbonate, shellac (57:25:18) [1] 

Orange colour 
flame composition 

Potassium nitrate, magnesium, calcium carbonate (50:40:10) [4] 

Yellow composition Sodium nitrate, magnesium, polyviniyl chloride (56:17:27) [4] 

Yellow composition Barium nitrate, strontium nitrate, potassium perchlorate, 
sodium oxalate, hexachlorobenzene, magnesium, linseed oil 

(17:16:17:17:12:18:3) 

[1] 

Blue composition Potassium perchlorate, polyviniyl chloride, copper oxide, red 
gum, starch (70:9:15:7:5) 

[1] 

Purple composition Potassium perchlorate, polyviniyl chloride, copper powder, red 
gum, strontium carbonate, starch (70:10:6:5:9:5) 

[1] 

 

From the analytical point of view, it is important to know about the 

configuration of fireworks. There are different containment and agglutination levels 

that are key in the final effect.  

 shows a consumer firework labelled with its different parts. A 

simple firecracker has a safety fuse, a paper or cardboard tube of different hardness 

or resistance, where the powder is sealed, and paper or clay plugs. Under this 

configuration, it will burn upon ignition, breaking the container and producing flash 

effect, smoke and loud noise, popularly known as ‘‘explosion’’ [31]. However, if a 

pile of the same unconfined powder is ignited, it will burn producing only flash and 

smoke effects, without loud noise [1].  shows a firecracker where 

complex mixtures are required to obtain multi-effects in a single item (coloured 

smoke, cracking effect, and final loud explosion with flash effect). This firecracker 

has three compartments with diverse powders. It also has two fuses of different 

composition and characteristics. Each powder produces an effect, while the internal 

fuse has a faster reaction rate than the external one, which is a safety fuse. Multi-

effect intact items are more difficult to analyse than simple-effect items. In addition, 

the analysis of post-blast residues will raise other additional difficulties because 



 

reacted and unburned powders from fuses and charges will be mixed with inert 

material [26]. 

 

 

 

 

 

 

 

 

. A simple firecracker labelled with its different parts. The explosive 

charge is inside a cardboard or paper tube. At both sides, there are clay plugs. Only 

a safety fuse connects the powder with the exterior. 

 

 

 

 

 

 

 

 

 

 

A multi-effect firecracker. It contains three kinds of powders: : smoke 

effect; : cracking effect; and, : loud sound or explosion effect. It also uses two 

kinds of fuses: safety fuse and inter-connection or secondary fuse. 

 

Fuse 

Powder Clay plug

Protective paper Tube Paper cap 

Powder 3 

Safety Fuse 

Secondary Fuse 
Clay plug 

Powder 1

Clay plug 

Powder 2 
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There is a wide range of analytical approaches to study pyrotechnic 

reagents and compositions. They have provided abundant information to 

knowledge about properties, compatibility, stability, and behaviour of highly-

energetic materials. Differential scanning calorimetry (DSC), differential thermal 

analysis (DTA), thermal gravimetric analysis (TGA), and heat flow calorimetry (HFC) 

provide information on the thermal behaviour, melting and boiling points, 

decomposition temperatures of the chemical components, or reaction and ignition 

temperatures for pyrotechnic compositions [1, 3, 33-36]. Other techniques, such as 

electron microscopy and X-ray scattering, have been used to study physical 

properties, such as morphology and particle size, which are very important for 

pyrotechnic mixtures [1, 3]. All these studies are useful in designing efficient, safe 

formulations and improving the processing of the devices and the safe storage of 

pyrotechnic mixtures. From the forensic point of view, there is a need for efficient, 

fast and reliable analytical strategies, which can be routinely used [37]. There is a 

wide range of analytical techniques to be used in forensic laboratories to analyse 

samples of explosive nature [38-40]. Hitherto, the analysis of consumer fireworks 

in most forensic laboratories has been performed using several techniques, taking 

into account the TWGFEX guidelines for the forensic identification of intact 

explosives [41] and post-blast explosive residues [42]. In addition, there are some 

research papers where specific information about consumer fireworks analysis has 

been published. For these reasons, in this review, we describe and critically discuss 

the main analytical approaches used to date for the analysis of consumer fireworks. 

Qualitative information about fireworks or their residues can be obtained 

using colorimetric tests, as set out in some guides and handbooks [43-45]. These 

tests are interesting in the forensic field because their application is quick and easy, 

producing perceptible results that can be interpreted quickly with the naked eye, 

although they have low accuracy and reliability. 



 

There are also some quantitative methods using colorimetric tests. For 

example, in 1997, Chapman [23] developed and validated two quantitative 

methods, one of them helping to assess the sulphur content, and another to 

quantify chlorate content in intact consumer fireworks, such as Chinese flash-

powder firecrackers.  

Pyrotechnic blends with sulphur and chlorate are forbidden in the UK and 

other countries, and their control has enormous importance. For this reason, 

quantitative methods were proposed to be used routinely to control firework 

composition due to their usefulness for identifying devices that do not meet the 

regulations. However, sample preparation for these quantitative methods is tricky, 

leading to many measurement errors. The accuracy varies depending on the 

sample size taken and on the homogeneity of the mixture. Besides, it is necessary 

to apply a separate method for each analyte. 

To date, only a few research works on the analysis of consumer fireworks 

by instrumental techniques have been published ( ). Spectroscopy and 

scanning electron microscopy (SEM) have been the most explored techniques, 

comprising almost 80% of the published papers. The increasing use of 

spectrometric techniques in recent years is also remarkable. 

We next discuss the different works focused on analysing consumer 

fireworks, grouped according to the technique used. 

In 1998, Giacolone, and Mosher et al. [46, 47] highlighted that post-blast particles 

from consumer fireworks have a spheroid aspect similar to the gunshot residues 

(GSRs). Therefore, SEM and SEM-EDS methodology could be used to analyse 

pyrotechnic particles, just like GSR evidence [48]. 
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. Charts showing ( ) the percentage of research works published 

(1998–2013) regarding the analytical technique used for consumer firework 

analysis, and ( ) the number of publications per year. 

 



 

Since then, some authors have tried to characterize the morphology and 

the elemental profile of particles from pyrotechnic mixtures and consumer 

fireworks. In 2001, Phillips studied post-blast particles from typical consumer 

fireworks, four flash powders and three coloured firework compositions [6]. The 

author discussed morphological and elemental differences in particles depending 

on the composition of the original powder and if it was ignited confined or 

unconfined. The results from the seven compositions (both unconfined and 

confined) showed irregular (molten slag) and spheroid post-blast particles. Besides, 

in most of the experiments, the elemental composition of the post-blast particles 

showed the same elements as in the original material. However, in some analysis, 

certain elements of the original mixture were not present in the spheroid post-blast 

particles. Phillips concluded that these differences in the elemental composition 

could be consequence of different reactions and vaporization temperatures of the 

pyrotechnic components.  

In 2003 and 2006, Kosanke et al. [29, 30] tried to increase awareness of this 

kind of analysis. They contributed more information about how the spheroid shape 

of the particle and particle size can vary. Furthermore, they discussed the random 

quantitative differences in the chemical elements found in post-blast particles 

compared with pre-blast particles from flash and black powders obtained from 

consumer fireworks. As shown in the spectra of , some of the chemical 

elements present in the unreacted composition of flash powder are absent in 

certain post-blast particles or there are differences in the size of peaks, as occurs 

with sulphur, chlorine or potassium. These differences were attributed to the loss 

of reaction gases. Some compounds reacted to form other chemical compounds, 

for example, sulphur to sulphur-dioxide gas. The authors also showed that the 

melting and boiling points of the compound can influence the presence of 

elements in post-blast particles. They also tackled the background-contamination 

issue in identifying post-blast pyrotechnic residues and gave some advice in order 

to increase the specificity of the analysis.  
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. X-ray spectra associated with a pyrotechnic flash powder (60% 

potassium perchlorate, 30% magnalium, 10% sulphur): 1-3 from individual particles 

belonging to the pre-blast flash powder components; 4 from a gross mixture of the 

pre-blast flash powder (a large collection of particles representing the mixture); 

and, 5-7 are post-blast particles of various sizes and conditions. {[30], Reprinted, 

with permission}. 



 

Recently, in 2012, Grima et al. [24] confronted the problem of potential 

contamination and confusion of particles similar to GSRs from occupational 

sources with GSRs from firearms. This issue has a tremendous forensic importance, 

since poor identification of post-blast particles from a display or consumer 

fireworks might lead to incorrect interpretation of a forensic case. They summarized 

in their work the criteria to distinguish between GSRs and other particles similar to 

GSRs. Moreover, they analysed firework residues from a display site, indicating that 

a small percentage of particles from fireworks may be indistinguishable from GSRs.  

SEM-EDS is an important tool in the analysis of post-blast and pre-blast 

particles that can help to determine the elemental composition of fireworks quickly, 

providing a high degree of specificity. It uses a well-established methodology, and 

the apparatus is widely available. However, it is impossible to know the elemental 

ratio of pyrotechnic compositions accurately. Besides, some organic materials, such 

as accroides resin, cannot be analysed with this technique [6]. 

In recent years, spectroscopy was increasingly used for the analysis of 

consumer fireworks. In 2000, Alenfelt [26], analysed six intact consumer fireworks 

(rockets and pyrotechnic fountains) typically sold in Sweden using inductively-

coupled plasma spectroscopy (ICP) and atomic fluorescence spectroscopy (AFS). 

The study aimed to know how consumer fireworks contributed to the total 

emission of environmentally-undesirable elements. Metallic elements, such as 

aluminium, barium, magnesium, and potassium, were detected in large amounts. 

Lesser amounts of lead, copper, strontium, and iron were also identified. Calcium 

and zinc were detected at trace amounts. Wharton et al. in 2002 [31] focused on 

the analysis of consumer fireworks to evaluate overpressure and noise levels. They 

asked the manufacturers of diverse items similar to firecrackers of categories 1, 2 

and 3. There were powders composed of barium nitrate-aluminium, and potassium 

perchlorate-aluminium with different net explosive contents, using three types of 

cardboard tubes (weak, medium and strong) and two different types of end plug. 

Analyses by atomic emission spectroscopy (AES) were performed to measure 
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oxidizer metal ions in the mixtures. They showed good correlation between the 

content of metallic compounds in the pyrotechnic mixtures and the specified 

percentage reported by the manufacturer. Vibrational spectroscopic techniques 

can be used to analyse explosive mixtures, as reported in some recent reviews [49, 

50]. Specifically, Raman and FTIR can be useful techniques for detecting the 

molecular composition of consumer fireworks, as demonstrated by Castro et al. 

[51]. They analysed some supposedly consumer (seized solid mixtures) [51], and 

putatively theatrical fireworks (confiscated liquid or gel mixtures) [52] by FTIR and 

Raman spectroscopy, using SEM-EDS as a supplementary tool. In solid mixtures, 

various nitrates, nitrocellulose, titanium particles and shellac, among others, were 

determined.  

Particles from different samples ( ) analysed by Raman showed 

molecular spectra corresponding to strontium, potassium, and barium nitrates, 

which are some of the most used oxidizers. Interestingly, nitrate compounds were 

identified by Raman because the wavenumber of each nitrate salt depended on 

the cation. However, important pyrotechnic components were not determined by 

one technique (i.e., shellac and titanium by Raman, or charcoal, titanium and 

sulphur by FTIR).  

For liquid mixtures, direct liquid analysis by Raman spectroscopy and 

analysis of residues obtained after liquid evaporation were carried out. Direct 

Raman analysis revealed the presence of an organic solvent (methanol). 

Nevertheless, it was not possible to detect pyrotechnic compounds without 

evaporating the solvent.  

Mass spectrometry (MS) with its high selectivity and sensitivity has provided 

rich information for trace detection of inorganic explosives in intact powders and 

their residues [53, 54]. However, Sokol et al. [55], in 2011, used desorption-

electrospray-ionization MS (DESI-MS) to analyse consumer fireworks (a flammable 

rocket). DESI-MS was applied to the determination of inorganic salts in pre-blast 

residues directly from surfaces without the need for sample pre-treatments,  



 

 

 

 

 

 

 

 

 

 

 

. Raman spectra of nitrate salts found in different samples: 3 (strontium 

nitrate); 4 and 5 (potassium nitrate); and, 6 (barium nitrate). {[51], with permission}. 

 

and detected down to sub-nanogram levels. This methodology was applied to 

determine salts (perchlorates, chlorates, sulphates and nitrates). Matrix effects were 

studied observing that the quality of the signals obtained depended on the 

analysed surface. Traces of perchlorate salts were qualitatively determined from the 

paper surface of the consumer firework. Flanigan et al. [56] described the 

determination of inorganic salts from IEDs using laser-electrospray MS (LEMS). The 

simultaneous detection of cations, anions, and neutral analytes was carried out in 

a chlorate-perchlorate-sugar mixture and an ANFO sample. In addition to these 

explosive samples, a pre-blast sample and a post-blast residues from a consumer 

firework were analysed, showing the utility of LEMS for this type of analysis. These 

analyses were performed directly on a metallic surface. After the sample analysis, 

an off-line classification was performed by PCA.  shows how the four 

mixtures were grouped with a 99% accuracy using their mass spectral features from 

the LEMS analysis. 
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. 3D scores plot after the PCA analysis of samples containing chlorate, 

perchlorate, and sugar (red j); ammonium nitrate (green d); pre-blast black powder 

(magenta w); and, simulated post-blast black powder (blue N) The unfilled symbols 

represent the training set, while the filled coloured symbols represent the testing 

sets. {[56], Reprinted (adapted) with permission. Copyright (2014) American 

Chemical Society}. 

 

Separation techniques, such as GC and HPLC, coupled to MS, have been 

proposed for the analysis of components contained in explosives or energetic 

materials [28, 57]. Moreover, CE and IC have been widely used to separate and to 

determine inorganic ions in aqueous extracts from inorganic explosive residues or 

pre-blast samples [58-62]. For analysis of consumer fireworks (explicitly 

mentioned), only CZE with UV-Vis detection was used. 

In 1998, Kishi et al. [63] wrote a short article where post-blast residues of 

some IEDs were analysed by CE. Moreover, using the same CE method for inorganic 

anion detection, an extract of water from a pair of cotton gloves contaminated by 



 

pre-blast consumer fireworks was prepared and analysed. Their idea was to 

simulate a potential contamination of the IED from other explosives previously 

manipulated. Chloride, nitrate and perchlorate anions were found in the water 

extract from the cotton gloves. These anions corresponded to some of the usual 

components present in fireworks. 

In 2005, Hopper et al. [64] reported a novel CE method for the simultaneous 

detection of anions and cations, introducing samples on each end of the capillary, 

and with a total run time less than 7 min. It was applied for the analysis of post-

blast residues of several powders, including a flash powder obtained from a 

firecracker. CE analysis of the flash powder led to the identification of potassium, 

sodium, calcium, magnesium, chloride, nitrate, sulphate, chlorate and hydrogen 

carbonate. A Pyrodex powder sample was also analysed with the same CE method. 

In this sample, potassium, sodium, hydrogen sulphide, chloride, nitrite, nitrate, 

sulphate, perchlorate, thiocyanate, cyanate and hydrogen carbonate were 

identified. Some co-migration problems were observed in this simultaneous 

method, so some peaks were confirmed in a separate analysis using single injection 

methods. Sarazin et al. [65] proposed a novel CE method based on a non-

carcinogenic, mutagenic, reprotoxic (non-CMR) background electrolyte for 

identification and quantification of 18 inorganic cations. It was applied to post-

blast residues from a category 1 firecracker and a pyrotechnic fountain. These 

fireworks were exploded on soil, cloth and metal matrices. The results showed 

cations, such as potassium, sodium, calcium and magnesium, in the firecracker 

residues. In residues from the pyrotechnic fountain, cations, such as ammonium, 

potassium, sodium, calcium, and lithium, were identified. Moreover, Sarazin et al. 

[65] studied matrix effects on soil, metal, plaster and cloth matrices, and did not 

observe significant effects.  

Pérez-Olmos et al. [66] proposed a simple, ion-selective, economic 

potentiometric method for the determination of perchlorate. They analysed 

pyrotechnic mixtures, such as fireworks, propellants, and other blends. They stated 
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that their approach did not improve the results over other reference titrimetric 

methods proposed in 1966 and 1969 for perchlorate [67]. Furthermore, this 

method required a long time and used large volumes of sample. For these reasons, 

and considering that time and sample amounts are crucial in forensic science, we 

do not recommend this method for routine work. However, we include it in this 

review paper as the only potentiometric method reported to date. 

  



 

 
A small number of research papers analysing consumer fireworks have been 

reported to date. The development of new qualitative and quantitative 

methodologies by different analytical techniques for the reliable identification of 

consumer fireworks pre-blast and post-blast is currently needed for forensic 

casework.  

There is a wide variety of pyrotechnic compositions, although we highlight 

the use of potassium perchlorate and potassium nitrate as oxidizers, and aluminium 

and magnesium as fuels. Colorimetric tests can be a good screening tool. However, 

their use as a quantitative method needs more development. Instrumental analysis 

is required for routine use. SEM-EDS is an important technique for analysing the 

elemental composition present in intact items and post-blast particles. Further 

research on post-blast particles of fireworks is crucial because it is important to 

distinguish perfectly between these type of particles and GSR particles. Moreover, 

particle morphology and composition could be related to their confined or 

unconfined conditions. This holds enormous forensic interest because it would 

allow conclusions to be drawn about the device type and its construction. 

Spectroscopic techniques were increasingly used in recent years. FTIR and Raman 

have proved to be useful techniques in detecting the molecular compositions of 

intact consumer fireworks. Their complementarity makes them powerful tools for 

identifying these kinds of sample. Moreover, because Raman focusing on individual 

particles or mapping samples and obtaining single spectra of each one represents 

an advantage in analysing heterogeneous blends. It would also be interesting to 

apply both techniques to study post-blast residues from consumer fireworks. 

However, sensitivity is a critical parameter to take into account in the analysis of 

post-blast residues, so this aspect needs to be investigated in future works. MS is 

a powerful technique for qualitative analysis of consumer fireworks pre-blast and 

post-blast in terms of speed, selectivity and sensitivity. It requires simple, or no, 

sample pre-treatment, although it generates a huge amount of data, requiring the 

use of chemometric tools for their interpretation. Chemometric tools will play an 
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important role in future investigations of consumer fireworks by spectroscopic 

techniques, especially those methodologies providing large amounts of data (i.e., 

ICP-MS), or multi-spectral or hyperspectral imaging. GC and HPLC, coupled (or not) 

to MS, are established routine separation techniques in forensic laboratories, but 

they have not been used for analysis of consumer fireworks. Regarding CE, it has 

been applied to aqueous extracts from consumer fireworks, obtaining significant 

information to identify the composition of the item. The specificity of 

potentiometric methods developed so far makes them impractical for laboratory 

analysis of consumer fireworks, since the determination of only perchlorate is 

possible to date. 
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Consumer fireworks are a heterogeneous group of pyrotechnic items widely 

used by citizens around the world. There is a wide number of forensic cases related 

to consumer fireworks that requires knowing their chemical composition and 

variety of designs to conduct accurate and comprehensive analyses. In this research 

paper, a selection of six consumer firework types (firecracker, rocket, pyrotechnic 

fountain, pyrotechnic battery, sparkler and smoke bomb) is physically described 

and their anionic compositions are determined. Pre-blast (fuses and charges) 

samples and post-blast residues of the different consumer fireworks were analysed 

by CE in order to determine their anionic composition. Different types of chemical 

compositions in fuses and pyrotechnic charges were determined, although they 

were not related to any type of item. Additionally, several discrepancies were found 

between the analytical results and the declared item compositions. Regarding 

post-blast residues, a huge variety of anions were identified and attributed to some 

unconsumed starting materials and different chemical reactions occurring during 

combustion. 
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Fireworks are the most famous civil application of pyrotechnic compositions 

around the world [1]. A family of small pyrotechnic items used by the general public 

are the so called consumer fireworks [2]. There are different types of consumer 

fireworks, being sparklers, firecrackers, fountains or smoke bombs the most widely 

used, and weaker in their pyrotechnic effects than professional fireworks. They are 

cleverly designed with the aim of producing striking pyrotechnic effects such as 

smoke, sparks, loud noise, colour flames and movement by combustion reactions. 

Depending on the item and its pyrotechnic effects there are differences in the 

device configuration, such as the number of fuses and the pyrotechnic charge 

compartments, type of containment or agglutination level, or the chemical 

composition of fuses and charges, which are based on mixtures of inorganic 

oxidizers and fuels. Consequently, it is important to know all these aspects to 

perform an exhaustive analysis. 

The analysis of intact consumer fireworks and post-blast residues becomes 

interesting in certain forensic cases when they are used in illegal trade, vandalism 

acts, occupational accidents, suicides, injuries, fires, arsons or to make improvised 

explosive devices using their fuses or charges [3-5]. Although several works have 

focused toward the analysis of certain inorganic explosive components (some of 

them used for the manufacture of consumer fireworks) there is a lack of information 

about the analysis of entire pyrotechnic items. Two quantitative colorimetric 

methods were developed to be applied as a routine tool to control sulphur and 

chlorate contained in intact Chinese firecrackers [6]. SEM-EDS was applied to 

identify chemical elements present in pre- and post-blast consumer fireworks [7-

10]. Spectroscopy techniques such as Raman spectroscopy and FTIR were used to 

identify inorganic salts in pre-blast items [11]. ICP, AFS and AES were applied to 

analyse intact rockets and pyrotechnic fountains, in search of metallic content in 

the charges [12, 13]. Moreover, desorption electrospray ionization with MS was 

used for the analysis of a pre-blast rocket, and laser electrospray coupled with MS 

was utilized for the direct analysis of pre- and post-blast samples from different 



 

sorts of surfaces [14, 15]. Additionally, CE with UV-Vis detection was applied to 

analyse pre- and post-blast samples of some consumer fireworks [16-18]. In 1998, 

Kishi et al. [16] wrote a short article where a pre-blast firework was analysed by CE. 

The sample treatment consisted of a water extraction, and anions such as chloride, 

nitrate and perchlorate were detected. In 2005, Hopper et al. [17] proposed a novel 

CE method for the simultaneous detection of anions and cations applied to post-

blast residues from a firecracker. The analysis of this sample revealed the presence 

of potassium, sodium, calcium, magnesium, chloride, nitrate, sulphate, chlorate and 

hydrogen carbonate. In 2011, Sarazin et al. [18] proposed a CE-new method for the 

identification and quantification of inorganic cations. In this case, a firecracker and 

a pyrotechnic fountain were exploded on different materials such as cloth, soil or a 

metal plate used as blank matrices. Potassium, sodium, calcium, magnesium, 

barium and ammonium were identified. However, these works focused on the 

study of a limited number of items and no attention was paid to their physical 

configuration. In fact, these works were mainly aimed at the development of new 

analytical methodologies. Moreover, the results obtained from pre- and post-blast 

samples were neither discussed together nor related with their specified 

compositions.  

In this work, various items of several types of consumer fireworks were 

physically described for the first time, in order to provide useful information about 

their designs. Then, both pre- and post-blast samples were analysed by CE, in order 

to search for their anionic compositions and compare them with their declared 

compositions. 

 

 

Separation buffer was acquired from Agilent Technologies (Waldbronn, 

Germany). Sodium hydroxide was purchased in Scharlau Chemie (Barcelona, Spain). 

All solutions and samples were filtered through 0.45 m Ø nylon filters from Filter-
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Lab (Barcelona, Spain). Ultrapure water (resistivity of 18.2 M •cm at 25 °C) was 

obtained from a Milli-Q water system from Millipore (Bedford, MA, USA). 

Consumer fireworks of hazardous categories 1, 2 and 3 were purchased in 

Alcalá de Henares (Madrid, Spain). Hazardous categories are defined by the E.U. 

regulations [19] and depend on total pyrotechnic charge, kind of item and chemical 

composition. includes the list of items studied in this work and some 

of their characteristics, such as pyrotechnic charge mass, effect and chemical 

composition declared by the manufacturer. Further information including their 

scaled picture is shown in (see supplementary material). 

Thiosulfate, sulphate, perchlorate, chlorate, chloride, cyanate, thiocyanate, 

nitrite, nitrate and bromide standards from AccuStandard (New Haven, CT, USA) 

were used for peak identification by spiking of the samples. 

CE experiments were performed in a PA-800plus system from Beckman 

Coulter (Fullerton, CA, USA) equipped with a DAD detector. Data was processed 

using Beckman 32 Karat® software. Silica capillaries of 50 m i.d. were purchased 

from Polymicro Technologies (Phoenix, AZ, USA) and cut to a total length of 58 cm 

(48 cm effective length). A separation method for the successful separation of 

interesting anions previously described in the literature [20] was used. Briefly, it 

consisted of a PMA-based buffer composed of 2.25 mM PMA, 6.5 mM sodium 

hydroxide, 0.75 mM hexamethonium hydroxide and 1.6 mM triethanolamine at pH 

7.7. New capillaries were conditioned consecutively with 1 M sodium hydroxide (10 

min, 20 psi), 0.1 M sodium hydroxide (10 min, 20 psi), ultrapure water (5 min, 20 

psi) and separation buffer (5 min, 20 psi). Samples were injected at 0.5 psi for 5 

seconds. Separations were performed at constant voltage of -30 kV and 30 °C. The 

detector wavelength was set at 250 nm. 

 

 



 

. Chemical composition and main information of the studied consumer 

fireworks categorized in six types. 
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Chemical composition (%) declared by the 
manufacturers 

Fi
re

cr
ac

ke
r 

F1 2 0.167 / 1.00 Thunder 24% Al; 28% S; 48% KClO4 
F2 2 0.2 / 1.71 Thunder 5% S; 13% magnaliumb; 20% Al; 62% KClO4 
F3 2 0.40 / 3.10 Thunder 18% Al; 34% S; 48% KClO4 
F4 2 0.53 / 8.27 Thunder 19% Al; 21% S; 60% KClO4 
F5 3 0.35 / 2.00 Thunder 5% S; 10% Al; 35% magnaliumb; 50% KClO4 
F6 3 1.70 / 4.77 Thunder 5% S; 13% magnaliumb; 20% Al; 62% KClO4 
F7 3 1.85 / 4.97 Thunder 25% Al; 75% KClO4 

F8 2 0.86 / 2.75 

Smoke, 
crackling 
effect and 

final thunder 

Cracking effect: 5% KClO4; 25% KNO3; 10% S; 
10% C; 10% magnaliumb; 40% CuO 

Green smoke: 12% S; 12% Ba(NO3)2; 26% KClO4; 
50% inerts 

Thunder effect: 20% Al; 30% S; 50% KClO4 

F9 3 1.30 / no 
data 

Colored fire, 
whistling 

effects and 
final thunder 

Thunder effect: 5% S; 10% Al; 35% magnaliumb; 
50% KClO4 

Whistle effect: 30% C7H5O2K; 30% inerts; 40% 
KClO4 

Green flame effect: 12% resin; 14% PVC; 22% 
magnaliumb; 52% Ba(NO3)2 

F10 3 5.08 / 
14.46 

Whistle and 
thunder 

Whistle effect: 5% Ti; 25% C8H5O4K; 70% KClO4 
Thunder effect: 15% S; 30% magnaliumb; 55% 

KClO4 
Color effect: 3% S; 4% C6Cl6; 7% resin; 18% 

Ba(NO3)2; 25% magnaliumb; 43% KClO4 

Ro
ck

et
 

R1 2 0.55 / 1.84 

Lifting, 
whistling and 

crackling 
effects 

Whistle effect: 32% C7H5O2K; 68% KClO4 
Cracking effect: 30% magnaliumb; 70% CuO 

R2 2 8.5 / 22.0 
High lifting 
and varied 

colors 

Lift mixture: 4% S; 26% C; 70% KNO3 

Burst mixture: 10% S; 20% C; 70% KNO3 
Red effect: 5% C48H42O7; 10% (C2HCl)n; 20% 

magnaliumb; 20% SrCO3; 45% KClO4 
Green effect: 7% C48H42O7; 8% (C2HCl)n; 10% 

KClO4 ; 20% magnaliumb; 55% Ba(NO3)2 

Blue effect: 5% magnaliumb; 7% C48H42O7; 8% S; 
10% (C2HCl)n; 30% CuO; 40% KClO4 

Yellow effect: 8% C48H42O7; 15% KClO4; 
15%Na3AlF6; 18% magnaliumb; 44% Ba(NO3)2 

Firecracker effect: 15% S; 15% Ag; 20% 
magnaliumb; 50% KClO4 
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 FT1 1 5.0 / 16.17 

Cracker 
fountain, 

smoke and 
color 

Red smoke: 5% lacquer; 6% resin; 7% PVC; 20% 
SrCO3, 20% magnaliumb; 42% KClO4 

Green smoke: 7% resin; 9% PVC; 10% KClO4; 22% 
magnaliumb;  52% Ba(NO3)2 

Yellow smoke: 7% resin; 10% SrCO3; 18% Na3AlF6; 
20% magnaliumb; 45% KClO4 

Purple smoke: 4% lacquer; 5% resin; 8% SrCO3; 
10% PVC; 10% S; 10% magnaliumb; 18%CuO; 

35% KClO4 

FT2 2 35. 00 / 
41.30 

Cracker 
fountain, 

smoke and 
color 

Mix composition: 5% S; 5% C; 5% resin; 10% Ti; 
10% magnaliumb; 10% KNO3; 25% CuO; 30% 

KClO4 

FT3 2 no data / 
40 

Cracker 
fountain and 

color 

4% S; 6% PVC; 10% Al; 15% lacquer; 15% 
Ba(NO3)2; 20% magnaliumb; 30% KClO4 

Py
ro

te
ch

ni
c 

ba
tte

ry
 

BT1 2 no data / 
97.20 Multi-effect 

Lift mixture: 15% S; 20% C; 65% KNO3 
Thunder effect: 10% S; 20% Al; 20% magnaliumb; 

50% KClO4 
Red effect: 4% PVC; 6% resin; 20% magnaliumb; 

20% SrCO3; 50% KClO4 
Green effect:  2% S; 8% resin; 10% PVC; 10% 

KClO4; 20% magnaliumb; 50% Ba(NO3)2 

Sp
ar

kl
er

 

S1 1 0.65 / 1.30 White sparks 7% resin; 9% Al; 24% Fe; 60% Ba(NO3)2 

S2 1 0.60 /1.62 Colored 
sparks 

White effect: 10% Ti; 20% magnaliumb; 30% 
lacquer (C16H24O5); 40% KClO4 

Red effect: 5 % resin; 5% Ti; 20% magnaliumb; 
20% SrCO3;50% KClO4 

S3 2 2.50 / 2.90 Cracker S; C; magnaliumb; CuO; Fe2O3; KNO3; resin 
(C48H42O7) 

Sm
ok

e 
bo

m
b 

SB1 1 1.69 / 3.52 Colored 
smoke 

Green smoke: 15% blue powder; 15% aliamine; 
20% dextrin; 50% KClO3 

Initiation mixture: 15% S; 15% C; 15% KNO3 
a Item inert parts, such as tubes, paper and clays were undeclared. 
b Magnalium, aluminium alloy with 1.5 to 2% magnesium and small amounts of copper, nickel, and 
titanium. 

 

As an example,  shows a scheme of the developed sample 

preparation procedure for a pre-blast firecracker and the post-blast firecracker 

residues after ignition. In the case of pre-blast firecrackers, the items were divided 

into their component. Fuses were carefully separated from the rest of the item in 

order to avoid cross-contamination between the pyrotechnic charge and the fuse. 

Fuses were cut into smaller pieces using a regular pair of scissors until getting 



 

approximately 25 mg of sample. The fuse was extracted using 5 mL of ultrapure 

water in a vortex mixer for 1 min. Aqueous extracts were then filtered. Equally, the 

samples of pyrotechnic charge were prepared by dissolving 25 mg of powder in 5 

mL of ultrapure water, followed by vortexing for 1 min and filtering. In those cases 

where there was more than one type of charge, samples were mixed evenly and 25 

mg of the mixed powder was subjected to the sample treatment. In order to keep 

a concentration of 5 mg mL-1 for all the samples, changes in water volume were 

made for those items with less than 25 mg of available mass. Due to the specific 

item design of S1, sample preparation involved removing the powder using a 

scalpel. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Diagram illustrating the preparation of different samples 
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Post-blast residues were collected after igniting each item on a steel plate. 

In the case of rockets, they were tied up on the steel plate. Post-blast residues were 

swabbed using a cotton swab moistened with ultrapure water. Smoke bombs, 

pyrotechnic fountains and batteries were opened after their ignition and their inner 

surfaces were swabbed. The post-blast residues of pyrotechnic fountains and 

batteries scattered over the steel plate were also swabbed. In every instance, cotton 

swabs were extracted with 3 mL of ultrapure water using a vortex mixer for 1 min. 

The final aqueous extracts were filtered. The steel plate was rinsed between 

samples until a blank. 

 

 
In order to report useful information about the consumer fireworks design 

and their anionic composition, two different strategies were followed. First, pre-

blast items were examined and separated into their main parts: fuse and 

pyrotechnic charge. Their physical configuration was described in detail and then, 

each part was analysed by CE to obtain the chemical information. After that, similar 

non-manipulated firework items were ignited. The post-blast residues were 

collected and analysed by CE with the aim of determining the anionic composition 

after the combustion reaction.  

A well-known buffer for the separation and indirect photometric 

determination of anions was used for the analysis of a selection of pyrotechnic 

samples. The method was applied for the determination of 10 anions likely to be 

found in pre and post blast samples of pyrotechnic items. RSD values for migration 

times for a mixture of bromide, thiosulfate, chloride, sulphate, nitrite, nitrate, 

perchlorate, thiocyanate, chlorate, cyanate (10 ppm each, n=10) were 1.39, 1.46, 

1.50, 1.57, 1.62, 1.70, 1.89, 1.91, 1.99 and 2.06 %, respectively. RSD values for peak 

areas (n=10) were 20.22, 13.89, 6.75, 6.64, 7.99, 10.84, 7.92, 7.58, 15.12, 10.53 %, 

respectively. RSD values for migration times were acceptable. RSD values around 



 

10% for peak areas are considered to be acceptable when dealing with low 

concentrations. 

The information and results obtained for firecrackers, rockets, pyrotechnic 

fountains, pyrotechnic batteries and sparklers, as well as smoke bombs as pre- and 

post-blast samples, are discussed below. As an example,  shows the 

typical electropherograms obtained corresponding to the pre-blast fuses and 

charges, and the post-blast residues of items F1, R1, FT2, BT1, S3 and SB1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Determination of anions in ( ) pre-blast fuse, ( ) pre-blast charge 

and ( ) post-blast residues in 6 different consumer fireworks. , NO3
-; , ClO4

-; , 

SO4
2-; , Cl-; , ClO3

-; , S2O3
2-; , NO2

-; , SCN-; , OCN-; , unknown peak. 
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Several firecrackers of different categories and complexities were selected 

for this study (see ). The physical examination of these items revealed 

that firecrackers F1-F7 had a single charge inside a paper or cardboard cover, while 

firecrackers F8-F10 were more complex containing multiple charges located in 

different compartments separated by inert material (i.e., clay plugs, cardboard or 

sawdust). In the case of complex firecrackers, the different charges were connected 

by external and internal fuses. Regarding the samples studied in this work, only 

official information about the fuse composition for the F4 item was obtained. 

Nevertheless, after an exhaustive examination of the studied firecrackers, 

differences in fuse lengths and widths, burning rates and pyrotechnic effects (noise, 

smoke, sparks) were observed before and during their burning. 

Once the physical examination concluded, the chemical analysis was carried 

out.  shows the results obtained after analysing every pre-blast fuse by 

CE. Although differences among fuse compositions were observed, four groups of 

fuses contained the same anions. The first group was formed by F4, F5 and F6, the 

fuses that only contained large amounts of perchlorate. In the case of F4, its content 

agreed with the composition declared by the manufacturer, which was charcoal, 

potassium hydrogen phthalate and potassium perchlorate. Items F2, F7 and F10 

formed the second group containing large amounts of nitrate. Items F1, F8 and F9 

defined a third fuse type mainly composed by perchlorate and nitrate. A fourth 

type of composition containing nitrate, perchlorate and an unidentified compound 

was established for the fuse of F3. Finally, both F9 and F10 also had internal fuses 

connecting different charges distributed in different compartments. Perchlorate 

was only identified in the composition of these internal fuses. 

In order to study the chemical composition of the charge contained in each 

pre-blast item, new analyses were performed. Results included in 

showed the presence of perchlorate in all the items, according to the declared 

composition (see ). 



 

. Anions identified in the CE-analysis of the main parts (fuse and charge) 

of the studied pre-blast consumer fireworks and their post-blast residues. Fuses 

and charges in the pre-blast samples were independently analysed.  

Name Anions in pre-blast fuse Anions in pre-blast 
charge Anions in post-blast residues 

F1 NO3
-, ClO4

- Cl-, NO3
-, ClO4

- S2O3
2-, Cl-, SO4

2-, NO2
-, NO3

-, ClO4
-, 

SCN-, OCN- 

F2 NO3
- ClO4

- S2O3
2-, Cl-, SO4

2-, NO2
-, NO3

-, ClO4
-, 

ClO3
-*, SCN-, OCN- 

F3 NO3
-, ClO4

-, unknown peak Cl-, ClO4
- S2O3

2-, Cl-, SO4
2-, NO2

-, NO3
-, ClO4

-, 
unknown peak, SCN-, OCN- 

F4 ClO4
- Cl-*, SO4

2-*, ClO4
- S2O3

2-, Cl-, SO4
2-, ClO4

- 
F5 ClO4

- NO3
-, ClO4

- S2O3
2-, Cl-, SO4

2-, NO3
-*, ClO4

-, OCN- 
F6 ClO4

- ClO4
- S2O3

2-, Cl-, SO4
2-, ClO4

- 

F7 NO3
- ClO4

- Cl-, SO4
2-, NO3

-*, ClO4
-, ClO3

-, SCN-, 
OCN- 

F8 NO3
-, ClO4

- NO3
-, ClO4

-, ClO3
- S2O3

2-, Cl-, SO4
2-, NO3

-, ClO4
-, ClO3

-, 
SCN-, OCN- 

F9 NO3
-, ClO4

- (external fuse) 
ClO4

- (internal fuse) NO3
-, ClO4

- S2O3
2-, Cl-, NO3

-, ClO4
-, SCN-, OCN- 

F10 
NO3

- (external fuse) 
Cl-, ClO4

-, SO4
2-*, NO3

-* 
(internal fuse) 

NO3
-, ClO4

- S2O3
2-, Cl-, SO4

2-, ClO4
-, SCN-, OCN- 

R1 NO3
-, ClO4

- (external fuse) 
ClO4

- (internal fuse) ClO4
- S2O3

2-, Cl-, SO4
2-, NO2

-, NO3
-, ClO4

-, 
SCN-, OCN- 

R2 ClO4
- NO3

- S2O3
2-, Cl-, SO4

2-, NO3
-, ClO4

-*, SCN-, 
OCN- 

FT1 ClO4
- NO3

- Green: NO3
-, ClO4

- // Yellow: NO3
- 

FT2 NO3
- NO3

- S2O3
2-, Cl-, SO4

2-, NO2
-, NO3

-, SCN-, 
OCN- 

FT3 SO4
2-, ClO4

- NO3
-, ClO4

- S2O3
2-, Cl-, SO4

2-*, NO2
-*, NO3

-, ClO4
-* 

BT1 SO4
2-, NO3

-, ClO4
- NO3

-, ClO4
- , ClO3

- S2O3
2-, Cl-, SO4

2-, NO3
-, unknown peak*, 

ClO4
-*, SCN-, ClO3

-*, OCN- 
S1 No data NO3

- Br-, Cl-, SO4
2-*, NO2

-, NO3
-, OCN- 

S2 No data NO3
-, ClO4

- Cl-, SO4
2-, NO3

-*, ClO4
- 

S3 ClO4
- (internal fuse) NO3

-, ClO4
- S2O3

2-, Cl-, SO4
2-*, NO2

-*, NO3
-, ClO4

-, 
SCN-, OCN- 

SB1 NO3
-, ClO4

- Cl-, ClO4
- Cl-, SO4

2-, NO3
-* 

* = trace amount 

 

Perchlorate appeared as the only anion in the composition of F2, F6 and F7. 

In the analysis of F4 perchlorate was detected, together with trace amounts of 

sulphate and chloride, probably derived from reactions of the original powder, such 

as oxidation of sulphur or reduction of perchlorate salts [21, 22]: 
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2 S + 3 O2 + 2 H2O  2 H2SO4  2 H+ + SO4
2- (in H2O) 

ClO4
- + 4 H2O + 8 e-  Cl- + 8 OH- 

Chloride and perchlorate were found in F3. A mixture of nitrate and 

perchlorate was obtained for F5, F9 and F10, although the employment of nitrate 

compounds in F5 was not declared by the manufacturer. Moreover, since nitrate 

was not found in the fuse of F5, its presence in the pre-blast charge does not agree 

with the declared specifications provided for this item. Nitrate was detected in F1, 

together with perchlorate and chloride. In this case, nitrate was detected in the fuse 

of this firecracker and its presence in the charge, not declared by the manufacturer, 

could be attributed to a cross-contamination between the fuse and the main 

charge. However, the huge nitrate peak observed led us to think about an 

additional contribution from the charge composition. A large peak corresponding 

to chlorate was found in the charge of F8, together with nitrate and perchlorate. 

Due to the addition of chlorate to the pyrotechnic charge not declared by the 

manufacturer, its presence is further discussed. McCord et al. [23] identified that a 

device could be a “homemade or illicit” item when potassium chlorate is found in 

firework mixtures. The basis of this statement is that chlorate-sulphur mixtures in 

pyrotechnic blends are banned in several countries because they are prone to 

accidental ignition [1, 19]. However, the presence of chlorate in some pyrotechnic 

items could derive from contamination in factories and also from other legal 

formulations, such as mixtures for coloured smokes or colour producing fireworks 

[19, 24]. For instance, popular coloured smoke mixtures contain potassium chlorate 

or barium chlorate as main oxidizers [1] and, as indicated in the legal regulations, 

it is permitted to add sulphur and chlorate if an equal or greater mass of sodium 

bicarbonate is included, acting as neutralizer which reduces the sensitivity of these 

compositions [24]. In fact, green smoke is one of the pyrotechnic effects in F8, 

which could explain the presence of chlorate in this item ( ). 

Finally, with the aim of studying post-blast residues, firecrackers were 

ignited, their post-blast residues were recovered and analysed by CE. Perchlorate 



 

and chloride were found in all the firecrackers analysed (see ). Other 

anionic species such as thiosulfate, sulphate, nitrite, cyanate and thiocyanate were 

detected in some analyses. The determined species can be attributed to a 

combination of the unreacted fuses and charges compositions, and the products 

of post-blast reactions. For example, during combustion, some of the perchlorate 

and chlorate salts are reduced to chloride or chlorate in a very favourable process 

from a thermodynamic standpoint [22, 25]:  

ClO4
- + 2 H+ + 2 e-  ClO3

- + H2O 

ClO3
- + 6 H+ + 6 e-  Cl- + 3 H2O 

Analyses of items F2 and F7 showed the presence of chloride and chlorate. 

In the pre-blast analyses, none of these two anions appeared, and therefore it is 

possible to attribute their presence to the reduction reaction of perchlorate. 

However, perchlorate, chlorate and chloride were detected after the explosion of 

F8 item (the presence of chlorate in its charge had not been declared). In this case, 

chlorate could come from the reduction of perchlorate and also from the presence 

of unconsumed chlorate salt. Something similar occurs with sulphur, which acts as 

fuel in some powders, and produces thiosulfate, sulphate and thiocyanate anions. 

Thiosulfate can be produced by the reaction of sulphite ion with elemental sulphur, 

by incomplete oxidation of sulphides, or by partial reduction of sulphate [26]. These 

species were detected practically in all the post-blast residues of items with sulphur. 

In F7, whose declared composition did not include sulphate, small amounts of 

sulphate and thiocyanate were detected, but not thiosulfate. In this case, sulphate 

derivatives could come from the fuse or from sulphur not declared in the charge. 

Nitrate was not found in the post-blast analysis of F10, although nitrate salts were 

used in the manufacture of the fuses and one of the charges of this item. However, 

cyanate and thiocyanate were found in the post-blast analyses of this firecracker. 

Both products are related to the combustion of nitrate salts [23]. Thiocyanate is 

produced by the reaction of sulphur or thiosulfate with cyanide, which is produced 

under combustion conditions [26]: 
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8 CN- + S8  8 SCN- 

CN- + S2O3
2-  SCN- + SO3

2- 

In those items in which nitrate salts were not used for their manufacture, 

nitrate or nitrogen derivatives were not detected in the analyses, being this the 

case of F4 and F6. An unknown peak was detected in the electropherogram for the 

pre-blasted fuse and the post-blasted residues of F3. The nature of this peak is still 

unknown, since it migrated between chlorate and cyanate, and did not match with 

any of the typical compounds used for fireworks manufacture. 

Two types of rockets were studied (see ). R1 is a complex item 

with an external fuse entering the core of the item, and an internal fuse that is 

connecting to another separated compartment by inner material, where the second 

charge is located. The external fuse comprises potassium perchlorate, sulphur and 

carbon, according to the declared information. However, its analysis showed nitrate 

and trace amounts of perchlorate in its composition (see ). Perchlorate 

was the only anionic species present in the internal fuse of this rocket, whose 

composition was unknown. Perchlorate was found in the pre-blast charge analyses, 

in line with the declared formula. In the post-blast analysis of this rocket, nitrate, 

perchlorate, nitrite, cyanate, chloride, thiosulfate, sulphate and thiocyanate were 

identified. These results confirm the presence of nitrate salt in some part of this 

device, probably in the external fuse. 

Item R2 had an external fuse and two compartments with charges, with no 

internal fuse. In the first compartment, the lift charge was confined. In the second 

compartment, there was a burst charge and an extra charge producing additional 

effects (small balls with a core of powder that produce different colour effects or 

thunder effect). The fuse composition was not declared by the manufacturer; 

however, perchlorate was detected in pre-blast analyses (see ). 

Although the lift and burst charges have the same declared composition (see 

) in all the rockets of this type and, irrespective of the additional effect, in the 



 

pre-blast analysis of both mixed charges, only nitrate was detected. Thiosulfate, 

chloride, sulphate, nitrate, trace amounts of perchlorate, thiocyanate and cyanate 

were determined in the post-blast analyses ( ). 

Three pyrotechnic fountains were studied. The simplest one, FT1, produces 

a coloured smoke and a crackling effect. It has a short fuse that ignites the confined 

charge inside a hard cardboard tube. There are two different plugs, one clay plug 

over the charge and another sand plug under the charge. The produced smoke 

escapes through the hole for the fuse in the plug. Small and hard balls responsible 

for the crackling effect were found in the charge. The compositions for the fuse 

and balls were not reported by the manufacturer; however, perchlorate was 

detected in the analysis of the pre-blast fuse. In the analysis of the pre-blast charge 

of a green smoke FT1, only nitrate was detected. Although barium nitrate is the 

major component in this mixture and potassium perchlorate is in a lower 

percentage (see ), perchlorate was not detected. It is possible that the 

declared information was not complete or that the amount of perchlorate salt in 

the charge was not enough to be detected by this methodology. Nitrate was found 

in the pre-blast charge analyses of a yellow smoke effect FT1, which did not match 

with the declared composition either (see ). In order to clarify these 

results, post-blast analyses of green and yellow smoke effect items were carried 

out. The item with the green smoke effect provided signals for nitrate and 

perchlorate anions. In this case, the presence of both anions was due to the 

presence of perchlorate salt in its fuse composition and nitrate in its charge. 

However, only nitrate was detected in the post-blast analyses of the yellow colour 

effect item. It should be taken into account that swabbing post-blast samples an 

incomplete sample collection is probable due to the randomly distribution of 

anions over the burnt surface. Moreover, in these post-blast analyses no other 

anions derived from the combustion reaction were found. 

FT2 is a fountain with crackling and blue smoke effects. The charge is 

confined inside a cardboard tube and consisted of powder and small balls, which 
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are responsible for the crackling effect. Information about the fuse was not 

reported; nevertheless, nitrate was detected in the pre-blast fuse analysis. 

Moreover, there is no reference to the small balls and their chemical composition 

in the technical specifications; only a “mix composition” is declared ( ). 

In pre-blast analyses nitrate was identified, while perchlorate was not detected. 

Post-blast analyses showed the presence of nitrate, nitrite, cyanate, sulphate, 

thiosulfate and chloride ions (see ). Chloride was detected in spite of 

the fact that any chlorine anion was present in the previous pre-blast analysis. It 

could be possible that the core of the small balls contained chemical compounds 

with chlorine. 

FT3 is a conic fountain with green colour flame and crackling effects. It had 

an outer hard cardboard with only one fuse. In the pre-blast analysis of its fuse, 

perchlorate and sulphate were detected (see ). Perchlorate and nitrate 

were found in the pre-blast charge according to the declared chemical information 

(see ). In the post-blast residues, reduction and oxidation products of 

sulphur, perchlorate and nitrate salts, as well as nitrate and perchlorate anions, 

were detected ( ). 

One pyrotechnic battery containing several charges in cardboard tubes with 

different effects produced simultaneously was studied. In this case, BT1 was made 

of six different tubes, with five different types of charges connected by a long main 

fuse. These charges combine powders and other elements such as small 

firecrackers or small balls with a core of powder. Moreover, it had two internal fuses 

in each cardboard tube. Information about the composition of the main fuse of BT1 

was not declared by the manufacturer; however, nitrate, perchlorate and sulphate 

were detected in the analysis (see ). In the pre-blast analysis of the 

charge, nitrate, perchlorate and chlorate were detected. Once again, chlorate 

appears related to the smoke effect; however, in the declared composition there 

was no chemical compound directly related with chlorate anions. In the post-blast 

analyses, chlorate presence is confirmed, as well as nitrate, sulphate and chloride 



 

derivatives. An unknown peak between nitrate and perchlorate was additionally 

observed. 

Different types of sparklers are commercially available. Sparklers typically 

do not have fuses because these items can be held in the hand without any danger. 

Since more dangerous sparklers are also legally commercialized, in this work we 

studied two sparklers without fuse and one with fuse. 

S1 was a single metal wire with sparkler effect and without fuse. According 

to the declared composition, nitrate was determined in the pre-blast analysis of the 

charge. In the post-blast analyses, nitrate, nitrite, bromide, chloride and sulphate 

ions were identified (see ). The three last anions were not directly 

related with the declared reagents. 

S2 was a paper tube filled with powder that during burning produces white 

and red sparks. As shown in , in the pre-blast analysis of the powder, 

perchlorate and nitrate were detected. The presence of perchlorate agrees with the 

declared composition (see ). However, nitrate is not specified in that 

composition. Moreover, perchlorate, nitrate, sulphate and chloride were identified 

in post-blast analyses. The employment of sulphur was not indicated in the 

declared composition either, although it could also derive from the paper or 

cardboard tube that burns completely during the performance of this item. Paper 

and cardboard can contain sulphur or chlorine compounds because of their 

manufacturing process [27].  

S3 had a main fuse that drives the ignition source throughout the charge. 

This charge consisted of small balls fixed to rice paper. This item presented 

crackling and sparkler effects, and due to its danger must be ignited over the floor 

(not held in hands). Although the manufacturer did not inform about the fuse 

composition, the pre-blast analysis of the fuse showed the presence of perchlorate 

(see ). The electropherogram for the pre-blast charge showed signals 

corresponding to nitrate and perchlorate anions. Perchlorate could come from the 
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fuse residues although the charge could contain undeclared perchlorate salts. In 

post-blast residues, nitrate, perchlorate, sulphate and their reduction and oxidation 

products were identified ( ). 

These small items produce a large billow of coloured smoke. The container 

was a spherical hard cardboard with an external fuse connecting the outside item 

part with the charge located inside the ball. The fuse was connected with the smoky 

charge through an initiation pyrotechnic charge, placed before it. Although no 

information was reported about the fuse, nitrate and perchlorate were detected in 

the pre-blast fuse analysis (see ). In pre-blast analysis of the charge, 

chloride and perchlorate were found, but not nitrate and chlorate, which is 

inconsistent with the declared composition in . In the post-blast 

analyses, the presence of nitrate, sulphate and chloride was identified, which can 

correlate with the fuse composition. 

 

 

 

 

 

 

 

 

 

 

 



 

 
In this work a selection of different types of consumer fireworks are 

described, showing different details about their physical configuration and 

chemical compositions. Although the CE analyses of these items did not reveal 

similarities in the chemical composition of those items categorized as the same 

type, it was possible to find some common characteristics in certain items or parts 

of them. The analyses of pre-blast fuses has shown four different anionic 

compositions, suggesting the use of several types of chemical composition in fuses, 

depending on the desired function and the possible additional effect. Moreover, 

perchlorate always appears in all the internal fuses studied as the unique anion. In 

the pre-blast charges it was observed that perchlorate always appears in 

firecrackers and can correlate with the component (potassium perchlorate) 

producing the thunder effect. Nitrate can correlate with the barium nitrate used to 

give green colour effect. The presence of chlorate anions in pre-blast charges is 

highly related with the smoke effect, although this component is not declared by 

manufacturers. Other discrepancies were found between our analytical results and 

the compositions declared by manufacturers throughout the study. It could be due 

to factory contamination or the undeclared use of some reagents. Anions such as 

chloride and sulphate can be detected in trace amounts in pre-blast analyses, 

possibly they derived from oxidation or reduction reactions of the original charge.  

Post-blast analyses have shown a huge variety of anions. The ionic species 

present in post-blast residues result both from the chemical reaction occurring 

during the combustion, and also from unconsumed starting materials. If 

identification of an item from a post-blast residue is intended, additional 

information about the device must be recovered, such as pieces of paper or 

cardboard, which can help to identify it. Moreover, inner material or the paper or 

cardboard chemical composition could produce detectable ions during the 

combustion. It is important to know the composition of each component of the 

pyrotechnic item since the determination of undeclared compounds in the analysis 

of certain items could be attributed to structural components of these items.  
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. Scaled pictures of the consumer fireworks studied. 
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A new automated portable dual-channel CE instrument was built and 

applied to the concurrent determination of cations and anions. The system uses a 

single buffer and hydrodynamic injection of the sample is performed 

autonomously. A novel engraved flow-cell interface is used at the injection ends of 

the capillaries allowing the autonomous operation of the system. The engraved 

flow-cell replaces traditionally used split injectors in purpose made CE systems and 

makes the system design easier. A new software package with graphical user 

interface was employed to control the system, making its operation simple and 

increasing its versatility. The electrophoretic method was optimized to allow the 

baseline separation of 12 cations and anions commonly found in fireworks. The 

system was proven to be useful for the analysis of consumer fireworks, saving time 

and expenses compared to separate analyses for anions and cations. This is the first 

time that cationic and anionic compositions of fireworks are investigated together. 

The analysis of samples revealed several inaccuracies between the declared 

compositions for the fireworks and the obtained results, which could be attributed 

to cross-contamination during their manufacture or to a transfer between other 

components of the pyrotechnic item. The presence of certain unexpected peaks, 

however, had no apparent reason and might represent an irregularity in the 

manufacture of some devices. 
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Professional and consumer fireworks are two groups of pyrotechnic devices 

of high interest due to their wide use and required quality control [1]. They are 

defined as explosive materials and therefore come under the general explosive 

regulations regarding importation, manufacture, sale, storage and transport [2]. 

This normative try to guarantee a high level of protection to users, the general 

public and the environment [3]. Fireworks are subjected to quality controls in order 

to adjust to these normative, trying to avoid accidents caused by malfunctions and 

to inhibit illegal and dangerous mixtures of reagents. Quality assurance procedures 

include examination, determination of chemical content and performance testings. 

For example, it is possible to know the pyrotechnic charge of fireworks by studying 

their composition using several analytical techniques.  These tools have been 

gathered in a recent review article [1]. Among potentially portable techniques, 

spectroscopy techniques such as Raman and FTIR have been proposed to detect 

the molecular composition of this type of pyrotechnic devices, although 

conventional non-portable apparatus were used. The use of portable spectroscopy 

techniques also shows advantages in terms of sample preservation, since they are 

non-destructive techniques. Another suitable technique for the in-situ analysis of 

fireworks is CE, since it allows the determination of cationic and anionic 

compositions in a given sample with the same instrument. A recent paper has 

focused on the determination of anions in consumer fireworks by CE with 

photometric detection in which certain inaccuracies were found between the 

declared compositions and the determined anions [4]. 

The electrophoretic determination of both cationic and anionic 

compositions in samples can be tedious since usually separate analyses have to be 

performed for cations and anions. This is also cost and time consuming. On the 

other hand, the concurrent determination of cations and anions in CE saves both 

time and expenses of separated analyses. Over the last three decades, several and 

very different strategies for the concurrent electrophoretic separation of both 

classes of species have been proposed. They have recently been reviewed showing 



 

their advantages and disadvantages, and pointing out the system requirements for 

each of them [5]. Some methods force analytes to move against their 

electrophoretic mobility towards the detector. These methods involve the 

modification of the sample or BGE with complexing agents to form anionic 

complexes with metal cations [6, 7], the use of micelles in electrokinetic 

chromatography [8], the modification of the EOF magnitude [9-13] or the use of 

assisting pressure during the electrophoretic separation [14-16]. Other methods 

that are based on (physical) manipulation of sample plugs are dual opposite-end 

injection [17-22] and “dual single-end injection” [15], in which sample plugs are 

placed into both ends of the capillary and the detector is located somewhere near 

the middle of the capillary. A similar approach, referred to as “single injection with 

positioning of the sample plug” uses a single sample plug, which is pumped and 

positioned around the middle of the capillary between two detectors [15, 23]. 

A completely different approach is dual-channel CE. Dual CE uses two 

different and independent capillaries, which are grounded at one end while the 

opposite ends are connected to the positive and the negative high voltage (HV) 

supplies, respectively. Therefore, each capillary is devoted for the separation of only 

one type of ions. Two detectors are also needed, one for anions and the other for 

cations, but if contactless conductivity detection is employed this is not a significant 

extra expense. Similarly, the additional HV power supply does not add significantly 

to the cost and this is outweighed by the significant advantages of the approach 

compared to the methods mentioned above. These are chiefly the possibility of 

independent optimization of the separation and analysis time, as well as freedom 

from peak overlaps between cations and anions.  

The easiest way for injecting the sample in dual-channel CE is to perform 

an electrokinetic injection [24]. However, it is well known that electrokinetic 

injection suffers of sampling bias due to the different mobilities of different ions in 

the sample. Hydrodynamic injection, however, does not suffer of sampling bias. 

Sample injection by elevating the injection end of the capillary (syphoning) have 

also been performed in dual-channel CE [22, 25], although manual operation of the 
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injection usually deteriorates reproducibility. Recently, a semi-automated dual-

channel CE with two capacitively coupled contactless conductivity detector (C4D) 

was developed for the determination of NH4
+, NO3

- and NO2
- in water samples [26]. 

The sample injection was done automatically using a split injector, avoiding 

reproducibility errors produced by manual operation. These dual-channel CE 

systems were bench-top instruments with only limited capability for mobile 

deployment and on-site applications. Microchips have also been adapted to dual-

channel separations. The separation of peptides and proteins, which were injected 

electrokinetically, has been conducted by dividing the differently charged analytes 

when they passed an intersection, migrating according to their electrophoretic 

mobility and being extracted into opposite channels [27]. More recently, a novel 

microchip was used for the determination of inorganic anions and cations using 

hydrodynamic injection [28]. 

In this work, we present a new automated portable dual-channel CE. The 

system uses two capillaries with two C4D detectors for the concurrent 

determination of anions and cations using a single BGE. Hydrodynamic injection is 

performed automatically in a new flow-cell engraved in a plexiglass plate. The 

system was applied to the concurrent determination of typical cations and anions 

in consumer fireworks, optimizing a method for their separation with a single BGE. 

The use of a portable system for the analysis of consumer fireworks is of utility 

when quality control analyses wants to be performed directly at the manufacturing 

place and factories, in borders or harbours, and by distributors or importers. 

 

 

All chemical were of analytical grade. Sodium hydroxide, L-Histidine (His), 

2-(N-morpholino)ethanesulfonic acid (MES), acetic acid 99.7 %, 18-Crown-6, 

potassium perchlorate and sodium chlorate were from Sigma-Aldrich (St. Louis, 

MO, USA). Magnesium sulphate heptahydrate, barium nitrate, calcium chloride and 



 

copper sulphate pentahydrate were from Panreac (Barcelona, Spain). Ammonium 

chloride and strontium nitrate were purchased from VWR (Darmstadt, Germany). 

Ultrapure water, purified using a Milli-Q system from Millipore (Bedford, MA, USA), 

was used for the preparation of all solutions. Consumer fireworks (a complex 

firecracker, a smoke bomb, a single-charge firecracker and a rocket) were 

purchased in a local store in Alcalá de Henares (Madrid, Spain).  

The portable dual-CE system was controlled with an Arduino 

microcontroller using the Instrumentino software package [29]. Pneumatic 

pressurization was achieved from a small metal cylinder which is filled with a 

manual pump (normally used to pressurize shock absorbers of bicycles). The outlet 

pressure of the cylinder was adjusted to 1 bar with a regulator. This way, 

polyethylene tubes containing the BGE and the sample were pressurized. The caps 

of this tubes were modified in order to hold two fittings for tubings, one for the 

incoming pressure and the other one for the outgoing BGE or sample. The fluidic 

part is based on a novel flow-cell interface with engraved channel design machined 

from two polymethylmethacrylate (PMMA) plates (10 cm (w) x 15 cm (l) x 1.5 cm 

(h)), on which solenoid valves with 30 psi holding pressure purchased from the Lee 

company (LFVA0030000C-LFVA1230113H and LFRA0030000C-LFRA1230110H, 

Westbrook, CT, USA) and a miniaturized peristaltic pump (RP-Q1-SP45A, Takasago 

Fluidic Systems, Westborough, MA, USA) were positioned. The channels were 2 mm 

wide and 1 mm deep and were machined only in one of the two plates, having a 

semicircular cross-section. The grounded electrode was separated 15 mm from 

each capillary inlet being the volume of BGE enclosed around 47 L, a larger volume 

than that used in our previous split injector interfaces [30-32]. All fluidic 

connections were made with 0.02 inch I.D. and 1/16 inch O.D. Teflon tubing and 

with polyether ether ketone flangeless nuts and ¼-28 ferrules purchased from 

Upchurch Scientific (Oak Harbor, WA, USA). The HV units were two UM20*4 

modules (Spellman, Pulborough, UK), with dimensions of 120 mm (w) x 38 mm (d) 

x 25 mm (h), an input voltage of 12 V, a maximum output current of 200 A and a 
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weight of 200 g each. They provide a maximum of 20 kV at positive or negative 

polarities. Two vials with buffer were positioned on the high voltage sides where 

the end of the capillaries and the HV electrodes were also placed. The head stage 

of a commercial detector (eDAQ, Denistone East, NSW, Australia) was used for the 

determination of cations. The excitation frequency was set to 1200 kHz and the 

amplitude to 100%. A purpose made detector was built and used for the detection 

of anions. The resulting signals were recorded with an ER225 C4D Data System 

modified to be powered with 12 VDC (eDAQ, Denistone East, NSW, Australia). 

Although the ER225 C4D data system has two channels, channel 1 can only be used 

with the commercial head stage. For this reason, two different detector were used 

instead of using two purpose made detectors. For powering the system, a lithium 

battery pack of 14.8 V and a capacity of 6.6 Ah (CGR 18650CG 4S3P, Contrel, 

Hünenberg, Switzerland) fitted with a voltage regulator for production of a 12 V 

output was used. A separate pair of smaller Li-ion batteries with a capacity of 2.8 

Ah each (CGR 18659CG 4S1P, Contrel), which was fitted with positive and negative 

12 V regulators, provided the split ±12 V supply for the C4D circuitry. Alternatively, 

mains power can be utilized when available. Regarding prices,Lee valves were 50 € 

each, the Spellman HV units cost 380 € each, the eDAQ C4D system was around 

3000 €, the lithium batteries were 350 €, the purpose made C4D cost 300 €, the 

pressure system less than 300 € and the suitcase was 50 €. The total cost of the 

system was less than 5000 €. 

For sample preparation the fuses of the consumer fireworks were first 

separated from the main body of each item where the pyrotechnic charge was 

confined. The firework bodies were then carefully opened with a utility knife and 

their main charges were collected. When the device had several charges, they were 

manually mixed for homogenization. For the preparation of samples of fuses, they 

were cut into small pieces. Then, 10 mL of water were added to 100 mg of each 

pre-processed charge or fuse and the mixtures were stirred for 2 min. The mixtures 

were finally filtered through syringe filters with a pore size of 0.45 m. Once each 



 

sample was prepared, it was successively diluted before injection if necessary. A 

blank of the sample preparation was also produced in order to check for possible 

contaminants in the filters or water. 

New capillaries were pre-conditioned before analysis with 1 M NaOH for 10 

min, then with water for 10 min and finally with BGE for 1 h. The pressure in the 

system was set to 1 bar for all operations.  shows the procedure for the 

analysis of samples. First, BGE was flushed throughout the engraved plate to wash 

the interface and deliver BGE around the capillaries ends. Then, the capillary was 

rinsed with BGE. Next, the sample was delivered to the engraved manifold before 

the hydrodynamic injection was performed for a determined time. Finally, the 

engraved plate was flushed with BGE to remove the sample around the ends of the 

capillaries and the grounded electrode. Note that the arrangement was different 

to our earlier designs in that a flow restriction was permanently applied, i.e., the 

back-pressure was always present [30-32]. This means that during flushing some 

BGE was pressed into the capillary. Then, the electrophoretic separations were 

carried out by turning on the HV supplies at the desired voltages. Peaks were 

identified by spiking samples with standards and, when the analytes were 

suspected to be below the LOD, more concentrated samples were injected or 

longer injection times were used. 

Calibration by the external standard method was performed by injecting ion 

solutions over the range from 1 to 5600 M. Peak integration was performed by 

setting the baseline from valley to valley. The software Chart (eDAQ, Denistone 

East, NSW, Australia) was used for data recording. The electropherograms were 

processed in Origin (OriginLab, Niles, IL, USA). 
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. Normal operating procedure with the portable dual-CE for the analysis 

of samples. Because V1 and V3 are normally closed valves, when they are ON the 

flow of solutions is allowed throughout them. The normal position of V2 is B. * With 

BGE.  

Action Time (s) Hardware setup 

Rinse grounded interface* 15 V1 ON; V2 B 

Flush capillary 600 V1 ON; V2 A 

Sample delivery 5 V3 ON; V2 B 

Injection 60 V2 A 

Rinse grounded interface* 15 V1 ON, V2 B 

Delay 10  

Separation 540 HV ON 

 

 

A new purpose-made portable dual-CE instrument was designed and built 

in our laboratory. A schematic drawing of the system is shown in . The 

fluidic part of the system is based on our previous designs [30-32]. The 

employment of the pneumatic system allows the precise and controlled flow of 

solutions in the liquid manifolds of the system.  

On the injection side two 2-way normally closed valves (V1 and V3) are used 

to allow the flow of either BGE or sample throughout the grounded engraved plate. 

A third 3-way valve (V2) placed after this interface is used to control the rinsing of 

the engraved plate, the sample delivery, the flushing of the capillary with BGE and 

the sample injection. 

 



 

 

 

 

 

 

 

 

 

. Schematic of the portable dual-CE. The pressure of the compressed 

air was set at 1 bar. The HV side of the system was isolated into two independent 

safety cases. 

 

A short capillary (8 cm, 25 m I.D. and 363 m O.D.) in combination with a check 

valve was used as pressure-limiting tube for the flow regulation during the injection 

step and allowed us to precisely control the injection of sample into the capillaries. 

When V1 was open and V2 was in position B, the engraved channels were flushed 

with BGE and the BGE delivery was carried out. Changing the position of V2 from 

B to A, the engraved channels were pressurized and the capillaries were flushed 

with BGE. The sample delivery was performed in the same way as the BGE delivery 

but by opening V3 instead of V1. Then, for the sample injection, V1 and V3 were 

closed while V2 was in position B. With this configuration, a slow flow was created 

throughout the pressure-limiting tubing allowing the precise injection into the 

capillaries. This is a new design that avoids the excessive use of long tubings. 

Moreover, the employment of the pressure-limiting tubing for injection has a 

double benefit. On the one hand, it allows for precise injections since the injection 

step is prolonged in time (around 1 minute). On the other hand, the pressure is 

more controlled than with a split injector since it is performed with direct 

application of pressure. The use of the engraved flow-cell, that replaces 

traditionally used split injectors in purpose made systems, means a step forward in 
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the design of split injectors for CE since it is easier to use and the design of the 

system is simplified. Moreover, it allows the use of two capillaries in a single 

injector. 

Two separate safety cases were constructed with the same arrangement, 

one for each polarity. The system uses two capillaries (25 m I.D.) for the concurrent 

determination of cations and anions and, therefore, two HV units are used. These 

modules feature monitoring not only of the actually applied voltage, but also of 

the current, which provides a useful feedback to the operator. The instrument has 

a compact design, with all components arranged in a briefcase with dimensions of 

45 cm (w) × 35 cm (d) × 15 cm (h) and a weight of about 8 kg. It can continuously 

operate for 4.5 h in the battery-powered mode when both channels are used (or 9 

h for one channel).   

The system is operated using a custom made graphical user interface software, 

based on the open-source Instrumentino package [29]. Using Instrumentino gives 

full control of the experimental parameters such as the applied voltages and their 

polarities, the resulting currents and the state of the valves, and enables triggering 

of the C4D recording system. The use of Instrumentino enables the definition of 

operational methods and sequences and their automated running without user 

intervention. The aforementioned experimental parameters can be monitored 

directly on the computer screen, as well as recorded for later inspection. Using the 

defined methods and their combination into sequences allows to study different 

parameters in the electrophoretic separation, such as the injection time, separation 

voltage, separation time, etc. making the optimization of the electrophoretic 

procedure and the analysis of samples fast and easy, as on any commercial 

instrument. Methods and sequences can be saved and used again for the study of 

reproducibility.  

 

 

 



 

Standard separation of common cations and anions in consumer fireworks 

Different metallic salts are used for the formulation of fireworks [1]. For the 

determination of metal cations, BGEs at slightly acidic pH are usually employed in 

CE. This leads to relatively low EOF magnitudes, improving the residence time and 

separation of cations. Moreover, low pH values avoid hydroxide complexation and 

precipitation of metal cations. The expected cations to be found in the samples 

were K+, Ca2+, Na+, Mg2+, Ba2+ and Cu2+ and the expected anions were high mobility 

anions (chloride, nitrate, sulphate, chlorate and perchlorate), which can also be well 

determined under the same conditions [33]. Capillaries of 80 cm length with 58 cm 

distance to the detector were used to optimize the separation of the analytes. K+ 

and NH4
+ co-migrate under normal CE conditions. The addition of 18-Crown-6 to 

the BGE allows their electrophoretic separation because it complexes with K+, the 

complex having a lower mobility than NH4
+ [34]. Therefore, 2 mM of 18-Crown-6 

was added to all the BGEs studied. Two different BGEs, at two different pH values, 

were studied. The first BGE consisted of His adjusted to pH 4.0 with acetic acid and 

the second BGE consisted of MES/His at pH 6.0. For the BGE at pH 4.0, the 

concentrations studied were 6, 9, 12, 15, 18, 21, 24, 30 and 35 mM His. For the BGE 

at pH 6.0, the concentrations studied were 20, 30, 40, 50, 55, 60, 70, 80 and 90 mM 

MES/His. Baseline separation of all ions was obtained at concentrations of 6 and 9 

mM His at pH 4.0 and 20 and 30 mM MES/His at pH 6.0. However, at these 

concentrations, the peaks for anions were wide due to electrodispersion and the 

sensitivity was very low. Sulphate overlapped with perchlorate and chlorate 

between the concentrations from 12 to 21 mM for the BGE at pH 4.0 and at 

concentrations of 40 and 50 mM MES/His for the BGE at pH 6.0. For the BGE at pH 

4.0 only the concentration of 24 mM allowed the baseline separation of all the ions 

studied. At concentrations of 30 mM His or higher, calcium and sodium co-

migrated. For the BGE at pH 6.0, there were two of the studied concentrations at 

which all the 12 ions were baseline separated. These concentrations, were 55 and 

60 mM of MES/His. Higher ones also produced co-migrations of calcium and 
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sodium. Finally, the BGE at pH 6.0 consisting of 60 mM of MES/His was chosen for 

further experiments since it produced longer distances between chlorate and 

sulphate than the BGE at 55 mM of MES/His (pH 6.0), with the same distance 

between calcium and sodium. The BGE at pH 4.0 was not chosen because the 

separation of cations was too prolonged in time due to the low magnitude of the 

EOF and because the baseline obtained was less stable. 

The separation voltages for the cations and anions were independently 

optimized. Accordingly, the separation of cations was performed at -10 kV, 

increasing the residence time of the analytes while decreasing the electric field 

strength and, therefore, increasing their linear ranges, while anions were separated 

at +20 kV. The lengths of the capillaries were also independently optimized in order 

to adjust the mobilities for cations and anions and to decrease their lengths to that 

enabling fast separations and baseline separations of analytes. Accordingly, a 

capillary of 60 cm and 38 cm to the detector was used for cations while for anions 

a capillary of 67 cm and 40 to the detector was used. The injection time was also 

optimized, being 1 min for the injection used to study the method performance. 

The lengths of the sample plugs injected during 1 min into each capillary were also 

estimated, occupying 1.8 % of the capillary total length for cations and 2.0 % of 

that for anions.  

 shows the concurrent separation of 12 cations and anions 

usually present in consumer fireworks under the optimized conditions, 

demonstrating the selectivity and high peak capacity of the system for complex 

samples containing a large number of similar ions. Baseline separations of anions 

for concentrations between 100 M and 400 M were achieved. Baseline 

separation of Ca2+ and Na+ was still achieved at the concentration of 200 M and 

ClO4
- and ClO3

- were separated at 500 M. However, at higher concentrations, the 

resolution of these peaks was lost. The separation of NH4
+ and K+ was possible at 

baseline level even at a concentration of 2000 M and their linear ranges were 

extended up to 1000 and 1400 M, respectively, as can be seen in .  



 

. Limits of detection (LODs) and reproducibilities for the determination 

of anions and cations.  

Ion Linear range 
( M) 

r2 LODa 

( M) 
Intraday reproducibility of 
migration time (%RSD)b 

Intraday reproducibility 
of peak area (%RSD)b 

NH4
+ 5-1000 0.995 2 0.4 4.1 

K+ 5-1400 0.999 2 0.3 4.4 

Ca2+ 1-200 0.993 1 0.4 4.6 

Na+ 5-200 0.999 2 0.4 4.4 

Mg2+ 1-1400 0.999 1 0.4 4.7 

Sr2+ 1-1400 0.998 1 0.5 3.7 

Ba2+ 10-1000 0.993 5 0.5 7.1 

Cl- 3-4200 0.998 2 0.2 5.4 

NO3
- 4-5600 0.999 3 0.3 3.9 

ClO4
- 5-500 0.997 3 0.2 5.1 

ClO3
- 5-500 0.997 3 0.2 6.7 

SO4
2- 5-1000 0.996 2 0.3 5.1 

a Peak heights corresponding to 3 x baseline noise. 

b Determined for 100 M NH4
+, K+, Ca2+, Na+, Mg2+, Sr2+, Ba2+, ClO4

- and ClO3
-; 400 M Cl- and NO3

-; 300 
M SO4

2-. n = 9. 

 

In the case of Cl- and NO3
-, their linear ranges extended to 4200 and 5600 

M, respectively. The limits of detection were in the lower micromolar range. The 

stability of migration times was excellent and the RSD (%) for peak areas was below 

5 in most of the cases. This demonstrates the inherent stability of the mechanical 

and electronic design of the system. Since the system did not include any 

temperature control, the repeatability experiments were performed in the 

laboratory with the temperature controlled between 24.5 and 25.5 ºC. Since 

changes in the temperature during the separation produce changes in the 

migration times of analytes, we always identified the peaks by sample spiking with 

standards. The reader should note that, although Cu2+ was included in the list of 
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expected cations for the analysis of consumer fireworks, Cu2+ was not found in any 

of the samples analysed in this work. Therefore, it was not included in the 

performance study or in the discussion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Concurrent separation of a standard solution of 7 cations ( ) and 5 

anions ( ) in a BGE composed of 60 mM MES/His at pH 6.0 in the presence of 2 

mM of 18-crown-6. 100 M NH4
+, K+, Ca2+, Na+, Mg2+, Sr2+, Ba2+, ClO4

- and ClO3
-, 

400 M Cl- and NO3
-, 300 M SO4

2-. The injection time was 1 min into capillaries of 

25 m I.D. Capillary for cations, 60 cm and 38 cm to the detector. Capillary for 

anions, 67 cm and 40 to the detector. Separation voltage: +20 kV for anions and 

10 kV for cations. 



 

Enhanced detection limits 

When separation efficiency is not a limitation, LODs can be enhanced by 

introducing a large sample volume. Longer injection times were set in 

Instrumentino, allowing to fill higher percentages of the capillary with sample. This 

is illustrated in  for the analysis of a sample with 1 M ClO3
- and ClO4

- 

together with other ions in water. With shorter injections these concentrations were 

well below their limits of detection. However, when the injection time was 

prolonged from 1 to 4 min, ClO3
- and ClO4

- became detectable as their LOD were 

lowered to 0.7 and 0.8 M, respectively. This operation is needed when the analytes 

are present in the samples at low concentrations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Determination of ( ) low concentrations of ClO3
- and ClO4

- (1 M) 

together with other anions (25 M Cl-, SO4
2- and 50 M NO3

-). A longer injection 

for 4 min allowed their determination even when they are present at concentrations 

below their LODs with a injection of 1 min ( ). Other condition as for Figure 6.2.2. 
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Fast separation of slow migrating analytes 

The determination of slowly migrating analytes together with high mobility 

cations and anions is also possible with the system within a reasonable time. Due 

to its characteristics, the migration time of copper is very long, compared to those 

for the high mobility cations studied in this work. The system can be optimized 

differently to meet different objectives. Instrumentino can easily control the system 

in such a way that different analytes can be separated at different voltages, 

depending on their migration times.  shows the separation of 7 high 

mobility cations together with copper. In  an increase in the voltage 

applied for separation was set from -10 kV to -20 kV just after the detection of the 

last relatively high mobility cation (barium) in order to increase the velocity of 

copper and reduce the analysis time. Copper was detected in just over 12 min 

( ), while it took almost 16 min when the voltage remained constant 

at -10 kV during the entire separation ( ). The use of -20 kV during 

the whole separation was not possible for baseline separation of Na+ and Ca2+. 

Moreover, the linear ranges for these two cations and NH4
+, K+, Mg2+ and Sr2+ were 

drastically decreased.  

 

 

 

 

 

 

 

. Separation of a standard mixture of high mobility cations together 

with a slow cation with change of polarity during the separation ( ) and without it 

( ). 100 M NH4
+, K+, Ca2+, Na+, Mg2+, Sr2+, Ba2+ and 200 M Cu2+. The asterisk 

indicates the change of voltage from -10 kV to - 20 kV during the separation. Other 

conditions as for Figure 6.2.2. 



 

Different analyses were performed for fuses and charges of a complex 

firecracker, a smoke bomb, a single-charge firecracker and a rocket. These analyses 

were done in the lab under uncontrolled temperature conditions, with the battery 

powered mode.  shows cations and anions found in the 

electropherograms for the sample of the complex firecracker, as an example. 

 shows the results for the analysis of the consumer fireworks studied in this 

work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Electropherograms for the analysis of a complex firecracker. The 

electropherogram  shows the determination of cations and the 

electropherogram  shows the determination of anions in the pyrotechnic 

charge. The electropherogram  shows the determination of cations and the 

electropherogram  shows the determination of anions in the fuse. Samples were 

diluted 10 times in water and injected for 1 min. Other conditions as for Figure 

6.2.2. 
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. Cationic and anionic composition of the charges and fuses of 

the firecrackers analyzed. , complex firecracker; , smoke bomb; , single-

charge firecracker; , rocket. Black numbers indicate analytes in samples for 

which compositions were not indicated. Green numbers indicate analytes 

declared in the composition. Red numbers indicate analytes which were 

determined but were not declared in the composition. X marks indicate 

analytes which were declared but were not determined. 

Ion K+ Ca2+ Na+ Mg2+ Ba2+ Cl- NO3
- ClO4

- ClO3
- SO4

2-

Charges 
(mg/100 mg) 

          

A 20.405 0.095 0.476 0.269 X 0.334 0.547 19.366 6.139 9.153

B 14.930 0.021 0.015 0.004     20.479 1.181

C 10.792 0.005 0.010 0.248  0.278  22.441  0.266

D 26.180 0.038  0.057 19.806  35.193 5.365  0.694

Fuses 
(mg/100 mg) 

          

A 21.173 0.023 0.012 0.001   20.662 10.320  0.095

B 14.412 0.008 0.048  0.277 0.011 0.204 19.010 0.300 1.292

C 11.178 0.015 0.002 0.003   11.563 4.523 0.066 0.870

D 21.181 0.029 0.088     40.582  1.810

 

All samples for which their declared composition was available showed 

some inaccuracies when comparing the results with the list of components 

declared by the manufacturers. In several samples, Ca2+ and Na+ were determined 

although their incorporation to the pyrotechnic charge or fuse was not declared. 

Clays are commonly used in fireworks in order to seal and confine the powder of 

the pyrotechnic charge and to avoid its loss [1]. Ca2+ and Na+ are present in these 

clays. Both cations were always determined at very low concentrations in all the 

samples and, therefore, their presence was attributed to a transfer or cross-

contamination between the sealing clays and the powder of the charges or fuses. 



 

Cl- was also determined in certain samples, although the use of chloride salts was 

not declared in the composition of any firework. With aging, perchlorate and 

chlorate salts are normally reduced to Cl- [4] and, for this reason, this anion is 

usually found in fireworks with these salts. Moreover, in our study, chloride was 

always found at low concentration (0.011-0.334 mg/100 mg). The same was found 

for SO4
2-, which was not declared in the original composition but was determined 

in all the samples. Black powders and flash powders include sulphur, which is used 

as fuel [1]. In presence of moisture and oxygen, sulphur turns into sulphuric acid, 

which dissociates into protons and SO4
2-, and for this reason this anion can be 

found in fireworks containing sulphur powders [4].  

As can be seen in , the analysis of the charge of the complex 

firecracker ( ) showed the determination of ClO3
-. Chlorate salts were 

not declared in the composition provided by the manufacturer and its presence 

could mean an irregularity in the manufacture of this pyrotechnic item. Probably, 

KClO3 was added as a salt to the composition indicated by the high concentration 

of potassium detected in this sample (20.405 mg/100 mg). Moreover, the use of 

BaNO3 was declared in the composition for this firecracker although Ba2+ was not 

determined in our analyses. The analysis of the charge of the smoke bomb showed 

high amounts of chlorate. This matches with the declared composition, which 

states the use of KClO3, which is used in smoky compositions. The analysis of the 

single-charge firecracker surprisingly revealed Mg2+. Magnesium is usually added 

as an alloy with aluminium, known as magnalium [1]. The charge of this firecracker 

is a flash powder (aluminium, sulphur and potassium perchlorate). Sometimes 

aluminium is also added to flash powders as magnalium, although only aluminium 

is declared in the composition. The determination of Mg2+ could be attributed to 

the presence of magnalium in the pyrotechnic charge or to a cross-contamination 

in the manufacture step. The analysis of the charge of the rocket confirmed the 

declared composition. Only Ca2+ was found out of the declared components for 

this sample, but it was attributed to a contamination from the clay plugs in the 
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firework due to the low concentration found (0.038 mg/100 mg), as in previous 

samples. 

The manufacturers did not declare the composition of fuses. For this reason 

it was not possible to compare declared compositions with the results from our 

analyses and only an exposition of our results is given here. The analysis of fuses is 

important because there is few information about their composition and because 

they are usually employed in the manufacture of improvised explosive devices. Ca2+ 

and Na+ were found at low concentrations in all the fuse samples and their 

presence was attributed to contamination from the clay plug, which is directly in 

contact with the fuse, and passes through it. Fireworks fuses are made of nitrate 

salts, perchlorate salts or both at the same time. Most of the fuses of our study 

contained perchlorate and nitrate salts, which according to the cationic 

compositions could be KNO3 and KClO4, due to the high concentrations of 

potassium found in all samples. The fuse of the rocket had only ClO4
-, indicating 

that this fuse contains KClO4. Mg2+ was determined in the sample of the complex 

firecracker and the single-charge firecracker at very low concentrations (0.001 and 

0.003 mg/100 mg respectively). Magnesium is used in firecrackers to produce white 

sparks. However, due to the low concentrations found, its presence could come 

from a contamination in the manufacture step. ClO3
- was determined in two fuses: 

the smoke bomb fuse and the single-charge firecracker fuse. As stated above, 

chlorate salts are used in smoky compositions. This agrees with the pyrotechnic 

effect of the smoke bomb, although its presence in the normal firecracker was not 

clear. Finally, Ba2+ was found at low concentration in the smoke bomb. Its presence 

was not clear to us and finally we concluded that, due to the small concentration 

detected (0.227 mg/100 mg), it could be the consequence of a contamination 

during its manufacture. 

 

 

 



 

 
The system was proven to be highly suitable for the concurrent 

determination of anions and cations, using a single buffer and reducing the total 

time of analysis. This is the first portable CE design that, to the best of our 

knowledge, has the dual-channel feature. The use of the engraved plate design 

allowed us to simplify the design of the system while the injection step was a very 

precise and controlled step. The system is highly versatile and was optimized for 

different purposes, such as the determination of trace elements, to improve the 

separation efficiency or the analysis time, depending on the necessities. The 

analysis of consumer fireworks revealed that some items were slightly aged, 

evidenced by the presence of SO4
2- and Cl- in mixtures with sulfur and perchlorate 

or chlorate salts. Moreover, the presence of Ca2+ and Na+ in certain samples was 

attributed to a transfer from the clay plugs, used to confine the explosive 

pyrotechnics. Finally, for the first time the cationic and anionic compositions of 

fireworks have been investigated together, giving a more complete information 

about the manufacture of this pyrotechnic devices. 
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Specific analytical procedures are requested for the forensic analysis of pre- 

and post-blast consumer firework samples, which present significant challenges. 

Up to date, vibrational spectroscopic techniques such as FTIR have not been tested 

for the analysis of post-blast residues in spite of their interesting strengths for the 

forensic field. Therefore, this work proposes a simple and fast procedure for the 

sampling and analysis of consumer firework post-blast residues by a portable FTIR 

instrument with an ATR accessory. In addition, the post-blast residues spectra of 

several consumer fireworks are studied in order to achieve the identification of their 

original chemical compositions. For this, 22 standard reagents usually employed to 

make consumer fireworks, or related to their combustion products were measured. 

Then, 5 different consumer fireworks were exploded, and their residues were 

sampled with dry cotton swabs and directly analysed by ATR-FTIR. In addition, their 

pre-blast fuses and charges were also analysed in order to stablish a proper 

comparison. As a result, the determination of the original chemical compositions 

of the post-blast samples was obtained. Some of the compounds found were 

potassium chlorate, barium nitrate, potassium nitrate, potassium perchlorate, 

aluminium or charcoal. An additional study aided with chemometric tools found 

that results might depend on the swab head type used and its efficiency sampling. 

The proposed procedure could be used as complementary technique for the 

analysis of consumer fireworks post-blast residues.  
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Consumer fireworks are small display pyrotechnic devices available on sale 

to the general public. They are designed to be lit up and produce some effects such 

as smoke, noise, colour, sparks or flames by combustion [1]. Some examples are 

firecrackers, bottle rockets or sparklers. They are made with clever chemical 

compositions and configurations, which are responsible for the pyrotechnic effects. 

The most frequently used chemical compounds are oxidizer agents such as nitrate, 

perchlorate or chlorate salts, fuels such as charcoal, magnesium or aluminium, and 

auxiliary substances such as potassium benzoate or strontium carbonate [1, 2].  

There is high forensic interest in the determination of the chemical 

composition of consumer fireworks, both from intact items and their post-blast 

residues. This is important during investigations of caseworks related to vandalism 

acts, injuries, occupational accidents, illegal trade or improvised explosive devices 

made with their components [1, 3]. Although the analysis of this type of samples is 

challenging, forensic experts try to obtain a complete evidence characterization 

and/or identification applying multiple specific analytical techniques based on 

different principles and methodologies [4]. Some complications for studying 

consumer fireworks include the fact that they may have complex configurations 

and compositions, like several fuses and charges, or that the total amount of 

pyrotechnic charge is usually low (0.1 - 2 g [5]), which means that the available 

amount of post-blast residues is assumed lower. Furthermore, studying post-blast 

residues is a daunting task because some unburnt material from fuses and charges, 

and reaction products from the original composition are normally mixed with inert 

materials such as clay plugs or cardboard [6].  

As a consequence, several specific analytical approaches for the analysis of 

consumer firework samples were proposed. Colorimetric methods were applied for 

the quantitative determination of given substances such as sulphur and chlorate in 

intact items [7]. SEM-EDS was used to identify chemical elements in pre- and post-

blast consumer firework samples, and to differentiate between pyrotechnic 



 

particles and gunshot residues [8-11]. Besides, several sensitive methodologies 

were proposed for the analysis of consumer firework samples by CE with UV-Vis 

detection [5, 12-14], and by a portable dual-channel CE with C4D [15]. These 

methodologies allowed the identification of their ionic composition. Moreover, it 

was even possible to associate the identified post-blast ions with their original 

reagents through the decomposition or combustion derived reaction products [5, 

15]. In recent years, the use of spectroscopic techniques has increased in this field 

especially because they can provide useful atomic and molecular information. ICP, 

AFS and AES were applied to the identification of metallic elements in intact 

consumer fireworks [16, 17]. DESI-MS [18] and LEMS [19] were applied to the 

analysis of intact consumer fireworks and their post-blast residues, respectively. 

Furthermore, it is well known that Raman and FTIR spectroscopy are suitable 

techniques to analyse organic or inorganic explosives [20]. In fact, Raman and FTIR 

spectroscopy (used in transmittance mode) were also applied to detect the 

molecular composition of intact consumer fireworks [21]. Both techniques have 

very interesting characteristics in the forensic context, for instance, they allow fast 

result acquisition without sample destruction, and they are available as portable 

systems. However, to our knowledge, the use of these techniques for the analysis 

of post-blast residues of consumer fireworks has not been reported up to date. The 

reasons might include the challenging issue of analysing this type of samples and 

the lower sensitivity of these techniques compared with the other previously 

mentioned. Nevertheless, because they offer interesting strengths for the forensic 

field, we think that these spectroscopic techniques should be further tested for the 

specific analysis of post-blast consumer fireworks. A crucial step to achieve the 

successful analysis of these samples by these techniques is the sampling step. In 

fact, up to date, several studies have involved the recovery of the explosives’ 

organic and inorganic post-blast residues from several surfaces using several swab 

types [22-24]. All these studies were devised for collecting, and then extracting the 

analytes using solvents for their further analysis by separation techniques. 

However, they did not tackle the direct analysis of the residues remnant on the 

swab heads, which might implicate additional challenges. 



357 

The aims of this work were to obtain the spectra of several post-blast 

consumer fireworks samples using a simple and fast sampling and analysis 

procedure by a portable FTIR instrument with ATR accessory, and to achieve the 

identification of their original chemical compositions. In order to accomplish these 

goals, the standard reagents of the main compounds found in consumer fireworks 

and their main combustion products were analysed. Afterwards, some items were 

exploded, their post-blast residues were swabbed and immediate analysed by ATR-

FTIR. In addition, pre-blast fuse and charge samples were analysed, and their 

spectra compared to their corresponding post-blast counterparts.   

 

 

All standards were of analytical grade. Sodium nitrate, strontium nitrate, 

barium nitrate, potassium chlorate, sodium chlorate, potassium perchlorate, 

potassium thiocyanate, sodium thiocyanate, potassium cyanate, sodium cyanate, 

potassium sulphate, sodium sulphate, sodium thiosulphate, potassium 

thiosulphate, strontium carbonate and aluminium were obtained from Sigma-

Aldrich (St. Louis, MO, USA). Potassium nitrate, sulphur and copper oxide (II) were 

purchased from Labkem (Mataró, Barcelona, Spain). Wood charcoal (powder), 

sodium nitrite, calcium chloride and calcium carbonate were bought from Fisher 

Scientific (Loughborough, Leicestershire, UK).  

Five different consumer fireworks were selected as samples. They were 

purchased in a local store (Alcalá de Henares, Madrid, Spain). The three simple 

firecrackers were named as F1, F2 and F3 (commercial names: 100 petardos, cheroki 

junior and superfallero, respectively). One complex firecracker was named as F4 

(commercial name: cracks). And a bottle-rocket was named as R1 (commercial 

name: voladores surtidos).  collects the information provided by 

manufacturers about the used firework’s composition. Additional chemical 



 

information of these samples was obtained in previous studies carried out by our 

research group [5, 15]. 

. Consumer fireworks declared composition by manufacturers. 

Information obtained from reference [5]. 

Consumer firework 
nomenclature: in this work 

Consumer firework 
nomenclature: in ref  [5] 

Declared composition (charges) 

F1 F1 Al; S; KClO4 
F2 F1 S; Magnalium; Al; KClO4 
F3 F3 Al; S; KClO4 
 

F4 
 

F8 
Cracking effect: KClO4; KNO3; S; C; 

magnalium; CuO 
Green smoke: S; Ba(NO3)2; KClO4; inerts 

Thunder effect: Al; S; KClO4 
 

F5 
 

R2 
Lift mixture: S; C; KNO3 

Burst mixture: S; C; KNO3 
Green effect: C48H42O7; (C2HCl)n; KClO4; 

magnalium; Ba(NO3)2 

 

Cotton swabs from three different manufacturers were tested in order to 

assess the effectivity of the swabbing system and the background signals produced 

by the swab head material. Specifically, they were obtained from Prionics AG 

(Schlieren, Zurich), Remel-Thermo Fisher scientific (Santa Fe Drive, USA), and 

Baikim-Ruher Iberica S.A. (Barcelona, Spain). It is important to note that the swabs 

from Prionics AG were designed for forensic evidence collection (named as Cb), 

whereas the swabs from Remel were designed for microbiology purposes (named 

as Sw), and the swabs from Baikim were designed for personal care (named as Hy).  

A compact portable ALPHA FTIR spectrometer with ATR sampling accessory 

(Bruker Optics Inc., Ettlingen, Germany) was used to analyse the samples.  

In order to obtain post-blast samples, two items of each consumer firework 

type were exploded on a steel plate (an open metallic sheet, named as Ms). On 

additional experiments, a glass surface (a glass desiccator, named as Des) was 

considered. The methodology used to clean the steel plate and the glass surface 
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between explosions was the reported in reference [5]. Briefly, the post-blast 

residues were obtained swabbing the surface with a dry cotton swab, trying to 

collect residues from all over the plate. The dry cotton swab was placed and pressed 

directly on the cleaned diamond crystal surface of the ATR sampling accessory 

using the devices’ mechanical press. Each swab was analysed thrice by changing its 

position under the press, thus assuring a fresh measurement each time. The 

instrument was cleaned between analyses with a clean paper tissue and then with 

ethanol or isopropanol soaked tissues. Furthermore, the pre-blast samples of three 

additional items of each consumer firework type were also analysed. The following 

procedure was used for studying the non-exploded items: First, the fuse was 

separated from the main part of the item. The most external part of the fuse (not 

contaminated by the main charge of the item) was divided in two. One half was 

selected for extracting its containing fuse-powder. The extraction was assisted by 

a clean pair of scissors. Then, the extracted powder was analysed directly on the 

cleaned diamond crystal surface of the ATR sampling accessory. Afterwards, the 

item main part (body) was opened carefully using a scalpel and its powdered 

content was emptied on a filter paper. Only a small amount (around 50 mg) of such 

powder was analysed. No other pre-treatment was performed on the samples. 

Some consumer fireworks contained more than one charge, thus they were 

separated for their further analysis, except for those cases where cross-

contamination was observed with the naked eye. In those cases, they were mixed 

further and analysed as a mixed sample.  

IR absorption spectra were recorded from 4000 to 400 cm-1 with a spectral 

resolution of 4 (data spacing of 2.04 cm-1). For every measurement, the system 

performed 48 scans, which then were automatically averaged using the Opus 7.2 

software (Bruker Optics, Ettlingen, Germany). In order to focus on the spectral 

fingerprint region, the spectral region selected for the data treatment was 2200-

400 cm-1. In fact, all the characteristic bands for the inorganic oxidizers and the 



 

other components common in these samples were included within this range. 

Afterwards, a rubber band baseline correction (n=64 points and 15 iterations), and 

a range normalization between 0-2 (intensity value) were performed. The data was 

subsequently imported and analysed in the SIMCA 14 software (Umeå, Sweden). 

For this purpose, different chemometric tools like PCA were used. The PCAs were 

performed to visualize in a straightforward fashion how similar or different the 

spectra were, and to obtain a first overview of the main sources of variability. First, 

the noise in the spectra was reduced using the Savitzky-Golay built-in function (2nd 

order polynomial, and a 15-points window in a symmetric kernel). Then, several 

PCAs were performed: one PCA for each individual class (i.e., type of consumer 

firework), and one overall PCA containing all data. Other specific PCAs containing 

certain data of interest such as pre-blast or post-blast samples or even post-blast 

samples picked up with a specific swab were useful to solve particular matters. All 

PCAs were performed using a NIPALS algorithm, cross validation with uncertainty 

test, and 1/SDev as weighing.  

 

 

First of all, in order to set up a practical compounds library, all the standard 

reagents of the main compounds found in consumer firework samples were 

analysed. This library might be useful to subsequently achieve the identification of 

the compounds contained in the samples.  shows the ATR-FTIR 

spectral signatures of the main compounds used to make the selected consumer 

fireworks. Potassium perchlorate (KClO4) shows several overlapped bands at ca. 

1170-930 cm-1, and another sharp band at 621 cm-1. Barium nitrate (Ba(NO3)2) 

shows a wide band at about 1390-1200 cm-1, and sharp bands at 1774, 1413, 814, 

and 728 cm-1. Taking into account the bands assignment reported in the literature, 
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the wide band at ca. 1335 cm-1 may correspond to a N-O doubly degenerate 

stretch, the band at about 814 cm-1 would correspond to an out-of-plane 

deformation, and the band at ca. 728 cm-1 to in-plane doubly degenerate 

deformation [25]. KNO3 displays a wide and strong band at about 1450-1200 cm-1, 

a sharp band at around 823 cm-1, and other two weak bands at 1762, 619 cm-1. The 

slight band shifts between one nitrate salt and the other are due to the slightly 

different environment in which the anion vibrates and, because there is only a 

nitrate anion in each molecule of KNO3 [25]. Another usual salt present in consumer 

fireworks is potassium chlorate (KClO3). This is rarely declared by manufacturers 

because it is banned in several countries [5]. It shows a doublet of wide bands in 

the 1030-800 cm-1 range, and bands at ca. 613 and 487 cm-1. Wood charcoal, 

sulphur, and aluminium (Al) are also usual compounds in charges and fuses of 

consumer fireworks, although their spectra showed weak intensities. Wood 

charcoal shows several bands spread through the fingerprint region (i.e., at around 

1580, 1420, 1033, and 875 cm-1). Sulphur displays a band at around 464 cm-1. Al 

shows very weak bands at about 1950-1450 cm-1. Additionally, in order to increase 

the likelihood of identifying the original compositions from post-blast residues, 

some of the possible reaction products were also analysed.  shows 

the IR absorption spectra of some reaction products, which were selected based 

on our previous experience analysing post-blast resides of consumer fireworks [5, 

15]. Potassium thiosulphate (K2S2O3) displays multiple bands at ca. 1350-1000, 890-

800, 620-510, and 460-430 cm-1. Sodium thiosulphate (Na2S2O3) shows band at 

around 1123, 1000, 665, 556, 533, and 455 cm-1. Potassium cyanate (KOCN) shows 

strong absorption in the 2190-2050 cm-1 region. CN- group is characterized by one 

or more strong and very sharp bands within the 2200-2000 cm-1 region [26]. They 

would correspond to the C N stretch [25]. Moreover, sharp bands appear at ca. 

1299, 1206, and 641-615 cm-1, and another small band at about 664 cm-1.   

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. ATR-FTIR absorption spectra for: ) standard reagents usually found 

in pyrotechnic mixtures of consumer fireworks; ) standard reagents usually found 

in consumer firework post-blast residues.  
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. (Continuation).  

 



 

Sodium cyanate (NaOCN) also shows a wide characteristic band at ca. 2270-

2150 cm-1, and sharp bands at ca. 1301, 1212, and 620 cm-1. Potassium thiocyanate 

(KSCN) displays also bands in the region above 2000 cm-1, specifically at about 

2065-2000 cm-1, and sharp bands at ca. 969, 950, 746, 483, and 469 cm-1. Bands at 

around 750-740 cm-1 might correspond to the C-S stretching, whilst at about 470 

cm-1 would correspond to the C-C N bend, which sometimes shows a doublet like 

in this case. Sodium thiocyanate (NaSCN) shows bands at around 2067, 1665, 1615, 

946, 753, and 474 cm-1. Potassium sulphate (K2SO4) shows a wide band at ca. 1086 

cm-1 corresponding to the triply degenerate S-O stretch [25], and a sharp band at 

ca. 609 cm-1 corresponding to the triply degenerate deformation. Sodium sulphate 

(Na2SO4) displays similar bands at around 1097 cm-1, and a double band at ca. 637 

and 611 cm-1. Sodium nitrite (NaNO2) shows a very wide band at ca. 1330-1000  

cm-1, which corresponds with the symmetric and antisymmetric N-O stretches [25], 

and at about 826 cm-1, which is related to the scissors vibrational mode [25]. 

Additionally,  (supplementary material) shows the IR absorption 

spectra of other compounds less frequently used in consumer fireworks.  

Five consumer fireworks available in the Spanish market were analysed: four 

different firecrackers (named as F1, F2, F3, and F4), and one rocket (named as R1). 

F1, F2 and F3 are simple firecrackers which have a fuse and a charge, and F4 is a 

complex firecracker which have a fuse and several charges. The simple and fast 

procedure for obtaining spectra from consumer fireworks post-blast residues 

started by swabbing the surface of interest with dry cotton swabs. Then, the swabs 

were directly placed and pressed on the diamond crystal surface of the ATR-FTIR 

device. Therefore, first, these items were lit, and after they went off, their post-blast 

residues were swabbed and analysed. Then, their unburnt fuses and unexploded 

charges were separately analysed.  

The F1 item was exploded on a steel plate and its residues were swabbed. 

Most of the original reagents usually turn into gaseous products such as CO2 and 
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H2O. However, part of the total charge can remain unburnt.  shows the 

F1 post-blast spectrum with its weak bands at around 1950-1450 cm-1 which might 

correspond to Al. It also shows several bands spread over a wide range at ca. 1170-

930 cm-1, and a sharp band at around 621 cm-1. These bands might be produced 

by the presence of KClO4. Both, Al and KClO4 are part of the initial components of 

this item ( ). Furthermore, the bands observed at ca. 1450-1200 cm-1 and 

the small peak at 823 cm-1 match up with the KNO3 spectrum. Therefore, those 

bands seems to indicate the presence of this salt in the F1 post-blast residues. 

Additional bands appeared in this spectrum at ca. 2165 and 2065 cm-1. According 

to the bibliography and our IR spectral library, these bands might correspond to 

vibrations of cyanate and thiocyanate groups. These compounds belong to 

combustion products produced during the “explosion” of this pyrotechnic 

composition [5]. For instance, thiocyanate is produced from sulphur and the 

presence of nitrogenous compounds. Besides, some of the above-named bands (at 

around 1170-930 and 621 cm-1), which were relate to the presence of KClO4, could 

be overlapping with other bands of sulphur reaction products such as sulphate or 

thiosulphate. A double band at around 880-860 cm-1 and bands at about 668 and 

524 cm-1 might also correspond to potassium or sodium thiosulphate salts. Both 

thiosulphate salts could be produced by combustion because both cations are 

already present in the item, potassium as another salt (KNO3) and sodium in the 

clay plugs of this item [15]. It is important to note that the bands showed in the 

spectrum might be related to additional compounds contained in the item clay 

plugs or cartridge, or belong to other reaction products or from cross-

contamination. Then, pre-blast analysis of the F1 fuse and charge were carried out 

in order to compare their spectra with the post-blast spectrum ( ). In 

the pre-blast fuse, characteristic IR bands of KNO3 (at about 1762, 823 and 1450-

1200 cm-1), and some weak bands at about 1150-970, 940 and 624 cm-1 were 

detected. These last bands might correspond to the presence of perchlorate salt. 

In our previous work by CE, nitrate and perchlorate were identified in the F1 fuse 

[5]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. ATR-FTIR absorption spectra for the F1 samples.  

 

Besides, some bands that might be related to charcoal (i.e., 1580 and 875 cm-1) 

were also identified. In the pre-blast F1 charge, bands corresponding to Al (at ca. 

1950-1450 cm-1) were detected, as well as very weak bands at ca. 1150-970, 940 

and at 624 cm-1, which might correspond to vibrations of the perchlorate anions. 

In the light of these results, it seems that this procedure makes it possible to trace 

the original fireworks composition in their post-blast residues. F1 might be made 

with a Pyrodex (powder made with KClO4, KNO3, charcoal and sulphur, among 

other reagents) fuse, and a flash powder (KClO4 and Al) charge. 
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 shows the IR spectra for the F2 post-blast residues, and fuse 

and charge pre-blast samples. The F2 post-blast residues spectrum displayed some 

bands similar to those of F1 post-blast residues. This suggests an analogous 

unburnt reagents (nitrate and perchlorate salts, and aluminium), and reaction 

products (cyanate, thiocyanate, and sulphate salts) composition. In fact, both items 

are very similar in their declared composition ( ). Regarding the pre-

blast fuse spectrum, it showed bands related to KNO3 (at ca. 1762, 1375, and 823 

cm-1). Besides, some bands possibly related to charcoal are also displayed: a wide 

 

 

 

 

 

 

 

 

 

 

 

 

. ATR-FTIR absorption spectra for the F2 samples. 

band at around 1033 cm-1, and additional bands at ca. 1580 and 875 cm-1. 

Although, the band at around 1033 cm-1 could also be related to perchlorate, the 

typical sharp band of KClO4 at 621cm-1 did not appear. In the analysis by CE, this 

fuse only showed nitrate anions [5]. Finally, this fuse also showed a band at around 



 

465 cm-1 which could be related to sulphur. Regarding the pre-blast charge 

spectrum, it showed bands at ca. 1950-1450 cm-1 probably corresponding to Al. 

The very wide bands at around 1150-930 and at 621 cm-1 could also indicate the 

presence of perchlorate. Hence, F2 might be made off a black powder (KNO3, 

sulphur, and charcoal) fuse, and a flash powder charge. 

 shows the spectra of F3 post-blast residues, pre-blast fuse, and 

pre-blast charge samples. In the F3 post-blast residues, some detected bands 

might correspond to initial compounds such as Al (at about 1950-1450 cm-1), and 

KClO4 (at ca. 1170-930, and 621 cm-1). Moreover, other identified bands might be 

related to nitrate salts (at about 1450-1325 cm-1) and reaction products such as 

sulphate or thiosulphate (at ca. 1170-930, 668, and 524 cm-1), and cyanate and 

thiocyanate salts (at ca. 1025 cm-1 and above 2000 cm-1). The pre-blast fuse 

spectrum clearly showed bands corresponding to a nitrate salt (at about 1762, 

1450-1200, and 823 cm-1), and strong bands related to perchlorate salt (at ca. 1170-

930, and 621 cm-1). These compounds seem to be part of the composition of this 

type of fuse. Furthermore, the small band at around 465 cm-1 and another weak 

band at ca. 875 cm-1 might indicate the presence of sulphur and charcoal. The pre-

blast charge spectrum showed bands related to Al and KClO4, which agree with the 

results achieved by CE [5]. However, the pre-blast charge spectrum showed also a 

band at ca. 875 cm-1 which could be related to charcoal from cross-contamination 

between fuse and charge. Hence, F3 might be made off with a Pyrodex fuse and a 

flash powder charge. 

F4 is a complex firecracker. It has three different charges in the same 

compartment; one after another. These charges produce different pyrotechnic 

effects (smoke and cracking, and a final thunder) and have different chemical 

compositions. An item was exploded, and its post-blast residues were analysed. 

 shows the spectra of the F4 post-blast residues, pre-blast fuse, pre-

blast thunder charge, and pre-blast smoke and cracking charges samples. Some 

spread bands appearing at about 1950-1450 cm-1 may correspond to Al, while the 

bands at ca. 1170-930 cm-1 might be related to KClO4. 
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. ATR-FTIR absorption spectra for the F3 samples. 

Some weak bands related to combustion products like sulphate or thiosulphate (at 

around 1170-930, 668, and 524 cm-1), and cyanate and thiocyanate (at about 1205, 

2065, and 2230-2150 cm-1) were also detected. Another wide band was also 

observed at around 905 cm-1, and could correspond to KClO3, although this 

compound was not declared by manufacturers. Additionally, a sharp band 

observed at ca. 613 cm-1 may also be related to the initial compounds (i.e., KClO4 

or KClO3) or to several reaction products (sulphate, thiosulphate or cyanate). 

However, we hesitate to attribute the band to one of these compounds. Regarding 

the pre-blast fuse spectrum, it displayed bands corresponding to KNO3 (at ca. 1762, 

1450-1200, and 823 cm-1), and KClO4 (at around 1170-970, 940 and 642-593 cm-1), 

which agrees with previous findings [5, 15]. A weak band observed at about 1580 

cm-1 could be related to the presence of charcoal. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

. ATR-FTIR absorption spectra for the F4 samples. 

 

Regarding the pre-blast thunder effect, and the smoke and cracking mixtures, it 

was not possible to separate completely the smoke and cracking pyrotechnic effect 

mixtures without causing cross-contamination. Consequently, both mixtures were 

analysed together, and the thunder effect charge was analysed separately. The 

thunder effect mixture displayed the typical bands of Al, and bands at about 1060, 

940 and 621 cm-1, which might be related to KClO4. The mixture of the other two 

powders showed bands at ca. 487, 613 cm-1, and in the 1030-850 cm-1 range, which 

might correspond to KClO3. As was suspected after analysing its post-blast 

spectrum, several bands suggest the presence of KClO3 although it was not 

declared by manufacturers. Furthermore, it was not a surprise for our research 
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group to find chlorate anions in this type of firecracker [5, 15]. Although, other 

bands were also observed in this spectrum, they could not be properly assigned. 

Some of them might correspond to the “inner material” declared by manufacturers. 

Hence, F4 seems to be composed of a fuse probably made of Pyrodex (KNO3 and 

KClO4), and several charges. One of the charges might be flash powder (thunder 

effect powder), and the smoke effect powder might contain KClO3 as part of its 

composition. 

R1 is a bottle rocket, a complex item with several charges and an external, 

and another internal, fuse. Their charge composition is as follows: a lift mixture, a 

burst mixture, and a main charge with the final effect.  shows the 

spectra of post-blast residues, and pre-blast samples of the external fuse, burst 

mixture, lift mixture, and the main charge of a bottle rocket firework. The spectrum 

of the post-blast residues showed bands that might be related to Al (at about 1950-

1450 cm-1), KClO4 (at ca. 1170-930 and 619 cm-1), and combustion products like 

thiocyanate (above 2000 cm-1) or sulphate (at around 1170-930, and 670 cm-1). 

Another R1 item was also dissected and its parts analysed. The bands found in the 

pre-blast fuse analysis might be related to KClO4 (at ca. 1060, 940 and 621 cm-1). In 

addition, several bands appeared spread over the spectrum. We could not identify 

their corresponding compounds, and in our previous work only perchlorate was 

determined [5]. The burst and lift mixtures showed bands of that might correspond 

to KNO3 (at about 1762, 1450-1200, and 823 cm-1). Finally, the pre-blast spectrum 

of the final effect composition showed bands that could be related to Al, Ba(NO3)2 

(at about 1413 and 1340 cm-1, and sharp bands at 814 and 728 cm-1), and KClO4 (at 

about 1170-930, and 623 cm-1). These results match with our previous findings [5, 

15]. Hence, the bottle rocket seems to be composed by a fuse containing KClO4, a 

body with lift and burst mixtures made off with black powder, and a final 

pyrotechnic effect containing a complex green colouring mixture with Al, Ba(NO3)2 

and KClO4. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. ATR-FTIR absorption spectra for the R1 samples. 

 

Additionally, for each item discussed above, we also swabbed on areas 

where there were only either fuse or charge residues. We observed differences 

between these spectra and the spectrum obtained when swabbing residues from 

all over the surface. Nevertheless, the sum of these two independent spectra sets 

resulted in almost the whole post-blast spectrum showed and discussed above. 
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In real cases, the residues amount or the type of collection surfaces are 

normally unknown variables, and so the residues collection is a crucial factor to be 

evaluated carefully. In that context, the swab head type/material has to be 

considered a critical issue during evidence collection [27]. The challenge here is 

two-fold: the effectivity of the swabbing system on different surfaces (physical 

aspect), and the background signals produced by the swab head material (chemical 

aspect). In this work, the post-blast residues were collected using three different 

dry cotton swabs named as Cb, Sw, and Hy. The swabs were analysed before any 

swabbing (blank samples), giving several weak bands in their spectral fingerprint 

region. The Sw swab showed quite similar signals as the Cb swab, thus indicating 

they were made off with almost the same type of material. On the contrary, when 

post-blast residues were swabbed and analysed, the weak in-the-blank bands did 

not appear. Nonetheless, in a few occasions, and regardless of the swab type, some 

of the cotton head bands appeared in the spectrum whenever the amount of 

collected residues was not enough to cover the cotton head.  

Therefore additionally, this work studied, using chemometric techniques, 

one firecracker as a model and focused on the effectivity of the swabbing 

procedure using three different swabs on two different surfaces. Two F4 items were 

exploded on a steal surface (Ms) and a glass surface (Des). The steal surface was an 

open metallic sheet, while the other surface was an uncovered glass desiccator. In 

both cases, a relatively good amount of post-blast residues was available, although 

the amount of residues is assumed higher in the case of the glass desiccator 

because of a lesser dispersion of the residues is produced. Post-blast residues were 

collected using three different swabs, taking residues from all the surface. In 

addition, samples only from the fuse residues area and only from the item body 

area were taken.  shows a basic 2D PCA Scores plot performed on the 

post-blast F4 residues collected on two surfaces (Ms and Des) with two types of 

swabs (Cb and Hy), and  shows a basic 3D PCA Scores plot with the 

same features as the 2D Scores plot. Because Sw was quite similar to Cb, it was  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. ) Basic 2D and, ) 3D PCA Scores plots on the post-blast crack 

firecracker residues collected on two surfaces (Ms and Des) with two types of swabs 

(Cb and Hy).  

)

)
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finally not plotted, thus avoiding redundancy and overcrowdings on the plots. As 

it was expected, the results indicated that the most important sources of variability 

are indeed the two collection devices (i.e., swab types), and the post-blast residues 

concentration ( ). The planes of the two swab types tend to converge 

at certain point on the left-hand side of the Scores plot. This suggests that the 

influence of the collection device gradually decreases when the post-blast residues 

concentration increases (as inside the desiccator). On the contrary, the importance 

of the collection device increases with the combination of two factors (

). First, with lower post-blast residues concentration (as on the metallic 

sheet), moving towards the ultimate blank-swab behaviour. Second, with higher 

total fuse concentration, showing that the post-blast fuse components were highly 

concentrated when collected, and that they are rather different compared to the 

post-blast charge components. Nevertheless, it is clear for the F4 item that the 

results are very different depending on the swab used for the collection. This 

behaviour varied with the collection place, which has to do with the post-blast 

residues concentration (especially for the fuse residues), and the part of the 

firecracker being analysed. Although the methodology proposed in this work was 

suitable for study consumer fireworks post-blast residues under the above 

mentioned experimental conditions, more research is needed in order to find an 

effective collection device useful for wide variety of surfaces. 

 

 

 

 

 

 

 



 

 
In this work, the acquisition of IR absorption spectra from consumer 

firework post-blast residues was achieved by means of a simple and fast sampling 

procedure and subsequent analysis by ATR-FTIR.  

The acquired post-blast spectra were traced to the original compositions. 

Thus, the items F1, F2 and F3 were composed by Al, KClO4, KNO3 and sulphur. In 

the complex F4 consumer firework, Al, KClO4, KClO3, and sulphur were determined. 

In the same way, a nitrate salt was identified by the presence of its reaction 

products. The rocket R1 showed Al, KClO4, sulphur, and the presence of nitrate 

reaction products. Furthermore, this work shows that the analysis of pre-blast items 

by ATR-FTIR can provide additional information about the composition of each 

part in consumer fireworks. Different fuse compositions were determined in the 

selected items. Moreover, F4 showed KClO3 in its smoke pyrotechnic mixture, which 

is a compound banned in some countries. At the same time, R1 showed Ba(NO3)2 

in one of its charges. This technique could identify some compounds such as Al or 

charcoal, which could not be determined by CE.  

During the course of this study, we found that some few analysis showed 

several weak background bands spread through the fingerprint region because the 

swabbing procedure was not 100 % effective in those cases. Therefore, this work 

studied one firecracker as a model and focused on the effectivity of the swabbing 

system on two surfaces using three different cotton swabs. Using chemometric 

techniques it was found that the results were very different depending on the swab 

used for the residues collection and on the collection place, which relates to post-

blast residues concentration. Although the methodology proposed in this work was 

suitable to study consumer fireworks post-blast residues under the above 

mentioned experimental conditions, more research needs to be done in order to 

find an effective collection device useful for wide variety of surfaces. This work 

might be the first step towards the proposition of ATR-FTIR spectroscopy as 

complementary technique for the analysis of consumer firework post-blast 

residues.  
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. ATR-FTIR absorption spectra for the standard reagents less 

frequently used in pyrotechnic mixtures of consumer fireworks.
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This PhD Thesis have been sought for analytical solutions for the successful 

forensic study of IIDs and consumer fireworks. Accomplishing this overall aim will 

allow to offer analytical solutions to resolve forensic cases related to these devices. 

Previously, several specific conclusions from the exposed results have been 

indicated in each chapter. Therefore, this section has been devised to present the 

overall conclusions of this Thesis.  In the following few pages, in order to provide a 

context, first a brief summary about what we researched, why and how we 

researched it will be provided. Then, the new knowledge and its significance, as 

well as the limitations observed during the research will be discussed. Finally, some 

suggestions for future research will be presented.  

Within the framework of IIDs research, first, the diversity of IIDs 

configurations and compositions have been investigated, and the literature about 

the analysis of their related samples have been reviewed. The reasons of addressing 

these targets have been twofold: on the one hand, forensic experts called for 

further information on these devices because the available information was 

insufficient or of doubtful credibility, especially on a type of IID known as CIMC, on 

the other hand, they asked for appropriate procedures for the analysis of IID related 

samples. In order to offer reliable information, we have searched for scientific 

information, providing the most known and used recipes of IIDs, and we have made 

laboratory experiments on several compositions of CIMCs, checking the viability of 

several recipes. CIMCs are composed of a self-ignition system, based on a chemical 

exothermic reaction, which ignites an IL. Chlorate salt and sulphuric acid, and 

gasoline or diesel fuel lead to useful compositions. Other reagents, such as 

hydrochloric acid or potassium perchlorate, are not feasible as part of this type of 

ignition system. Additional compounds could be added to this basic recipe, 

although throughout out this section we have mainly focused on that 

configuration. Extending the study to other CIMC formulations of forensic interest 

(i.e., using kerosene, or adding sugar and/or used motor oil) will be interesting for 



 

future projects. Furthermore, we realized that there was a lack of specific 

procedures to study IID samples. The methodologies used before to analyse IID 

samples were procedures optimized for the fire debris analysis because of the main 

components of IIDs are ILs. These methodologies could be suitable for several 

types of IID samples. However, there were not specific procedures to study samples 

of certain type of IIDs such as CIMCs. Therefore, it was crucial to develop new 

suitable analytical methodologies for the reliable analysis of samples related to IIDs 

in general, and CIMCs in particular, and to set up solutions for a scientific 

interpretation of the obtained analytical results. These methodologies should take 

into account the requirements of the forensic evidence study, hence potential 

complementary techniques have been selected, specifically separation (CE and GC-

MS) and spectroscopic (Raman and ATR-FTIR) techniques. In order to obtain 

reliable results, we have analysed two types of samples: pre- and post-ignition IIDs 

samples, first samples made in the laboratory under controlled conditions and 

then, real devices.  

Then, the inorganic composition of CIMCs residues has been studied. This 

information will aid to identify the reagents used as ignition system in CIMCs. It 

was optimized a pioneer procedure for the sample treatment and qualitative 

analysis by CE to determine anions present in real CIMC residues. Besides, the 

relations between the detected anions and their original compounds have been 

demonstrated by studying the different reactions taking place. This information has 

been used to propose reliable anionic markers for the determination of chlorate 

salt and sulphuric acid as part of the ignition system. The markers are chloride, 

chlorate, perchlorate and high levels of sulphate. This information is helpful to 

determine the type of IID and its composition, and ultimately, to produce better-

founded expert reports. Although these analytical solutions are very useful for the 

forensic experts, it will be interesting to expand the study to other feasible 

exothermic reactions, for instance sulphuric acid with sodium hydroxide.  

Next, the chemical and chromatographic features of the ILs contained in 

CIMCs were studied. Some results of casework suggested chemical modifications 
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on ILs of CIMCs. Consequently, we have investigated acidified ILs, both non-burned 

and fire debris samples obtained from real CIMCs. It was necessary to optimize for 

first time analytical procedures by GC-MS to study these samples. Sulphuric acid 

affects to gasoline and diesel fuel chemical composition, modifying some of their 

original compounds and altering their chromatographic profiles. Besides, a new 

group of compounds, identified as tert-butylated compounds, appeared in 

acidified gasoline. All these modification could cause great difficulties in the 

detection and characterization of the ILs since this distortion effect has not been 

addressed to date. Therefore, the acidification of ILs has been considered as a new 

distortion effect of the ILs chemical fingerprints. This fact definitely add value to 

the fields of fire investigation and fire debris analysis. Besides, some 

recommendations for the identification of non-burned acidified ILs have been 

proposed, and tert-butylated compounds have been suggested as indicative group 

of the putative presence of acidified gasoline. All these findings are helpful to 

detect, identify and classify non-burned acidified ILs and acidified ILRs, even in 

strongly weathered samples. They may be already used as routine tools in forensic 

laboratories or for operational use. However, this study was carried out using only 

two types of gasoline and one of diesel fuel. But actually, there is an enormous 

variability of IL compositions that change depending on the season, the country, 

or even the gas station. In fact, in this work we studied gasoline containing MTBE, 

which is used in several countries, whereas in other countries gasoline is MTBE-

free. The impact of this work has been important, although the scope of it still need 

to be determined. Therefore further research is necessary to better understand the 

ILs acidification effect. A study for a longer exposition time to sulphuric acid or with 

samples subjected to severe agitation will be relatively easier to address. However, 

the study of acidified MTBE-free gasoline (i.e., gasoline traded in the U.S.) is a 

priority because this effect is still unknown in this gasoline composition. The 

investigation of the non-organic phase of sulphuric acid-ILs mixtures will 

contribute with additional or complementary information, i.e., the identification of 

identifier compounds in acidified diesel fuel such as sulfonated compounds. In 



 

addition, it will be very useful for fire debris analysts the formulation of specific 

identification schemes for the characterization of acidified ILs.  

Finally, and for the first time, vibrational spectroscopic techniques have 

been assessed to analyse pre-ignited IIDs. These techniques offers several features 

of forensic interest such as fast, safe or non-destructive analysis. A portable Raman 

spectrometer has been successfully applied in a non-invasive way to detect ILs 

commonly used to make classical Molotov cocktails (gasoline, diesel fuel, ethanol 

and kerosene) in different bottles. This procedure can be useful in the decision-

making process on-site. This instrument has been also assessed to identify the 

CIMC components, achieving the determination of chlorate salts, and sulphuric 

acid and gasoline for the first reaction hours, in spite of the chemical modification 

of the mixture and the fluorescence. However, acidified diesel fuel could not be 

identified. Alternatively, ATR-FTIR has been assessed to analyse non-burned 

acidified ILs. In this case, the ILs used were obtained from a different gas station 

located in a different country. Therefore, this work has been also useful to verify 

the scope of our previous investigations. An analytical procedure by ATR-FTIR and 

chemometrics has been proposed to analyse non-burned acidified gasoline and 

diesel fuel. The gasoline acidification effect has been confirmed studying their 

spectra, finding similar modifications on the gasoline composition. Furthermore, 

the chemometric tool allowed to differentiate among neat and acidified gasoline 

and diesel fuel. The IL IR spectra showed are proposed as spectral fingerprints for 

the identification of acidified ILs in casework. The information obtained through 

these two pioneer works studying IIDs by Raman and ATR-FTIR establish the bases 

for the application of spectroscopic techniques for the identification of acidified ILs 

from fire debris. Moreover, further studies are necessary to confirm the existence 

of a sequential timing of events during the acidification of ILs. Prediction 

chemometric tools will be useful to achieve this challenge. 

Hence, this PhD Thesis provides analytical solutions for the successful 

forensic study of IIDs evidence that can help to resolve forensic cases related to 

these devices.  
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Within the consumer fireworks research, first, the variability of pyrotechnic 

composition of consumer fireworks has been investigated. Moreover, the main 

analytical techniques for the determination of the chemical composition of pre- 

and post-blast consumer fireworks samples have been discussed. The reasons for 

study these issues were twofold: on the one hand, forensic experts requested for 

further information on consumer fireworks compositions, on the other hand, they 

asked for new appropriate procedures for the analysis of consumer firework 

samples since the enormous annual workload related to these items require the 

use of complementary, reliable and, when possible, non-destructive 

methodologies. We looked for information published in scientific literature, 

recording the most used pyrotechnic mixtures in consumer fireworks, in addition, 

the review of analytical methodologies showed that there is a small number of 

research papers analysing consumer fireworks. The development of new qualitative 

and quantitative methodologies by different analytical techniques for the reliable 

characterization of these samples is currently needed. Therefore, we selected 

separation (CE and P-CE) and spectroscopic (ATR-FTIR) techniques to develop new 

methodologies to analyse pre- and post-blast samples of consumer fireworks.  

Then, in order to offer reliable information, we asked manufacturers to 

provide us some items recipes. However, the supplied information was insufficient 

(i.e., they did not provide compositions of fuses). As a consequence, we optimized 

two suitable procedures for the identification of inorganic ions in pre- and post-

blast samples by CE and P-CE in order to characterize several consumer fireworks. 

The CE procedure allows the identification of the anionic composition of these 

samples. Besides, the pioneer methodology by P-CE enables the simultaneous 

determination of anions and cations, reducing the total time of analysis. The 

analyses of pre-blast fuses have shown the use of several types of chemical 

compositions in fuses. Perchlorate, nitrate, chlorate, chloride or sulphate anions, 

and potassium, barium, calcium or sodium cations were found in pre-blast charges. 

Some of them derive from the original pyrotechnic compositions, others might 

derive from oxidation or reduction reactions of the original charge, and certain ions 



 

have been attributed to a transfer from the clay plugs. Moreover, we have found 

some discrepancies between our analytical results and the compositions declared 

by manufacturers. It has been attributed to factory contamination or the 

undeclared use of some reagents. Post-blast analyses have showed a huge variety 

of anions. These ionic species result both from the chemical reaction occurring 

during the combustion, and also from unconsumed starting materials. The 

reactions taking place in these items and their relation with the detected anions, as 

well as the detected chemical elements not belonging to the composition, have 

been explained in detail. Consequently, the actual variability of fuses and charges 

consumer fireworks composition has been clarified. This information is helpful to 

elaborate proper well-based expert reports. Besides, the CE methodology can be 

used in the forensic laboratories, while the P-CE method might be applied on-site. 

As future research, it will be useful to investigate on other consumer firework 

groups or even on professional fireworks, which have different configurations and 

compositions.  

These CE methodologies have a weakness, they are sample-destructive. 

Therefore, and for the first time, ATR-FTIR spectroscopy has been assessed for the 

analysis of post-blast residues of consumer fireworks. This technique, which is also 

available as portable instrument, allows to propose simple, fast and non-

destructive methodologies of sampling and analysis of this type of samples. In spite 

of the lower sensitivity of this technique, the acquisition of IR absorption spectra 

from post-blast residues have been achieved. Some original chemical compound 

of five items have been identified studying their post-blast residues, for instance 

potassium nitrate, potassium perchlorate, potassium chlorate, aluminium and 

sulphur. Besides, the analysis of pre-blast samples of fuses and charges by ATR-

FTIR provide additional information about their composition. This method might 

also be applied at the laboratory or on-site. An additional study aided by 

chemometric tools found that the swab head type might influence on the results. 

In aiming to achieve a high reliability in sampling and analysing post-blast residues 

by this technique, it is necessary to investigate alternative materials suitable for the 
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residue collection. It will be interesting to explore other spectroscopic techniques 

for the analysis of post-blast residues. Chemometric tools, as a complement of 

spectroscopic techniques, can play an interesting role in future investigations in 

order to find available associations of questioned samples with reference data.  

Therefore, this PhD Thesis provides analytical solutions for the successful 

forensic study of consumer fireworks evidences that can help to resolve forensic 

cases related to these devices.  
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Esta Tesis Doctoral ha buscado soluciones analíticas adecuadas para el 

estudio forense de IIDs y de artificios pirotécnicos. Alcanzar este objetivo principal 

permitirá ofrecer soluciones analíticas que sean de ayuda para resolver casos 

forenses relacionados con esos artefactos. En cada capítulo se han indicado las 

conclusiones específicas extraídas de los resultados expuestos, por lo que esta 

sección se ha elaborado para presentar las conclusiones generales de esta Tesis. 

En las páginas precedentes, con el fin de contextualizar, primero se mostrará un 

pequeño resumen sobre qué se ha investigado, porqué se ha hecho y cómo se ha 

llevado a cabo. A continuación se analizarán las novedades que ha aportado este 

estudio y se explicará su significado, así como las limitaciones observadas durante 

el transcurso de la investigación. Por último, se indicarán varias sugerencias para 

investigaciones venideras.  

 En el marco de la investigación sobre IIDs, se ha estudiado la diversidad de 

configuraciones y composiciones de estos artefactos y se ha revisado la bibliografía 

relacionada con el análisis de muestras procedentes de estos artefactos. Las 

razones para abordar estos dos objetivos han sido dos: expertos forenses de 

laboratorio oficiales pidieron más información sobre estos artefactos ya que la 

información disponible hasta el momento era insuficiente o de credibilidad 

dudosa, en concreto la información sobre un tipo de IIDs llamado CIMC, por otra 

parte, estos expertos solicitaron procedimientos adecuados para el análisis de 

muestras relacionadas con IIDs. Con el objetivo de ofrecer información fiable se ha 

buscado información científica, presentando así las composiciones de IIDs más 

conocidas y utilizadas y, además, se han realizado experimentos de laboratorio 

probando varias configuraciones de CIMCs con el objetivo de comprobar su 

viabilidad. Los CIMCs están compuestos por un sistema de auto-iniciación, el cual 

se basa en una reacción exotérmica que se encarga de iniciar un líquido inflamable. 

Una composición posible es sal de clorato con ácido sulfúrico, y un líquido 

inflamable como la gasolina o el diésel. Otros reactivos, como el ácido clorhídrico 



 

o el perclorato de potasio, no son viables como parte de este tipo de sistema de 

iniciación. A esta composición básica se le pueden añadir otros compuestos, 

aunque las investigaciones realizadas en este trabajo se han centrado en esa 

configuración. Un interesante proyecto futuro será ampliar el estudio a otras 

formulaciones de CIMC de interés forense, por ejemplo añadiendo aceite de motor 

usado o utilizando queroseno. Además, se ha observado una carencia de 

procedimientos analíticos específicos para el estudio de muestras de IIDs. Las 

metodologías usadas anteriormente para el análisis de vestigios de IIDs eran 

procedimientos optimizados para el análisis de restos de incendio, ya que los 

componentes principales de un IID son los líquidos inflamables. Esas metodologías 

pueden ser adecuadas para varios tipos de muestras de IIDs. Sin embargo, no 

existían procedimientos específicos para el estudio de muestras de cierto tipo de 

IIDs, por ejemplo de CIMCs. Por esa razón, era crucial, primero, desarrollar 

metodologías analíticas adecuadas para el análisis fiable de muestras relacionadas 

con IID, y particularmente de CIMCs, y a continuación, desarrollar soluciones para 

la interpretación objetiva de los resultados analíticos obtenidos. Estas 

metodologías deben tener en cuenta los requerimientos del estudio forense de 

vestigios, por lo que se seleccionaron técnicas potencialmente complementarias, 

en concreto técnicas separativas (CE y GC-MS) y espectroscópicas (Raman y ATR-

FTIR). Con el objetivo de obtener resultados fiables, se han analizado dos tipos de 

muestras: muestras pre- y post-iniciación de IIDs, primero muestras hechas en el 

laboratorio en condiciones controladas, y después artefactos reales.  

 A continuación, se ha estudiado la composición inorgánica de residuos de 

CIMCs. Esta información puede ayudar a identificar los reactivos utilizados como 

sistema de iniciación del artefacto. Se optimizó un nuevo procedimiento para el 

tratamiento de muestra y el análisis cualitativo por CE para la determinación de los 

aniones presentes en residuos de CIMCs reales. Además, se han demostrado las 

relaciones entre los aniones detectados y sus compuestos originales mediante el 

estudio de las diferentes reacciones. Esta información se ha utilizado para proponer 

marcadores anionicos fiables para la determinación de sales de clorato y ácido 
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sulfúrico como parte del sistema de iniciación. Esos marcadores son el cloruro, 

clorato, perclorato y altos niveles de sulfato. Esta información será útil para 

determinar el tipo de IID y su composición, y en última estancia, para escribir 

informes periciales mejor fundamentados. Aunque estas soluciones analíticas son 

muy útiles para los peritos forenses, será interesante ampliar el estudio a otras 

reacciones exotérmicas capaces de funcionar en los CIMCs, por ejemplo mezclas 

de ácido sulfúrico e hidróxido de sodio.  

 Después, se han estudiado las características químicas y cromatográficas de 

los ILs contenidos en CIMCs. Algunos resultados de casos reales sugirieron 

modificaciones químicas en los ILs cuando estos habían estado mezclados con 

ácido sulfúrico. En consecuencia, se investigaron líquidos inflamables acidificados, 

tanto sin quemar como muestras obtenidas de restos de incendio de CIMCs reales. 

Para ello, se optimizaron los primeros procedimientos analíticos para el estudio de 

estas muestras por GC-MS. El ácido sulfúrico afecta a la composición química de la 

gasolina y el diésel, modificando algunos de sus compuestos originales y alterando 

sus perfiles cromatográficos. Además, en la gasolina acidificada apareció un nuevo 

grupo de compuestos, identificados como compuestos tert-butilados. Todas esas 

modificaciones podrían causar grandes dificultadas en la detección y la 

caracterización de los ILs, ya que este efecto de modificación no se había estudiado 

hasta la fecha. Por lo tanto, la acidificación de los ILs se ha considerado como un 

nuevo efecto de distorsión de las huellas químicas de los ILs. Este hecho añade 

valor a los campos de investigación de incendios y análisis de restos de incendio. 

Además, se han propuesto algunas recomendaciones para la identificación de ILs 

acidificados no quemados y se ha sugerido que el grupo de los compuestos tert-

butilados sirva de indicativo de la presencia de gasolina acidificada. Todos estos 

hallazgos son útiles para detectar, identificar y clasificar ILs acidificados no 

quemados e ILRs acidificados, incluso en muestras altamente evaporadas. Estos 

avances se pueden usar ya como herramientas de rutina en los laboratorios 

forenses oficiales. Sin embargo, este estudio se realizó utilizando solamente dos 

tipos de gasolina y un tipo de diésel. La realidad es que hay una variabilidad 



 

enorme de composiciones de ILs que además cambian dependiendo de la estación 

del año, el país, o incluso de la estación de servicio. De hecho, en este trabajo se 

ha estudiado gasolina que contiene MTBE, la cual se usa en varios países, mientras 

que en otros se usa gasolina sin MTBE. El impacto de este trabajo ha sido 

importante, aunque el alcance está aún por determinar. Por lo tanto, se necesita 

más investigación para entender bien el efecto de la acidificación de los ILs. 

Estudiar periodos de exposición al ácido más largos o someter a las muestras a 

mucha agitación serán experimentos relativamente fáciles de hacer. Sin embargo, 

es prioritario el estudio de la acidificación de la gasolina libre de MTBE, por ejemplo 

la gasolina comercializada en USA, ya que este efecto aún es desconocido en ese 

tipo de combustible. Investigar la fase no orgánica de las mezclas ácido sulfúrico-

ILs podrá contribuir con información complementaria o adicional, por ejemplo 

tratar de identificar grupos diagnóstico de acidificación en el diésel como los 

compuestos sulfonados. Además, será muy útil para los analistas de restos de 

incendios la formulación de esquemas de identificación específicos para la 

identificación de líquidos inflamables acidificados.  

Por último, se evaluaron por primera vez las técnicas espectroscópicas 

vibracionales para el análisis de IIDs no iniciados. Estas técnicas ofrecen varias 

características de interés forense como que permiten realizar análisis rápidos, 

seguros y no destructivos. Se aplicó con éxito un espectrómetro Raman portátil 

para detectar de manera no invasiva los ILs utilizados habitualmente para hacer 

cócteles Molotov clásicos dentro de diferentes botellas (gasolina, diésel, etanol y 

queroseno). Este procedimiento puede ser útil en el proceso de toma de decisiones 

in-situ. También se evaluó este aparato para identificar los componentes de CIMCs, 

logrando la determinación de sales de clorato, y de ácido sulfúrico y gasolina 

durante las primeras horas de reacción a pesar de las modificaciones químicas 

producidas en la mezcla y a la fluorescencia observada. Sin embargo, no se pudo 

identificar el diésel acidificado. Como alternativa, se evaluó un aparato ATR-FTIR 

para analizar ILs acidificados no quemados. En este trabajo, los ILs utilizados se 

obtuvieron de una estación de servicio localizada en un país diferente. Por lo tanto, 
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esta investigación fue también útil para verificar el alcance de nuestros hallazgos 

previos. Se ha propuesto un procedimiento analítico por ATR-FTIR y herramientas 

quimiométricas para analizar gasolina y diésel acidificados no quemados. Se ha 

logrado confirmar el efecto de acidificación en la gasolina estudiando sus 

espectros, ya que se han encontrado modificaciones similares en la composición 

de la gasolina. Además, la herramienta quimiométrica permitió diferenciar entre 

dos gasolinas frescas y acidificadas y un tipo de diésel fresco y acidificado. Los 

espectros infra-rojo de los ILs mostrados en este trabajo se han propuesto como 

huellas espectrales para la identificación de ILs acidificados en casos forenses. La 

información obtenida a través de estos dos trabajos pioneros estudiando IIDs por 

Raman y ATR-FTIR establece las bases para la aplicación de las técnicas 

espectroscópicas para la identificación de ILs acidificados en restos de incendio. 

Además, se necesita más investigación para confirmar la existencia de una 

secuencia temporal de eventos durante la acidificación de los ILs. Las herramientas 

quimiométricas predictivas serán útiles para lograr ese reto.  

Por lo tanto, esta Tesis Doctoral presenta soluciones analíticas para el 

estudio forense de vestigios de IIDs que pueden ayudar a resolver casos forenses 

relacionados con estos artefactos.   

En el ámbito de la investigación de artificios pirotécnicos, primero, se 

investigó la variabilidad de composiciones pirotécnicas en estos artefactos. 

Además, se discutieron críticamente las principales técnicas analíticas para la 

determinación de la composición química de muestras pre- y post-explosión de 

artificios pirotécnicos. Las razones para estudiar estos temas fueron dos: por un 

lado, peritos forenses oficiales pidieron más información sobre composiciones de 

artificios pirotécnicos, por otro lado, estos peritos solicitaron nuevos 

procedimientos adecuados para el análisis de muestras de artificios pirotécnicos 

debido a que anualmente se produce una carga de trabajo enorme relacionada 

con estos artefactos que requiere el uso de metodologías complementarias, fiables 

y, si es posible, no destructivas. Primero, se buscó información publicada en 

bibliografía científica, registrando las mezclas pirotécnicas más utilizadas en 

artificios pirotécnicos. Además, la revisión de metodologías analíticas mostró que 



 

hay pocos artículos de investigación donde se analicen artificios pirotécnicos, 

siendo necesario el desarrollo nuevas metodologías cualitativas y cuantitativas por 

técnicas analíticas diferentes para la caracterización fiable de esas muestras. Por 

ello, se seleccionaron técnicas de separación (CE y P-CE) y espectroscópicas (ATR-

FTIR) para desarrollar nuevas metodologías para el análisis de muestras pre- y post-

explosión de artificios pirotécnicos.  

A continuación, y con el objetivo de ofrecer información fidedigna, se 

solicitó a los fabricantes de artificios pirotécnicos que proporcionasen algunas 

composiciones de estos artefactos. Sin embargo, la información ofrecida era 

insuficiente, por ejemplo, no proporcionaron la composición de las mechas. En 

consecuencia, se desarrollaron y optimizaron dos procedimientos adecuados para 

la identificación de iones inorgánicos en muestras pre- y post-explosión por CE y 

CE-portátil para poder caracterizar varios artificios pirotécnicos completos. El 

procedimiento por CE permite la identificación de la composición aniónica de esas 

muestras. Además, la metodología pionera por CE-portátil permite la 

determinación simultánea de aniones y cationes, reduciendo el tiempo total de 

análisis. Los análisis de mechas pre-explosión mostraron el uso de varias 

composiciones químicas. En cargas pre-explosión se encontraron aniones como el 

perclorato, nitrato, clorato, cloruro o sulfato, y cationes como el potasio, bario, 

calcio o sodio. Alguno de ellos proceden de la composición pirotécnica original, 

otros podrían derivar de reacciones de reducción u oxidación de los compuestos 

originales de la carga, y otros iones pueden ser atribuidos a los tapones de yeso 

que tienen estos artificios. Además, se ha encontrado algunas discrepancias entre 

los resultados analíticos y las composiciones declaradas por los fabricantes. Esto se 

ha atribuido a la contaminación cruzada en las fábricas o a reactivos no declarados 

por los fabricantes. Los análisis de restos de explosión mostraron una gran variedad 

de aniones. Esas especies iónicas proceden de las reacciones químicas que se 

producen durante la combustión y, también, de materiales originales no 

consumidos. Se han explicado con detalle las reacciones que se producen en estos 

artificios y su relación con los aniones detectados, así como los elementos químicos 

detectados no pertenecientes a la composición. Como consecuencia de estos 

estudios, se ha aclarado la variabilidad real de composiciones de mechas y cargas 
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de algunos artificios pirotécnicos. Esta información es de gran utilidad para 

elaborar informes periciales correctos. Además, la metodología por CE puede 

usarse para análisis de rutina en los laboratorios policiales, mientras que la 

metodología por CE-portátil podría aplicarse para análisis in-situ. Como trabajo 

futuro, será útil investigar otros grupos de artificios o incluso artefactos 

pirotécnicos profesionales, los cuales tienen configuraciones y composiciones 

diferentes.  

Las metodologías por CE tienen la desventaja de que destruyen las 

muestras. Por esa razón, se ha evaluado por primera vez la espectroscopia ATR-

FTIR para el análisis de residuos post-explosión de artificios pirotécnicos. Esta 

técnica, que además tiene formatos portátiles, permite proponer metodologías de 

muestreo y análisis rápidas, simples y no destructivas para este tipo de muestras. 

A pesar de la menor sensibilidad de esta técnica, se logró la adquisición de 

espectros de absorción infra-roja a partir de residuos post-explosión. Se han 

identificado algunos compuestos químicos originales de cinco artificios 

pirotécnicos estudiando sus residuos post-explosión, por ejemplo nitrato de 

potasio, perclorato de potasio, clorato de potasio, aluminio y azufre. Además, el 

análisis de muestras pre-explosión de mechas y cargas por esta técnica 

proporciona información adicional acerca de su composición. Este método se 

podrá aplicar tanto en el laboratorio como in-situ. Un estudio adicional ayudado 

por herramientas quimiométricas encontró que el tipo de cabeza de los hisopos 

puede influir en los resultados. Para lograr mayor fiabilidad en el muestreo y 

análisis de residuos post-explosión por esta técnica, se necesitará investigar 

materiales alternativos que sean adecuados para la recolección de residuos de 

estas muestras. También será interesante explorar otras técnicas espectroscópicas 

para el análisis de residuos post-explosión. Las herramientas quimiométricas son 

un importante complemento de las técnicas espectroscópicas que pueden jugar 

un papel interesante en investigaciones futuras con el objetivo de encontrar 

posibles asociaciones entre muestras cuestionadas y datos de referencia.  

Por lo tanto, esta Tesis Doctoral también ofrece soluciones analíticas para 

el estudio forense de vestigios de artificios pirotécnicos que pueden ayudar a 

resolver casos forenses relacionados con estos artefactos. 
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En este apartado, quiero explicar de una manera sencilla y directa, para que 

lo pueda entender prácticamente cualquier persona ajena a este campo, para que 

sirven los estudios presentados en esta Tesis Doctoral. Yo creo que los 

investigadores, entre otras muchas cosas, trabajamos para proponer soluciones a 

problemas actuales y futuros. Problemas que padece, en mayor o menor medida, 

la sociedad. Y puesto que nuestra labor está generalmente financiada con dinero 

público, y es ese público el verdadero beneficiado de éste trabajo, debemos 

explicar qué hacemos y para qué sirve lo que hacemos.  

Primero, quisiera dejar claro que no todo lo que se expone en esta Tesis 

tiene una utilidad relevante e inmediata. Pero aseguro que este trabajo se ha hecho 

pensando en que pueda usarse en algún momento. 

Esta Tesis Doctoral está dedicada al estudio de artefactos incendiarios y 

artificios pirotécnicos, y a la búsqueda de soluciones analíticas para el análisis de 

muestras procedentes de estos dispositivos así como la interpretación de los 

resultados obtenidos tras su análisis. La Tesis se hizo en éste tema y no en otro 

porque investigadores forenses necesitaban más información sobre estos 

artefactos y nuevas metodologías para el estudio de sus vestigios. Estos trabajos 

pueden servir, entre otras muchas cosas, para: 

- Que otras investigaciones científicas utilicen este conocimiento como base, 

por ejemplo para avanzar en lo aquí expuesto. 

- Dar a conocer la composición, peligrosidad y usos de estos artefactos a los 

profesionales del sistema judicial (peritos forenses, fiscales, jueces, 

abogados, etc.). 

- Ofrecer métodos de análisis más adecuados, fiables, rápidos, seguros y 

económicos, que puedan ser utilizados por peritos forenses de forma 

rutinaria. 



 

- Ayudar a interpretar de forma fiable y sencilla los resultados de los análisis, 

de forma que alguien alejado de la ciencia y los métodos científicos (por 

ejemplo, un juez o un fiscal) pueda entender rápidamente qué significa un 

resultado u otro a través de informes periciales.  

Y de forma más concreta, quiero poner unos ejemplos prácticos como los 

que he conocido o se me han ocurrido a lo largo de estos años: 

- Aportar información que ayude a esclarecer las causas de un incendio. Es 

decir, saber si un incendio fue provocado o no. Así se pueden evitar fraudes 

o imputar un delito a un individuo en concreto. Por ejemplo, se han dado 

casos en los que se han incendiado bosques o edificios utilizando 

dispositivos incendiarios. En estos casos, no es lo mismo probar que fue 

provocado o que fue un accidente. Damnificados y compañías 

aseguradoras pueden tener intereses económicos por lo que es necesario 

tener herramientas que permitan conocer las causas reales.  

- Conocer si un dispositivo incendiario llevaba un ácido, hecho que podría 

ser considerado por un juez como agravante. Esto puede suponer mayores 

penas de cárcel o mayores indemnizaciones económicas. Por ejemplo, no 

es lo mismo que una persona sea atacada con un cóctel Molotov que sólo 

contiene un líquido inflamable, a que sea agredida con uno que lleva 

combustible y ácido sulfúrico. El ácido es altamente corrosivo y puede 

producir daños irreparables en la salud de una persona.   

- Esclarecer las causas de un accidente laboral, por ejemplo manipulando 

artificios pirotécnicos. Las herramientas expuestas en este trabajo podrían 

ayudar a conocer qué provocó en realidad el accidente. Compañías 

aseguradoras, empresas y trabajadores pueden beneficiarse de estos 

avances.   

- Decidir si un artículo pirotécnico se usó de manera incorrecta o si ese 

artefacto no cumplía con la normativa vigente. Por ejemplo, aclarar si un 

determinado daño (quemadura, pérdida de un dedo, etc.) se produjo por 
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un artificio pirotécnico, y si ese dispositivo estaba en buen estado y cumplía 

con la normativa. Fabricantes, vendedores y usuarios pueden necesitar 

saber qué ocurrió en este tipo de casos.  

- Aportar procedimientos adecuados de análisis que permitan, por ejemplo, 

realizar controles de calidad fiables de artificios pirotécnicos o herramientas 

que ayuden a identificar artefactos peligrosos como los cócteles Molotov 

en controles aeroportuarios.  

Es decir, los beneficiados directos de este trabajo son otros investigadores, 

peritos forenses, jueces y compañías aseguradoras, además del resto de la 

sociedad. Personas normales que, en un momento puntual, puedan verse afectadas 

por estos artefactos. En definitiva, este trabajo sirve para ayudar a la seguridad de 

los ciudadanos y al sistema de justicia.  

Lo que se propone en éste trabajo sólo son algunas herramientas 

verificadas mediante el método científico para los usos indicados. Pero, como 

todos sabemos, la realidad siempre supera a la ficción. La vida evoluciona. Las 

costumbres y necesidades de la sociedad cambian rápidamente. Este trabajo sólo 

es una motita de polvo dentro del micro-mundo de las ciencias forenses. Por lo 

que hay que seguir investigando para ayudar a resolver problemas de hoy y del 

futuro en el contexto de las ciencias forenses.    
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: activated charcoal strips

: advanced distillation curve  

: atomic emission spectroscopy 

: atomic fluorescence spectroscopy 

: ammonium nitrate-fuel oil

: American Society for Testing and Materials  

: attenuated total reflection Fourier transform infrared

: background electrolyte

: contactless conductivity detector  

: compact disc

: capillary electrophoresis 

: Code of Federal Regulations 

: chemical ignition Molotov cocktail 

: N-cyclohexyl-2-aminoethanesulfonic acid

: carcinogenic, mutagenic, reprotoxic

: capillary-zone electrophoresis  

: discriminant analysis

: desorption-electrospray-ionization mass spectrometry

: diethylenetriamine 

: digital object identifier



 

: Department of Transportation 

: differential mobility spectrometry

: differential scanning calorimetry

: differential thermal analysis

: Divinylbenzene/Carboxen/Polydimethylsiloxane

: digital versatile disc

: extracted ion spectra

: effective length

: electroosmotic flow 

: ethyl tert-butyl ether 

: European Union 

: Fourier transform infrared

: Fuzzy rulebuilding expert systems

: gas chromatography 

: gunshot residues

: hierarchical cluster analysis

: hexadimethrine bromide

: high-density polyethylene 

: heat flow calorimetry

: histidine

: high-performance liquid chromatography
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: headspace  

: headspace sorptive extraction 

: high voltage

: ion chromatography

: inductively-coupled plasma spectroscopy – mass spectrometry

: inner diameter

: ignitable liquids  

: Ignitable Liquids Reference Collection  

: ignitable liquid residues 

: improvised explosive device 

: improvised incendiary device

: infrared

: isotope ratio mass spectrometry

: laboratory

: linear discriminant analysis

: light-emitting diode

: laser-electrospray mass spectrometry 

: limit of detection

: 2-(N-morpholino)ethanesulfonic acid

: mass spectrometry or mass spectrometer

: methyl tert-butyl ether  



 

: National Center for Forensic Science

: non-linear iterative partial squares algorithm

: National Institute of Standards and Technology 

: Netherlands Forensic Institute

: outside diameter

: polycyclic aromatic hydrocarbon

: principal component

: principal components analysis 

: polydimethylsiloxane

: projected difference resolution

: polyethylenimine

: partial least squares-discriminant analysis  

: porous layer open tubular

: porous layer open tubular cryoadsorption

: pyromellitic acid 

: polymethylmethacrylate

: Pearson product moment correlation

: polytetrafluoroethylene 

: polyvinylchloride

: quadratic discriminant analysis

: research octane number
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: relative standard deviation 

: retention time

: Criminalistics Service of Guardia Civil

: scanning electronic microscopy - energy-dispersive X-Ray spectrometry 

: soft independent modelling of class analogies

: self-organizing feature map

: solid-phase microextraction

: support vector machines

: tert-butyl alcohol

: tert-butyltoluene

: target factor analysis  

: total ion current chromatogram 

: total ion spectrum

: tris (hydroxymethyl) aminomethane

: Technical Working Group for Fire and Explosives

: University of Central Florida

: United Kingdom

: United Nations 

: ultraviolet
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Como decía el ingenioso hidalgo Don Quijote de la Mancha, “el que no sabe 

gozar de la aventura cuando le viene, no se debe quejar si se le pasa”. He creído 

muy oportuno mencionar esta frase de Don Miguel de Cervantes por varios 

motivos. El primero, muy obvio, el vínculo entre el virtuoso escritor, la ciudad de 

Alcalá de Henares y la Universidad de Alcalá. El segundo, porque desde pequeño 

aluciné con Don Quijote y sus desventuras. Supongo que por mis raíces 

manchegas, porque mi abuelo y su familia (Los Alberca) eran de Campo de 

Criptana, de donde los famosos molinos de viento, y porque el resto de mi familia 

(parte de Los Alberca y Los Martín) eran y son de un pueblo que figura en la Ruta 

del Quijote, La Guardia. El tercer motivo es porque de verdad me gusta esta frase 

para este contexto. Los que me conocen saben de sobra que me enrollo como las 

persianas antes de contar lo que realmente quiero contar. ¿Será esta la razón por 

la que me ha salido una tesis de casi medio millar de páginas?. Mal vicio para la 

ciencia. En fin. Lo que quiero decir con esta frase es que he disfrutado muchísimo 

de cada paso de esta aventura. También me he quejado, cierto. Pero son lamentos 

que me vienen de serie. Parte de mi personalidad. Lo verdaderamente cierto es que 

he gozado desde el minuto uno hasta el momento de escribir esta sección. Me ha 

encantado aprender y seguir aprendiendo. Enseñar y divulgar. Conocer gente 

excepcional y lugares que siempre quedarán en mi memoria. Errar y sentirme 

derrotado. Levantarme y sentir que he sido capaz. He conseguido mi sueño de 

niño. Eso que quería ser sin saber qué significaba o qué implicaba. Ser investigador. 

Y para llegar al final de esta aventura he necesitado la ayuda, voluntaria o 

involuntaria, de muchas personas. Sin ninguna duda, mi formación y esta memoria 

de tesis se deben al esfuerzo de muchísimos compañeros de trabajo, familiares, 

amigos, profesores, instituciones y hasta entes inspiradores. Lo que viene siendo 

un trabajo en equipo. Así que empiezo a agradecer. ¿Llegaré a las 500 páginas? 

En primer lugar, doy las gracias a la Universidad de Alcalá porque aquí he 

cursado todos mis estudios superiores. Agradezco la concesión de la ayuda para la 



 

Formación del Personal Investigador de su programa propio y las otras ayudas que 

han permitido que me formase en idiomas, que fuera a conferencias nacionales e 

internacionales y que pudiese hacer una estancia pre-doctoral. Gracias al Instituto 

Universitario de Investigación en Ciencias Policiales (IUICP) por aceptarme en su 

programa de Máster y, posteriormente, de Doctorado. Gracias a Virginia Galera, 

Enrique Sanz, Carmen Figueroa y Mercedes Torre por su labor en el instituto. 

Gracias también al Departamento de Química Analítica, Química-Física e Ing. 

Química por cederme un hueco para investigar. Y, por supuesto, gracias a la 

Universidad de Lausanne, al ecole des sciences criminelles por acogerme durante 

5 meses en mi estancia pre-doctoral y proporcionarme material, equipos y grandes 

profesionales para ayudarme en mi labor científica.  

En segundo lugar, pero para mí el más importante, gracias a la persona más 

luchadora, alegre, positiva y dura que he conocido en mi vida. Gracias Carmen. 

Gracias por creer en mí más de lo que yo he creído en mí mismo jamás. Gracias por 

apoyarme, ayudarme y aconsejarme. Gracias por todo lo que me has dado. Es tanto 

que si lo escribo llego a las 1001 páginas… Lo dejo para nosotros. De mi memoria 

no se escapa. Desde el primer día que me diste clase, en el último curso de Biología, 

me di cuenta de que eras diferente. Especial. Nada que ver con otros investigadores 

que había conocido antes. Y por eso te elegí como Directora de Tesis. El tema de 

investigación casi que me daba igual. Siendo biólogo todo me pillaba mal, lejos y 

“sonaba a química”. Te deseo todo lo mejor, porque te lo mereces. Este trabajo 

también es tuyo. Ni lo olvido, ni quiero que lo olvides. Y también gracias por ser 

como eres.  

Gracias a mis compañeros de INQUIFOR. A los que se fueron y a los que 

empiezan. Cada uno de vosotros ha aportado algo a mi persona y/o a la tesis. Muy 

especialmente a los primeros que empezamos en el grupo. Para mí erais unos 

superhéroes. Luchamos y aprendimos mucho juntos. Me quedo con todo lo bonito. 

Que es muchísimo. Gracias por esos momentos y por la amistad que vivimos. Jamás 

renegaré de ello. Gracias a Jorge, del que aprendí muchas cosas. A María. Gracias 

por regalar tanta alegría y por ayudarme en tantas y tantas ocasiones. Te debo 
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unas cuantas. A André, por esos congresos míticos y por ser tan “salao”. A Ignacio. 

Todo un crack. La edición de esta tesis, y de muchas figuras y TOCs son 

prácticamente cosa suya. ¿¡A que molan mucho!?. ¡Gracias!. A Valentina, por 

alegrarme un poquito todos los días. A Félix, Lucía, Noemí, Héctor, Fernando y 

Gema. Todos me habéis aportado cosas importantes en estos años. A Mercedes, 

toda una profesional que me deja boquiabierto en cada una de sus ponencias. A 

Gloria. ¡Ay, Gloria! Y tú sin saberlo, pero prácticamente tienes la culpa de haber 

cambiado mi destino y haberme marcado la senda. Me dijiste, auf diesem Weg y 

me mandaste para Alemania de erasmus. Y allí decidí ser investigador. Y allí me 

entró el hambre por el conocimiento. Me pegaste “la solitaria” y ahora no puedo 

parar de tragar ciencia. Gracias. Y aquí también meto a José Luis Ferrando. Gracias 

por tus consejos de experto y por haberme dado el tema de investigación que he 

defendido en esta memoria. Espero que sirva para mucho. 

Gracias a mis compañeros de departamento. A todos los que han pasado 

por ahí en todos estos años. Hemos vivido momentos muy, muy buenos. ¡Brindo 

por ellos! Y ojalá aún tengamos más momentos para compartir. Ya sabéis lo que 

me gustan a mí las cañitas, cenas de navidad o reencuentros de expatriados. Dejo 

aquí algunos nombres apuntaditos. ¡Lo siento si falta alguno! A la Laura, Clara, Cris, 

Paty y Vir. A Miri, Miguel, Aida, Adrián, María M. y Laura. A Romi, Elena, Estefi, María 

C., Johen, Raquel, Jesús, Miguelín, Sofia y Pablo. Sois geniales. Y un agradecimiento 

muy especial a Ana “la técnico”. Siempre trabajando en la sombra para que todo 

funcione donde nunca funciona nada. Y como no, al sol que espero que nunca me 

deje a oscuras. Diana, que el tiempo y la distancia no me alejen de ti. Eres única.  

Je voudrais remercier tous les personnes que j'ai connus à Lausanne, 

spécialement Olivier Delémont. Thank you for teach me so many things about 

Forensic Science and especially about fire debris analysis. I hope to keep in contact 

with you for many years and work together again soon. I would also like to thank 

Patrick Gerber. He helped me a lot during my stay in Lausanne. I wish you all the 

best. Gracias también a la pequeña, risueña y trabajadora Gaëlle Bailat por su ayuda 

en el laboratorio. Durdica, gracias por ser siempre tan agradable conmigo. Y 



 

también gracias a la colonia de hispano-hablantes de la UNIL. Me ayudasteis 

mucho a sobrellevar el cambio de idioma y me demostrasteis mucho cariño. Muy 

especialmente a Juanito. Una de las mejores personas que he conocido. ¡Te debo 

tantísimo! También se merece un enorme GRACIAS otra gran persona que me 

recibió como uno más entre los suyos. Que me enseñó qué es correr por una 

montaña de Suiza nevada (para él fue un pequeño calentamiento de 25 km…pero 

yo acabé destrozado y feliz por haber superado tal reto y haber disfrutado unas 

vistas maravillosas). Diego, eres un grande. Gracias por todo. Aquí tienes un amigo 

para siempre. Y gracias por presentarme a tu gente. Max, Anaïd, Maya, Elena, 

Sophie y Michel. Vous êtes géniaux! Además de todos los que he nombrado, tuve 

una suerte tremenda al conocer a la colonia colombiana con la que tanto me divertí 

y reí allí en Suiza. Y de las que tanto aprendí. Julia y Laurita, gracias por concederme 

vuestra amistad. Amiguita Victoria, de ti aprendí muchísimas lecciones. A tomarme 

la vida de otra manera. De una mejor manera, quizás. Dale a la vida sin mirar ni 

medir. Y la vida te devolverá cosas mejores. Gracias por todo, amiguita.  

Gracias a mis amigos “los fuenlas” y Los Naranjitos Intumios. Ellos no han 

aportado gran cosa a esta memoria de tesis. Las cosas como son. Pero ayudan a 

que me mantenga cuerdo. A que recuerde mis raíces. El barrio. Ellos son los que 

han estado siempre conmigo y presiento que van a seguir estando el resto de mis 

días. Gracias por ser tan auténticos. Gracias por ser como hermanos. También estoy 

muy agradecido con mis compañeros de fatigas. A mis grandes amigos Robi y 

Víctor. Sois muy, pero que muy grandes. Gracias por apoyarme 

incondicionalmente. Al igual que otros tantos biólogos que me dejo en el tintero. 

Ya sabéis quien sois. Además, como dice el tatuaje de Gaëlle, “también somos lo 

que hemos vivido”. Por eso también quiero recordar a otras personas que fueron 

importantes en mi vida y que me ayudaron a lograr este reto. La vida da muchas 

vueltas. Algunas impredecibles. Pero estamos hechos de eso. De lo vivido.  

Gracias a las personas más nobles y altruistas que he conocido nunca. A mi 

familia. Gracias papá. Gracias mamá. Este éxito es tan mío como vuestro. Estoy 

orgulloso de vosotros. Aunque esté lejos, no me olvido nunca de todo lo que os 
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debo. Gracias también a mi hermano. Jesús, te quiero muchísimo. Y no te puedes 

imaginar lo que agradezco que me hayas ayudado cuando lo he necesitado. Esto 

que consigo hoy, también es gracias a ti. Cuenta conmigo para lo que necesites. 

Gracias a mis tíos. Muy especialmente a José y Merce. Tía, no te imaginas lo que te 

quiero. Sé que no he estado cerca cuando lo has necesitado. Y eso me pesa. Espero 

poder compensarte algún día todo lo que has hecho por mí. ¿Sabes? La tesis se la 

he dedicado a mi familia y a mis profesores. Tú entras en los dos grupos. Fuiste mi 

primera profe. La que puso la primera piedra. Si he llegado a obtener este título, 

seguro, seguro, seguro ha sido porque tú pusiste esa piedra. ¡Yo quería ser como 

mi tía! 

Luego vinieron otros profesores. Muchísimos y muy buenos. Vuestra 

profesión os honra. Gracias por la parte que os toca. Quizás una parte muy grande 

de todo este trabajo. Porque todos habéis contribuido a mi formación y 

motivación. Y por lo tanto, a llegar hasta aquí. Quizás de los que más me acuerdo 

son de la señorita Pepi, de pre-escolar. No recuerdo su cara, pero sé que la 

admiraba. Concha, de primaria. Que descanse por siempre en paz. Concha 

Albarracín, un reflejo donde mirarme. Y finalmente, Carmen.   

Por último, pero no por ello menos importante, quiero agradecer 

enormemente todo el apoyo y amor que me da una personita maravillosa, alegre, 

inteligente y buena que comparte conmigo mis días. Gracias por aguantarme 

durante estos meses de intenso trabajo. Gracias por ser así de buena conmigo y 

darme tanto, tanto, tanto. Es toda una suerte haberte encontrado. Gracias Marta. 
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