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ABSTRACT: Capillary electrophoresis method for simultaneous determination of inorganic anions and cations 

was developed using 2,6-pyridinedicarboxylic acid (PDC) as a background electrolyte (BGE) with indirect UV 

detection. In order to detect both anions and cations simultaneously, the electromagnetic flow was reversed by 

the addition of cetryltrimethylammonium hydroxide (CTAH). The parameters which influenced the separation 

of inorganic ions such as electrolyte pH, concentration of PDC, applied voltage and temperature were 

investigated. Four anions (Cl
-
, NO3

-
, SO4

2-
, SCN

-
) and three cations (Ca

2+
, Fe

2+
, Fe

3+
) were successfully 

determined simultaneously in less than 7 min under the optimized conditions (25mM PDC, 0.5mM CTAH, pH 

4.7). The method was applied to the analysis of post-blast explosive residues of black powder and ammonium 

nitrate-fuel oil (ANFO). The analytical performances of the method are discussed in terms of analysis time, 

repeatability, reproducibility, linearity of response and detection limits.  
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Introduction 

Post-blast residues, particularly inorganic residues 

refer to the debris and inorganic residue left at a 

crime scene from the detonation of explosive. 

Homemade explosive device used by terrorists are 

normally based on inorganic salts and/or peroxides 

since these ingredients are readily available, low cost 

and can be purchased legally [1]. The major 

components in explosives are oxidizers such as 

nitrate, chlorate, or perchlorate; and fuel such as 

charcoal, sugar, or metal oxides. After detonation, 

explosive leave residues that contain a variety of 

components such as ionic species which are 

produced from the explosive reaction, with un-

reacted components of the original explosive mixture 

[2]. 

 

Determination of the level of inorganic anions and 

cations present in residue demands the identification 

of the original explosive [1]. Most of the chemicals 

species present in post-blast residues of low 

explosives are anions and cations. Examples of 

inorganic residue in most of the explosives are 

nitrite, nitrate, sulfate, chlorate, carbonate, 

perchlorate, ammonium, potassium and sodium [3-

5]. The pattern of ionic components of post-blast 

residue often reflects the original composition, type, 

source and manufacturer of the explosive [6, 7]. 

 

Ion Chromatography (IC) has been the method of 

choice for the analysis of anions in post-blast 

residues [8]. Capillary electrophoresis (CE) is an 

attractive alternative for post-blast residue analysis 

because of its versatility. It can be applied to detect 

inorganic ions, organic molecules and large 

biomolecules using the same instrument and same 

capillary in most cases, given that the composition of 

running buffer is changed. This method is also 

environmental-friendly since the resultant waste 

contains only small amount of organic modifier and 

the buffer can be discarded without causing any 

danger to the environment [9]. CE can also yield a 

high speed and high resolution separation on small 

amount of sample [10]. Its availability for different 

modes of separation and its possibility in interfacing 

with different detection system makes CE widely 

applicable in various fields [9]. 

 

Recently, several CE methods for simultaneous 

analysis of cations and anions have been reported [5, 

11]. Padaraukas et al. [11] proposed a unique 

technique based on electromigration sample 

introduction from both end of capillary using indirect 

UV detection with two background electrolyte 

(BGE). After applying voltage, anions and cations 

migrated in opposite direction from different 

capillary end and ions were detected at the detector 

which placed on the middle of the capillary. They 

successfully separated four anions and five cations in 

less than 5 minutes.  

 

Hopper and coworkers [5] described the separation 

of inorganic ion using single injection with indirect 

UV detection. Single BGE was used with addition of 
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anion and cation chromophore, cation selectivity 

modifier and organic modifier. Eight anions and five 

cations were successfully separated with a total run 

of 7 minutes.  

 

In this study, a new CE method for simultaneous 

analysis of anions and cations by using 2,6-

pyridinedicarboxylic acid (2,6-PDC) as BGE was 

developed. The method was optimized and then 

applied for the simultaneous determination of 

inorganic ions in post-blast residues of black powder 

and ammonium nitrate-fuel oil (ANFO). 

 

Experimental 

Chemicals  

Inorganic anion and cation standards were prepared 

from their salt. The chemicals used were of analytical 

or reagent grade. It included calcium chloride from 

QRec (Malaysia), ferrous (II) sulfate, ferric (III) 

nitrate, and potassium thiocyanate from GCE 

laboratory (USA). For electrolyte preparation, the 

chemicals used were 2,6-pyridine dicarboxylic acid 

from Fluka Chemica (Switzerland) and 

cetyltrimethylammonium hydroxide solution (25% in 

methanol) from Sigma-Aldrich (USA). For pH 

adjustment of buffer, sodium hydroxide solution was 

prepared from sodium hydroxide pellets from QRec 

(Malaysia). All electrolytes and standards were 

prepared using 18.2 MΩ double distilled deionised 

water (DDDW) from Milipore ultrapure water 

system (Merck, Darmstadt, Germany). 

 

Instrumentation 

CE instrument used in this study was an Agilent 

G1600 Capillary Electrophoresis System with 

indirect UV detection. For simultaneously separation 

of both anions and cations, the capillary used was a 

fused silica capillary with dimensions of 52 cm 

length x 50 μm I.D. CE ChemStation software was 

used for system control, data collection and data 

analysis.  

 

Electrophoretic Procedure 

The electrolyte was prepared containing 0.5 mM 

cetyltrimethylammonium hydroxide (CTAH) to 

reverse the direction of electroosmotic flow (EOF) 

[12] and BGE at a concentration of 25 mM. The pH 

was adjusted to 4.7 with 1 M NaOH. Prior to use, the  

capillary was pretreated with the following 

procedures: deionised water for 10 minutes, 0.1 M 

NaOH for 10 minutes and deionised water for 10 

minutes. The capillary was pre-conditioned with 2,6-

PDC buffer for 4 minutes for each run. Samples were 

injected in the hydrodynamic mode for 6 seconds. 

The capillary temperature was held at 15ºC and the 

applied voltage was at -20 kV. Detection was carried 

out using UV diode array detector and the signal 

wavelength was set at 350 nm with reference at 230 

nm. 

 

Preparation of Standards  

All standards (Cl
-
, NO3

-
, SO4

2-
, SCN

-
, Ca

2+
, Fe

2+
, 

Fe
3+

) were initially prepared at a concentration of 

1000 ppm and diluted to a working concentration of 

100 ppm. The solutions were sonicated for 5 minutes 

and filtered through 0.45 μm membrane filter disc. A 

series of standard mixture solution ranging from 20 

ppm to 100 ppm were produced which were used for 

the preparation of calibration curve. The LODs of 

each ion were evaluated by diluting 20 ppm standard 

mixture with DDDW and analyzed using the 

developed CE method. The lowest detectable 

concentration for each ion was based on signal-to-

noise ratio of 2:1. 

 

Sampling 

Samples of post-blast black powder residues were 

obtained from a previous sampling exercise [18] at 

Rompin, Pahang. Three fragments (BP-1, BP-2 and 

BP-3) were collected as post-blast residues of 

different explosive charge of 100 g, 150 g and 200 g, 

respectively.  

 

For ANFO residues sample, a homemade bomb was 

made by police personnel at the sampling site using 

30 g of ammonium nitrate mixed with diesel fuel oil 

that was filled into a plastic mineral bottle. A 

detonating cord containing PETN as a booster was 

attached to the plastic bottle. The homemade bomb 

was placed in the middle of a field and two different 

types of cloths (cotton and nylon) were placed 2.5 

meters away from the bomb in a position 180º from 

each other. The cloths (23 cm x 32 cm) were tied to a 

metal plate fixed onto a small iron rod. After 

detonation, each cloth was collected and packed in 

snap-seal plastic bag.  

 

Sample Preparation 

i. Sample Preparation of Black Powder Residue 

For swabbing of black powder residue from bomb 

fragments, the cotton balls were pre-cleaned before 

use. The cotton balls were first cleaned by soaking 

them in DDDW for 15 minutes. The cotton balls 

were taken out and excess water squeezed out. The 

cotton balls were left to air dry for about 20 minutes. 

The pre-cleaned cotton balls were picked up using 

forceps and moistened with DDDW. The moist 

cotton ball was swabbed gently onto the surface of 

post-blast fragments to collect the residue.  

 

Cotton swab containing the residue was placed in a 

100 mL sample bottle and filled with 20 mL of 

DDDW. The sample bottle was sonicated for 10 

minutes to extract the inorganic ions. After 

sonication, the cotton swab was removed from the 

sample bottle and the resultant solution was filtered 

through a cleaned 0.45 μm membrane filter disc. The 

extract was diluted to 100 mL, followed by degassing 

for 5 minutes. The extract solution was placed in a 
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sample bottle and kept in a refrigerator prior to 

analysis. 

 

ii. Sample Preparation of ANFO Residue 

For ANFO residue deposited on cloth, the cloth was 

cut into smaller pieces and placed in a 50 mL sample 

bottle. Twenty mL of DDDW was added into the 

sample bottle followed by sonication for 10 minutes 

in order to extract the inorganic ions. The cloth 

pieces were removed from the sample bottle and the 

resultant solution was filtered through 0.45 μm 

membrane filter disc and diluted to a total volume of 

25 mL. The extract solutions were degassed for 

another 10 minutes and kept in the refrigerator prior 

to analysis. 

 

Analysis of ANFO Control Sample 

ANFO control sample used in the study was 

provided by the Royal Malaysia Police. A 0.01 g of  

ANFO control sample was dissolved in 10 mL 

volumetric flask using DDDW. The mixture was 

sonicated and filtered through a 0.45 μm membrane 

filter disc. A 100x dilution was carried out by 

dissolving 1 mL of ANFO solution in 100 mL 

volumetric flask using DDDW. The diluted standard 

solution was kept under refrigeration prior to 

analysis. 

 

Results and Discussion 

Choice of BGE 

For simultaneously separation of anions and cations, 

an indirect UV detection was utilized. This detection 

mode required that the electrolyte contained both 

cationic and anionic visualization agents. In this 

study, 2,6-PDC acid was chosen as BGE due to its 

ability to form negatively charged complexes to 

permit indirect UV detection. 2,6-PDC is also known 

to have high sensitivity, high stability and UV 

responsive for metal cations [13, 14]. Formation of 

anionic complexes was also found to be highly 

dependent upon electrolyte pH and concentration of 

2,6-PDC acid [15]. 

   

Once 2,6-PDC acid reacted with cations to form 

anionic complexes, they migrated toward positive 

electrode and allow for indirect detection. Indirect 

UV detection was employed in this study to visualize 

anions which have little and no chromophore. 

Through indirect detection, anions were recorded as 

positive peak while cations were recorded as 

negative peak. For reversing the direction of 

electroosmotic flow (EOF) from cathode to anode, a 

cationic surfactant that comprised of 

cetyltrimethylammonium hydroxide (CTAH) was 

added to the BGE.  

 

A simultaneous separation of both anions (Cl
-
, NO3

-
, 

SO4
2-

 and SCN
-
) and cations (Ca

2+
, Fe

2+
 and Fe

3+
) 

were successfully achieved using 2,6-PDC. Four 

anions and three cations were eluted within 7 

minutes (Figure 1). Although the cations were 

detected as negative peaks, the PDC electrolyte 

provided a satisfactory separation of all seven 

components. All peaks were baseline separated 

except for Cl
-
 and NO3

-
 peaks that were not well 

resolved. Another peak that eluted between Fe
2+

 and 

Ca
2+

 peaks indicated the presence of a solvent peak 

by comparison with the electropherogram of the 

blank extract. 

 

Figure 1: Electropherogram of inorganic anions and cations. Concentration of analytes at 100 ppm. Conditions: 

fused silica capillary (52 cm x 50 μm I.D.); potential: -20kV; capillary temperature: 15ºC; electrolyte: 25 mM 

2,6-PDC and 0.5 mM CTAH (in 25% methanol); buffer pH 4.7; injection: 6.0 s x 50.0 mbar; wavelength: 350 

nm, 20 ref. 230 nm, 10 ref. Peak identification: (1) Cl
-
; (2) NO3

-
; (3) SO4

2-
; (4) SCN

-
; (5) Fe

2+
; (6) Ca

2+
; (7) Fe

3+
, 

(S) solvent. 
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Optimization of CE Separation 

 

i. Effect of BGE pH 

 

Buffer pH would significantly have an effect on EOF 

because of an increase in the dissociation of silanol 

and silanoate group on the inner capillary wall [16]. 

As shown in Figure 2, migration time for most of the 

analytes generally increased with an increase in pH. 

However, a change of separation selectivity was 

obtained for Ca
2+

 and Fe
3+

 ions at pH 3.7 and pH 4.7. 

Fe
3+

 migrated earlier than Ca
2+

 at pH 3.7, but 

migrated later than Ca
2+

 at pH 4.7. This is because 

2,6-PDC is an ionisable compound in which its 

ligand concentration depends on pH. Increasing pH 

will favor the protonated ligand concentration and 

also increases the degree of metal complexation. 

Besides that, pH changes will affect both separation 

selectivity and detection sensitivity [17].  

 

An optimization of electrolyte pH was seen between 

pH 3.7 to 5.7 where the migration times of analytes 

were more stable. From Figure 3, it can be seen that 

Ca
2+

 could not be detected beyond pH 7.7 while, Fe
2+

 

could not be detected at pH lower than 3.7. 

Therefore, pH 4.7 was selected as the optimized pH 

for subsequent experiment. 

 

ii. Effect of PDC Concentration 

Concentration of buffer also has an influence on EOF 

without altering the selectivity as pH. By increasing 

the buffer concentration, it will lower the EOF while 

lower buffer concentration will give shorter analysis 

time [18]. With a constant concentration of 0.5 mM 

CTAH in the electrolyte run, the concentration of 

2,6-PDC was varied from 10 to 30 mM at pH 4.7 

(Figure 3). Migration time of anions increased 

slightly with increasing BGE concentration while 

migration time of cations were found to increase 

significantly with increasing buffer concentration. 

 

At a BGE concentration of 10 mM, the NO3
-
 peak 

was difficult to observe and was not separated 

completely from Cl
-
 and SO4

2-
 peaks while Fe

2+
 peak 

appeared closely to the solvent peak (Figure 3A). In 

addition, at 30 mM BGE concentration, the SO4
2-

 and 

SCN
-
 peaks were not resolved and an increase in 

baseline noise was observed (Figure 3E). Under all 

BGE concentration employed, Cl
-
 and NO3

-
 peaks 

were not separated completely. This could be due to 

insufficient length of the capillary used. However, 

resolved anionic peaks of Cl
-
 and NO3

-
 were 

observed at 25 mM of 2,6-PDC. Hence 25 mM 

buffer concentration at pH 4.7 was selected as the 

optimum BGE condition. 

 

 

Figure 2: Effect of electrolyte pH on migration time 
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Figure 3: Effect of electrolyte concentration on peak separation. Concentrations of analytes at 100 ppm. 

Potential: -20kV; capillary temperature: 20ºC; electrolyte: 0.5 mM CTAH with 2,6-PDC. (A) 10 mM, (B) 15 

mM, (C) 20 mM, (D) 25 mM, and (E) 30 mM, pH 4.7. Peak identification: (1) Cl
-
; (2) NO3

-
; (3) SO4

2-
; (4) SCN

-
; 

(5) Fe
2+

; (6) Ca
2+

; (7) Fe
3+

, (S) solvent. 

 

iii. Effect of Potential 

 

The effect of potential was studied by the varying 

voltage from 15 kV to 25 kV as shown in Figure 4. 

Results indicated that by increasing the applied 

potential, the analysis time was typically reduced. In 

contrast, at lower negative potential, the migration 

time was increased. In this study, although separation 

with short migration time was observed at -25 kV, 

adequate separation was observed at -20 kV with less 

current produced. Therefore, a potential of -20 kV 

was selected as the optimal running potential. 

 

 

Figure 4: Effect of applied potential on migration time.  
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iv. Effect of Temperature 

 

Figure 5 illustrates the migration times of target 

analytes in the temperature range from 15 to 30ºC. 

Migration time was found to decrease with 

increasing temperature. A noisier baseline was also 

observed at higher temperature. A rise in temperature 

causes an increase in EOF due to a decrease in the 

viscosity of the buffer. An increase of 1ºC will 

generally reduce the viscosity of water by 2.4% [16]. 

Therefore, temperature was also considered as 

important in separation since both analyte mobility 

and level of EOF are temperature related. In this 

study, baseline drifts were observed at temperatures 

approaching 30ºC. An optimum applied temperature 

for the best separation was therefore selected at 15ºC. 

 

 

Figure 5: Effect of temperature on migration time. 

 

 

Method Validation and Repeatability 

 

A calibration plot of anions and cations was 

generated to determine the concentration of analyte 

ions in post-blast residues. Calibration curves were 

plotted for the respective inorganic ions within the 

concentration range of 20 to 100 ppm. The 

correlation coefficients (r
2
) and detection limits 

(LODs) are listed in Table 1. The correlation 

coefficients (r
2
) of each calibration curve were 

excellent (> 0.986) that proved good linearity of the 

present method. The detection limits for anions were 

in the range from 2 ppm to 15 ppm, while cations 

were in the range from 0.4 ppm to 3 ppm using a 50 

mbar/s pressure injection at a signal to noise ratio of 

2:1. Limits of detection from this study were 

compared with previous studies and it found that 

LODs in this study were much lower except for Ca
2+

. 

The differences of LODs obtained from the present 

study and the earlier studies (Table 1) may be due to 

the different parameters employed in CE method. 

 

 

Table 1: Correlation coefficients and detection limits of target analytes 

 

Ion Correlation coefficient (r2) LOD (ppm) 

This work Other work# 

Cl- 0.990 2.0 8.0a 

NO3- 0.996 3.0 11.0a 

SO42- 0.988 3.0 9.0a 

SCN- 0.986 15.0 - 

Ca2+ 0.995 2.0 0.4b 

Fe2+ 0.987 0.4 0.6c 

Fe3+ 0.988 3.0 6.0d 
#
References: 

a
Jimidar et al. [20] 

  
b
Chen and Naidu [17] 

  
c
Lutzenkirchen and Lovgren [21] 

  
d
Harrold et al. [22] 
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A method is considered precise when reproducible 

migration times and peak areas are obtained. 

Precision can be determined by performing repetitive 

analyses of the same sample within a system under 

the same condition and calculating the relative 

standard deviation. A standard ion mixture of 100 

ppm was injected three times per day and also in six 

consecutive days respectively. The reproducibility of 

the method is tabulated in Table 2. The 

reproducibility of migration time was found to be 

better than 0.18% for within day variation. For day-

to-day variation, the reproducibility of migration 

time was found to be better than 0.31%. In addition, 

the reproducibility of peak areas was found to be 

better than 2.97% for within-day and 3.60% for day-

to-day variation (Table 2). The results show good 

reproducibilities obtained for both migration time 

and peak area as reflected by the % RSD for within 

day (n=3) and day-to-day (n=6).  

 

Determination of other cations including alkaline 

metal was also studied; however, no peaks were 

detected. This is because there is no change in UV 

absorbance between cation-complexes and PDC 

electrolyte. These cations might form negative 

complexes with PDC but due to its lower charge, the 

negative complexes could not be observed [13, 15].  

 

 

Table 2: Within day and day-to-day reproducibility of target analytes 

Ion % RSD Migration Time % RSD Peak Area 

Within day Day-to-day Within day Day-to-day 

Cl
-
 0.031 0.236 2.206 1.431 

NO3
-
 0.064 0.181 2.103 2.677 

SO4
2-

 0.074 0.283 1.967 2.146 

SCN
-
 0.042 0.312 2.973 0.437 

Ca
2+

 0.085 0.208 0.826 2.439 

Fe
2+

 0.049 0.222 1.238 0.548 

Fe
3+

 0.181 0.181 2.623 3.598 

 

Separation of ANFO Control Sample  

 

In CE separation of ANFO control sample, only NO3
-
 

was successfully identified (Figure 6). Ammonium 

ion could not be detected by CE due to its lower 

charge that causes the negative complexes not to 

show any changes in UV absorbance [15]. Nitrate 

was present in large amount in the explosive mixture 

as indicated by the intense peak in the 

electropherogram. This peak indicated nitrate as an 

important component in ANFO explosive. 

 

 

Figure 6: CE separation of ANFO control sample. CE conditions as in Figure 1. 

  

NO3
- 
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Post-Blast Residue Analysis 

 

The developed method was applied to the 

determination of anions and cations in post-blast 

residue of black powder and ANFO. Black powder 

residue from three post-blast samples labeled BP-1, 

BP-2, and BP-3 were analyzed. CE separation 

revealed four (Cl
-
, NO3

-
, SO4

2-
 and Ca

2+
) ions in 

sample BP-1 and three ions (NO3
-
, SO4

2-
 and Ca

2+
) in 

sample BP-2 and BP-3 (Figure 7).  

 

Black powder is known to consist of potassium 

nitrate (KNO3), charcoal (C) and sulfur (S). 

Therefore the presence of nitrate ion (NO3
-
) and 

sulfate ion (SO4
2-

) are indicative of black powder as 

the explosive material used as follows. 

 

10 KNO3(s) + 3 S(S) + 8 C(S) → 2 K2CO3(S) + 3 

K2SO4(S) + 6 CO2(g) + 5 N2(g)          

 

The presence of calcium (Ca
2+

) and chloride (Cl
-
) can 

be explained through the principal ingredients of 

homemade explosives which consist of fuels and 

oxidizers. Fuels that are commonly used include 

sugar, sulfur, or metal such as calcium, aluminium, 

magnesium and zinc. These substances are mixed 

with inorganic oxidizer such as salt containing 

nitrate, chlorate or perchlorate. During explosion, 

these chemicals undergo chemical reaction to 

produce ionic species in post-blast residue [2]. 

According to McCord et al. [6], the presence of 

chloride is a result of the chemical reduction of 

chlorate from perchlorate oxidizer as follows. 

 

ClO4
-
 →ClO3

-
→Cl

-
      

 

Analysis of ANFO residue deposited on cloth (cotton 

and nylon) was also conducted using the developed 

method. A minor peak due to nitrate (NO3
-
) was 

identified in the cotton extract.  For further 

confirmation of the small peak in cotton extract, 

NO3
-
 standard of known concentration was spiked 

into cotton extract and CE analysis was carried out. 

The analysis showed enhancement in peak area that 

indicated the presence of NO3
-
in the cotton extract. 

Nitrate was not detected in nylon extract possibly 

due to low amounts of ANFO residue that adhered to 

nylon. Nylon is a man-made fiber which is smooth 

and renders the residue difficult to adhere onto the 

fiber. The presence of NO3
-
 indicated the use of 

ANFO since the major ingredient in ANFO is 

ammonium nitrate.  

 

 

 

 

Figure 7: CE profile of black powder residue from three post-blast samples (a) BP-1, (b) BP-2, (c) BP-3. CE 

conditions as in Figure 1. 
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Conclusions 

 

A reliable and rapid method for simultaneous 

determination of cations and anions using CE has 

been developed. This method offers the advantages 

of fast analysis, minimal sample consumption and 

capable of separating inorganic anions and cations 

simultaneously in a single run and with good 

linearity and reproducibility. The developed CE 

technique was applied for the detection of  selected 

inorganic ions in several post-blast residues of 

explosive samples. Although CE could not detect 

several cations of forensic interest (Na
+
, K

+
 and 

NH4
+
), detection of three anions (Cl

-
, NO3

-
 and 

SO4
2-

) along with three cations (Fe
2+

; Ca
2+

 and 

Fe
3+

) indicated the use of black powder in the 

explosive. Meanwhile, detection of NO3
-
 indicated 

the use of ANFO. However, the detection limits 

obtained (0.4-15 ppm) does not yet satisfy the 

requirements for real post-blast residue analysis. 

CE pre-concentration of analytes based on stacking 

or other techniques can be further developed to 

address this problem. 
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