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to [28] . If the ratio PRESS(n)/PRESS(n—1) exceeds one, then
the use of n — 1 principal components in the model is recom-
mended. This procedure revealed four significant principal
components that accounted for 94% of the total variance. Re-
sults of first two—most vivid components—PC1 and PC2 are
shown in Fig. 4. PCA is a tool that allows better visualization
of data in exploratory analysis. This is demonstrated in Fig. 4,
where definite patterns can be identified, which highlight
similarities and differences between the electropherograms
of different explosive residues. In Fig. 4A and B are score
plots of all samples. The figures are essentially the same ex-
cept the labeling of points for clarity. The figures reveal the
distinctive structure of postblast electropherograms. Two big
clusters can be recognized which are located almost orthog-
onally to each other. Loading vectors plot (Fig. 4A) indicates
that the separation of the clusters is due to the domination
of CI” ion peak on the electropherogram. Figure 4B demon-
strates that when using normalized data in PCA, the sample
matrix has little influence on the clustering; on the contrary,
the nature of the explosive (Fig. 4A) correlates loosely with
the location of clusters. The structure of the PCA plots sug-
gests that there is an opportunity to use electropherograms
of postblast explosive extracts in classification algorithms for
further identification of the explosives. Clustering becomes
even more distinctive when one looks at the distribution of
the ions on different matrices (Fig. 4C-E). Here again the
results are represented in the first most significant PC coor-
dinates. In all score plots the explosives can be divided into
three distinctive clusters. V40, PETN, RDX form one cluster
which is separated from the rest by the dominance of the Cl~
ion (note that on concrete matrix V40 was not determined).
Although the dispersion of this cluster is wide on concrete
matrix it still can be easily differentiated from the others. The
second cluster is formed by the Dynamite and ANFO and it
is separated from the rest by the dominance of the NH,* ion
(the other loadings depend on the matrix). The last cluster
is formed by C4 and PENO, the position of which is how-
ever matrix dependent. Detonator and TNT location seems to
depend on the matrix.

To summarize, the matrixinfluence on the postblast sam-
ple electropherogram pattern is strong. Concrete is an espe-
cially difficult matrix. Reproducibility is low and due to that,
the clusters are not well “focused.” Ca?* influence on the dis-
tribution of clusters seems to contribute much to the location
of clusters. On the other hand, however, the matrix can be
considered as such in the particular situation. Well defined
clusters on the corresponding scores plot mean that the elec-
tropherograms are characteristic for the detonated explosive
on the given matrix and can be used for their identification.

4 Concluding remarks
Field detection of postblast residues to identify the origin of

explosive devices is of uttermost importance with regard to
the civil safety and subsequent police investigation. Portable
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CE with C*D and DOEI sample introduction presents a suit-
able, fast, and sensitive method for the analysis of total ionic
trace of the postblast explosive residue. A rapid separation of
ten most commonly present ions (both cations and anions)
was achieved in <4 min and can be used for preliminary
fingerprinting of the explosives. Additionally, PCA analysis
shows three main matrix-dependent and ion specific clusters
formed from different explosives. By combination of the in-
formation obtained from the electropherogram and the PCA
analysis, the identification of a specific explosive can be made.
The identification has been tested on postblast residues of
eight selected inorganic and organic high explosives, which
suggests that the methodology may in general be applicable
for the sensitive, field-based identification of a wide range of
other explosive types.
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Development of a capillary electrophoresis
method with direct UV detection

for the analysis of thiodiglycol and its
oxidation products

A novel method based on CE with precolumn derivatization and direct UV detection for
the determination of thiodiglycol (TDG), TDG sulfoxide, and TDG sulfone in water sam-
ples was developed. The lack of a UV chromophore of target analytes was overcome by
derivatization with phthalic anhydride. The reactant concentrations, as well as the deriva-
tization dependence on heating temperature and time, were carefully investigated. The
baseline separation of three derivatives was achieved in less than 8 min by applying a sim-
ple BGE composed of a 30 mM borate buffer at pH 8.5. Several parameters affecting the
separation efficiency (buffer pH and concentration, capillary temperature, and applied volt-
age) were evaluated. Calibration curves of all compounds showed good linear correlations
(R? > 0.9994). The LODs of the TDG and its oxidation products were in the range of
98-154 ng/mL. The precision tests resulted in RSDs for migration times and peak areas
of less than 1.2 and 3.6%, respectively. The developed method was successfully applied for
the analysis of TDG and oxidation products in seawater, utilizing the carbon aerogel-based
adsorbents for sample purification and concentration. Additionally, the method has the
potential to be transformed into a portable CE format.

Keywords:
Phthalation / Precolumn derivatization / Sulfur mustard degradation products

/ UV detection

1 Introduction

At the end of World War II it was necessary to dispose of
large quantities of conventional and chemical munitions left
over from German and allied stocks. Dumping at sea was
considered the most appropriate solution at this time. Thus,
around 50 000 tons of chemical munitions were dumped in
the Baltic Sea (mostly bombs and shells) [1]. After almost
70 years of such dumping, human health and the entire Baltic
marine ecosystem might be at serious risk due to the corro-
sion of the shells, which has led to a constantly increasing
release of highly toxic compounds into the seawater.

A large number of the dumped munitions contain
yperite, commonly known as sulfur mustard (HD). The
compound itself is a vesicant that causes chemical burns
on skin and is an eye and lung irritant [2]. In an aqueous
environment, HD rapidly hydrolyses to nontoxic thiodiglycol
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(TDG) and then slowly oxidizes to TDG sulfoxide (TDGO)
and TDG sulfone (TDGOO). In addition, HD hydrolysis
leads to the formation of a variety of degradation products,
such as cyclic and open chain compounds [3]. It should be
noted that potential ecological and health risks are associated
primarily with sulfur mustard itself, and the importance of
analysis of HD degradation products is that they act as a
markers of the HD leakage locations.

Based on the recommended operating procedure for
analysis in the verification of chemical disarmament [4],
the most frequently used methods for the identification
of a sulfur-containing precursor and breakdown products
in aqueous samples are based on GC, in combination
with MS and/or MS/MS. Due to the low or nonvolatility
of the TDG and its oxidation products, derivatization
is an essential step in sample preparation prior to GC
analysis. Silylation is a widely used derivatization process
for GC and, in the case of HD degradation products,
N,O-bis(trimethylsilyl)trifluoroacetamide [5] and N-methyl-
N-(tertbutyldimethylsilyl)trifluoroacetamide [6] are the most
common derivatizing reactants. There are some disadvan-
tages in the application of silylation. The most critical point
here is that silyl derivatives tend to be highly moisture
sensitive, which leads to derivative decomposition and, thus,

Colour Online: See the article online to view Figs. 2 in colour.
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requires strict control under derivatization conditions [7]. An-
other problem is the appearance of a large number of artificial
peaks on the total ion chromatogram caused by the indiscrim-
inate property of these derivatization reactants when they
react with hydroxyl as well as carboxylic groups. Moreover,
the reactant itself is prone to form clusters and contaminate
the total ion chromatogram [8]. 1-(trifluoroacetyl)imidazole
also demonstrated its high potential for TDG and TDGO
derivatization. Trifluoroacetylation is less demanding, but the
derivative is still sensitive to water traces and storage time [9].

Besides GC, LC coupled with MS [10], NMR spectrometry
[11] or sulfur flame photometric detection [12] are also used
for the analysis of water-soluble degradation products. In this
context, the application of new analytical techniques, such as
CE, could be the next promising step in the field of chemical
warfare agents (CWAs) analysis.

However, the advantages of CE, such as simplicity of
instrumentation and operation procedure as well as high sep-
aration efficiency, have not fully been realized yet and there
is an urgent need to be more closely evaluated regarding, e.g.
the screening of seawater quality as pointed out above. To the
authors’ knowledge, there are a very limited number of scien-
tific articles on the utilization of CE for the analysis of HD and
its degradation products. The neutral degradation products
of HD can be analyzed by direct UV detection using micellar
electrokinetic capillary chromatography (MEKC) [13, 14].
Separation was achieved through a running buffer of 10 mM
borate and 100 mM SDS. The moderate sensitivity was due
to the lack of UV chromophore sites on analyte molecules.

Moreover, unlike other separation methods (GC and
HPLC), the simplicity and robustness of CE (besides its
other features) allow for miniaturization of instrumenta-
tion and, as a consequence, the design of portable field
analyzers [15]. Such instruments can be used in situ, at
the point of care. This in turn provides a fast response
when information is urgently needed. Although portable
GC and HPLC instruments have been developed, the need
to use compressed gases or pumps and solvents makes
the construction of portable GC and HPLC instruments a
difficult task. In contrast, a couple of successful portable
CE instruments have been reported [16-18]. In terms of
CWA screening, some examples are already available. The
excellent separation performance of a portable CE has been
confirmed by the separation of alkylphosphonic acids using
a contactless conductivity detection system [19, 20]. The sep-
aration of other critical compounds of military and forensic
interest has been demonstrated by Hauser’s group (nitrogen
mustard) [21] and Breadmore’s group (explosives) [22].

In spite of that the GC-MS/MS protocol still outperforms
the CE protocol proposed here on LOD as was pointed above,
the portable GC is more difficult to operate in the field and
its eventual usefulness of the portable CE instrument will
depend on real concentrations that are present at the point of
care. The information about the real concentration of TDG
and its oxidation products in near-bottom water or sediments
is very limited. Thus, the measured concentrations of WW II

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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CWA munitions near the Gotland and Gdansk dumping sites
in the Baltic have been reported to be about 20-250 wg/kg
of sediment (for sulfur compounds) [9]. In this respect, the
proposed CE technology seems to be a very promising and
reliable alternative to conventional GC-MS analysis.

In the present study, a CE method with direct UV detec-
tion for the analysis of TDG and its oxidation was developed
and validated. The proof of the principle was demonstrated on
a commercial lab scale instrument (Agilent), with the goal of
transforming it further to a portable format. A CZE separation
method with direct UV detection after precapillary derivati-
zation with strong UV chromophore (phthalic anhydride) is
described. A method validation in terms of specificity, preci-
sion, linearity and limits of quantification and detection was
performed. The BGE contained only boric acid adjusted with
sodium hydroxide, making it simple and easy to use. The de-
veloped method was used to determine the low amounts of
TDG and its oxidation products in seawater.

2 Materials and methods
2.1 Chemicals

Boric acid, sodium hydroxide, acetonitrile, sinapinic acid
(internal standard, IS) and imidazole were purchased from
Sigma-Aldrich (Germany). Phthalic anhydride and pyridine
were obtained from Merck KGaA (Darmstadt, Germany).
TDG, TDGO, and TDGOO were synthesized by Envilytix
(Wiesbaden, Germany). All chemicals were of analytical grade
and used as received. BGE was prepared in DI water from a
Milli-Q water purification system (Millipore S. A. Molsheim,
France).

2.2 Instrumentation

An Agilent 3D instrument (Agilent Technologies,
Waldbronn, Germany) equipped with a diode array UV/Vis
detector (DAD) was used for the separation of TDG and its
oxidation products. All electropherograms were recorded and
integrated with Agilent ChemStation software. Uncoated
fused-silica capillaries (Polymicro Technologies, Phoenix,
AZ, USA) with an internal diameter of 50 wm and a length
of 52/60 cm (effective length/total length) were employed in
the experiments. Samples were injected hydrodynamically by
applying a pressure of 50 mbar for 5 s. Separation process was
monitored at 200 nm. The pH value of the electrolyte solution
was measured with a Metrohm 744 pH meter equipped with
a combination electrode (Metrohm, Herisau, Switzerland),
which had been calibrated with commercial buffers at
pH 7.00 (£0.01), pH 10.00 (£0.01), and pH 12.00 (£0.01)
(Sigma-Aldrich). Empty SPE tube (polypropylene, tube
volume 3 mlL, Phenomenex) was used for SPE cartridge
preparation.
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2.3 Sample preparation

One liter of seawater (from the Baltic Sea) was spiked with
TDG, TDGO, and TDGOO standard solutions to obtain the
final concentrations of 0.12, 0.14, and 0.15 pg/mL, respec-
tively. For the target analytes extraction, an SPE cartridge
based on powdered carbon aerogels [23] was used (100 mg
of powder per cartridge). Fifty milliliters of spiked seawater
was run through the SPE cartridge using a vacuum system,
then the sorbent was washed with 10 mL of DI water and,
finally, the compounds of interest were eluted with 1.5 mL of
acetonitrile. Then the solvent was evaporated under a gentle
steam of nitrogen till dryness. Finally, 20 pL of derivatizing
mixture was added to the solid residue and the sample was
treated as described below.

2.4 Derivatization procedure

The derivatizing mixture was prepared in accordance with
the literature [24]. Briefly, 1.61 g of phthalic anhydride was
dissolved in 10 mL of pyridine, and then 0.24 g of imidazole
was added to catalyze the reaction. The mixture was sealed
with septum and stored in a desiccator in the dark. For deriva-
tization, 100 L of phthalic mixture was added to each 2.5 mg
of analyte of interest, sealed and heated at 45°C for 20 min.
Then the mixture was cooled and the same amount of water
was added to stop the derivatizing reaction. Finally, the mix-
ture was diluted by DI water in accordance with need, an IS
of sinapinic acid was added, and the sample was introduced
into the CE system (Fig. 1).

3 Results and discussion
3.1 Sample derivatization

To obtain reproducible results from the sample derivatiza-
tion procedure, a careful optimization of several reaction
parameters was needed. The effects of the amount of the
derivatizating reactant, and the heating time and heating tem-
perature were examined. Each time sample was injected into
an electrophoretic system, the average peak area (n = 3) was
measured and the condition that gave maximum response
(peak area) was selected. Based on the stoichiometry of the
derivatizing reaction, the required minimum amount of reac-
tant was calculated (~40 wL per 2.5 mg of TDG). Then two-,
three-, and fourfold volume excess of reactant was applied for
the derivatization of each analyte. Based on the average peak

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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o OH

Figure 1. Derivatization reac-
tion of TDG with phthalic
anhydride.

Analyte peak area/IS

s 35 as 55 6 7
Heating temperature, °C

T0GO

Analyte peak area/IS

0 5 10 15 20 5
Heating time, min

Figure 2. Effect of heating temperature (A) and time (B) on deriva-
tization efficiency.

area measurements, the maximum response was achieved
applying the twofold volume excess of phthalic mixture. The
appearance of the phthalic acid peak on an electropherogram
(unreacted phthalic anhydride) acted as an indicator of a
sufficient excess of derivatizing reactant. For future exper-
iments, 100 wL of reactant per each 2.5 mg of analyte was
selected to avoid the lack of derivatizing reactant in samples.

In the presence of imidazole, the derivatization reaction
was quite fast. To find the optimal derivatization temperature
and heating time, a set of additional experiments was carried
out, varying the temperature in a range of 25-75°C and the
heating time in a range of 0-25 min. Keeping the temperature
constant (85°C, in accordance with the literature source [24]),
the maximum response was achieved within 5 min (Fig. 2A).
The effect of the heating temperature was evaluated, keeping
the reaction time (20 min) constant. The best response was
obtained at 45°C and further temperature increases did not

www.electrophoresis-journal.com
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Figure 3. Representative electropherograms obtained after derivatization of 3.05 pg/mL of TDG (4), 3.45 pg/mL of TDGO (3), and 3.85
rg/mL of TDGOO (5) under optimized separation conditions: borate buffer concentration 30 mM, buffer pH 8.5, applied voltage 15 kV,
and capillary temperature 25°C. Additional peaks: EOF (1), IS (2), and phthalic acid (6).

affect the result (Fig. 2B). Finally, the derivatization condi-
tions were as follows: the amount of reactant 100 L per each
analyte, derivatization temperature 45°C, and derivatization
time 20 min.

The stability of derivatives was investigated. For this,
target analytes (3.1, 3.5, and 3.9 pg/mL for TDG, TDGO, and
TDGOO, respectively) were derivatizated as described above
and after IS addition the mixture was divided into two equal
aliquots. The first aliquot was stored at room temperature
(23 + 1°C) and under light (mostly halogen lamps), and the
second aliquot was kept in a refrigerator (4°C, in darkness).
Systematic sampling over 5 days was performed to measure
the peak areas of the derivatives. In the case of TDG and
TDGO, there were no systematic changes in the peak areas
and shapes during the evaluation period for the first aliquot
(kept at room temperature) or for the second one (kept at
4°C). The RSD of the peak areas did not exceed 3.2% (n =5,
one analysis per day), which indicated the high stability of
the derivatives. TDGOO samples kept at room temperature
showed a slight peak area decrease (RSD = 5.7%), but the
refrigerated samples demonstrated stability.

3.2 Choice of BGE

Underivatized TDG and its oxidation products are neutral
at pH below 9 and, thus, can be analyzed using the MEKC
separation technique. Applying 10 mM borate buffer with
100 mM SDS and direct UV detection at 200 nm, TDG and
TDGO could be separated within 6 min. The calculated LOD
for TDG and TDGO was 10 pg/mL [14]. The high values
of LOD are logically justified due to the absence of strong

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

UV-absorbing sites. In this work, an improved method for
the analysis of target sulfur compounds involved derivati-
zation with phthalic anhydride incorporating chromophore
sites into the analyte structure and, at the same time, af-
fecting the pK, value of the formed derivatives and giving
a charge to the molecules that, in own turn, allows to use
borate buffer for analyte separation. The optimization of the
separation conditions was carried out by the investigation of
the effect of buffer pH, concentration, capillary temperature,
and applied voltage on separation efficiency.

It is well known that buffer pH plays the key role in op-
timization of a separation process affecting the EOF velocity
and degree of analyte ionization. So, in the present work, a
30 mM borate buffer with a pH range of 7.5-10.0 was inves-
tigated to evaluate the impact on separation results. At buffer
pH values below 8.0, the derivatized analytes were unresolved
and the peak shapes were asymmetric. An increase in the
buffer pH value to 8.5 led to improvement in analysis time
and all analytes were baseline separated. Further, pH change
to 9.5 resulted in an increase in the electrophoretic mobility
of the analytes. Baseline separation was still achieved and
the analysis time was the shortest. Unfortunately, starting at
pH 9.0, the sulfone peak area was prone to rapid decrease
and at pH 10 almost disappeared, which is, obviously,
associated with instability of TDGOO at pH 9 and above.

The influence of borate buffer concentration on sepa-
ration was studied in the range of 20-50 mM at pH 8.5. By
increasing the buffer concentration from 20 to 50 mM, the mi-
gration times of all analytes were also significantly increased.
Nevertheless, the best separation efficiency was achieved at
30 mM and further concentration increase led to peak broad-
ening without a remarkable change in peak separation.

www.electrophoresis-journal.com
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Table 1. Regression data for the calibration curves

Electrophoresis 2015, 36, 1202-1207

Derivative Linearity Regression equation Regression LOD Limit of quantification
range (jg/mL) coefficient (R2) (pg/mL) (g/mL)

DG 0.10-2.44 y=10.1517x + 0.0017 0.9996 0.10 0.31

TDGO 0.14-2.76 y=0.1359x — 0.0161 0.9997 0.14 0.42

TDGOO 0.15-3.08 y=0.1233x — 0.0304 0.9994 0.15 0.46

mAU

20

P T W (O
N
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o

Figure 4. Electropherograms of (A) dis-
tilled water and (B) seawater samples.
Separation conditions: borate buffer
concentration 30 mM, buffer pH 8.5, ap-
plied voltage 15 kV, and capillary tem-
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Additionally, the effect of the applied voltage over the
range 15-25 kV and capillary temperature (15-30°C) was also
investigated in terms of separation efficiency and migration
times. Voltage values above 20 kV resulted in faster migration
times of analytes, but the separation efficiency was not suffi-
cient. All derivatives were baseline resolved at 15 kV, but the
analysis time was extended by several minutes. The increase
in capillary temperature also noticeably improved the migra-
tion time of the derivatives. Thus, the temperature increase
from 15 to 30°C decreased the analysis time by a quarter,
keeping the separation efficiency at a reasonable level.

Finally, the optimized separation conditions for the sep-
aration of three derivatives were as follows: borate buffer
concentration 30 mM, buffer pH 8.5, applied voltage 15 kV,
and capillary temperature 25°C. The representative electro-
pherogram is shown in Fig. 3.

3.3 CE method validation

The precision of the developed method was investigated. All
precision tests were based on optimized BGE and a standard
mixture of derivatives. The tests were performed for the run-
to-run and day-to-day variations of the migration times and
peak areas. Run-to-run precision resulted in maximum RSD
values of 0.6% (n = 6) and 3.1% (n = 6) for the migration time
and peak area, respectively. Additionally, day-to-day results
showed RSD values of 1.2% (n = 6) for the migration times
and 3.6% (n = 6) for the peak areas. There were no systematic
changes in peak shape during the precision tests.

The linearity was evaluated in the range of 0.10-
2.44 ng/mlL for TDG, 0.14-2.76 pg/mL for TDGO, and 0.15-
3.08 pg/mL for TDGOO. Calibration curves were constructed

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

T perature 25°C. Peaks: IS (1), TDGO (2),
TDG (3), TDGOO (4).

using five concentration levels and were based on the ratio of
the corresponding derivative to IS peak area versus concen-
tration. The linearity range, regression equations, and regres-
sion coefficients are shown in Table 1.

The LOD and limit of quantitation (LOQ) were obtained
experimentally by measuring the S/N. The lowest LOD and
LOQ were obtained for TDG and calculated as 98 ng/mL
(S/N = 3) and 305 ng/mL (S/N = 10), respectively.

To evaluate the specificity of the developed method, a
blank sample was treated as described in Sections 2.3 and
2.4 and then injected into the CE system. There were no
interfering peaks observed in the resulting electropherogram.

3.4 Spiked seawater analysis

To demonstrate the method applicability for real sample
analysis, seawater was spiked with a standard mixture of
free underivatized analytes (TDG, TDGO, and TDGOO) to
get the final concentrations of 0.12, 0.14, and 0.15 pug/mL,
respectively. The extraction of analytes and the derivatization
process are described Sections 2.3 and 2.4. The same sample
preparation procedure was carried out for spiked distilled
water to evaluate the seawater as a matrix influence on
the extraction and derivatization processes. Figure 4 shows
the electropherograms of the separation performance of
seawater as well as distilled water samples. In all cases, TDG,
TDGO, and TDGOO were baseline separated. The RSD of the
migration times between all analytes in spiked sea and dis-
tilled water samples resulted in 0.4% and the RSD of the peak
areas was below 5%. These results show no evident influence
of seawater matrix on the extraction and derivatization
processes.
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4 Concluding remarks

The results of the study show that precolumn derivatization
by phthalic anhydride can be used for the significant reduc-
tion of LOD of TDG, TDGO, and TDGOO by applying capil-
lary zone electrophoresis with direct UV detection. It also was
demonstrated that sample purification and concentration on
carbonaceous adsorbent allows for the quantitative analysis
of mustard gas hydrolysis and oxidation products in seawater.
Nevertheless, it should be noted that the obtained detection
limits are less reliable than GC-MS results, but can still be
considered acceptable. Moreover, the miniaturization bene-
fits of CE allow translation onto a truly portable instrument,
thus making the method more attractive for in-field use.
Transforming the protocol to a portable instrument
involves another problem. Contemporary LED sources can
generate radiation with wavelengths above 240 nm while the
protocol reported in this study requires radiation of 200 nm.
Thus, the UV detector implemented in the portable CE
instrument must employ a miniature deuterium lamp which
somewhat reduces the robustness of the instrument. We be-
lieve, however, that this is not a serious obstacle to its design.
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