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ABSTRACT

Objective: To demonstrate a straightforward
analytical approach for confirming the use of a nerve
agent chemical warfare agent in an environmental
This

identify Sarin-related compounds

sample using minimal laboratory resources.
study aimed to
in a soil sample using both mass spectrometry and
flame photometric detection functions on a single gas
(GC-MS) device,

thereby meeting the Organization for the Prohibition of

chromatography-mass spectrometry

Chemical Weapons (OPCW) criteria for chemical warfare

agent confirmation with limited instrumentation.

Methods: A simple extraction protocol was applied
to the soil sample containing compounds related to
sarin: non-polar components were extracted with

dichloromethane, while polar components were
extracted with water and then derivatized to detect
acidic degradation products. Analyses were performed
on a GC-MS instrument operated in both electron
ionization (EI) and chemical ionization (Cl) modes,
coupled to a dual flame photometric detector (dFPD)

for simultaneous detection. The degradation products

OZET

Amagc: Minimal laboratuvar imkanlarnyla, cevresel
bir numunede sinir ajam tipi bir kimyasal savas ajam
kullamiminin  dogrulanmasim1  saglayacak basit ve
sistematik bir analitik yaklasim gelistirmek. Bu calisma,
tek bir gaz kromatografisi-kiitle spektrometrisi (GC-
MS) cihazinda hem kiitle spektrometrisi hem de alev
fotometrik tespit islevlerini kullanarak bir toprak
numunesinde Sarin’e iliskin bilesikleri belirlemeyi ve
boylece sinirli cihazla Kimyasal Silahlarin Yasaklanmasi
Teskilat’’nin  (KSYT) kimyasal savas ajani dogrulama

kriterlerini karsilamay1 hedeflemistir.

Yontem: Sarine iliskin bilesikleri iceren toprak
basit  bir

uygulanmistir: polar olmayan bilesenler diklorometan

numunesine ekstraksiyon  protokolii

ile, polar bilesenler ise su ile ekstrakte edilmis

ve asidik bozunma Urinlerini saptamak amaciyla

turevlendirilmistir. Analizler, elektron iyonizasyonu

(El) ve kimyasal iyonizasyon (Cl) modlarinda calisan
bir GC-MS cihazinda gerceklestirilmis; aym cihazin
cift alev fotometrik dedektoru (dFPD) ile eszamanli

tespit yapilmistir. Sarin’in bozunma urunleri, izopropil
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of sarin, isopropyl methylphosphonic acid (IMPA) and
methylphosphonic acid (MPA), and a precursor/impurity,
diisopropyl methylphosphonate (DIMP), were identified
by comparing the retention times and characteristic
mass spectra of reference standards, in accordance with
OPCW criteria.

Results: IMPA, MPA and DIMP were successfully
detected in the soil sample. All target compounds
were unambiguously identified by their EI mass spectra
and further confirmed by Cl (observing characteristic
adducts) and by distinct peaks on the phosphorus-
selective FPD channel. No interfering compounds were
observed in blank samples. The library match scores
for each compound’s El spectrum exceeded OPCW'’s
reporting threshold (>800/999).

Conclusion: This study demonstrates that evidence
of chemical warfare agent use can be reliably confirmed
using a single GC-MS/dFPD instrument by leveraging
multiple detection
The

verification

principles on one platform.

resource-efficient approach met international
requirements and can facilitate CWA
analysis in laboratories with limited instrumentation.
The method strengthens evidentiary confidence through
independent confirmations and is broadly applicable to

environmental samples.

Key Words:

chromatography-mass

Chemical warfare agents, gas

spectrometry, dual-flame

photometric detector, nerve agents, soil samples

metilfosfonik asit (IMPA) ve metilfosfonik asit (MPA)
ile bir onciil/safsizlik olan diizopropil metilfosfonat
(DIMP), referans standartlarin allkkonma zamanlar1 ve
karakteristik kiitle spektrumlan karsilastirilarak KSYT

kriterlerine uygun sekilde tanimlanmistir.

Bulgular: IMPA, MPA ve DIMP, toprak oOrneginde
basariyla tespit edilmistir. Tim hedef bilesikler, El
modundaki kitle spektrumlariyla kimliklendirilmis
ve Cl modunda karakteristik adiiktler gozlemlenerek
ve fosfor-secici FPD kanalindaki belirgin piklerle

hedef
Her bir

bilesigin El spektrumuna ait kiitiiphane eslesme skorlari,

dogrulanmistir.  Bos numune analizlerde

bilesiklere ait bir girisim gozlenmemistir.

OPCW’nin raporlama esiginin iizerinde bulunmustur (>
800/999).

GC-MS/dFPD
kullanlarak

Sonu¢: Bu calisma, tek bir
cihazinda birden fazla tespit prensibi
kimyasal savas ajam kullamminin guvenilir bicimde
dogrulanabilecegini gostermektedir. Maliyet ve kaynak

acisindan verimli bu yaklasim, uluslararasi dogrulama

gerekliliklerini  karsilamakta ve cihaz olanaklan
kisith laboratuvarlarda kimyasal savas ajanlarinin
analizini kolaylastirabilmektedir. Yontem, bagimsiz

dogrulamalarla kanit givenirligini artinr ve cevresel

numunelere genis olcekte uygulanabilir.

Anahtar Kelimeler: Kimyasal savas ajanlari, gaz
kromatografisi-kitle spektrometrisi, cift alev fotometrik

dedektor, sinir ajanlari, toprak numuneleri

INTRODUCTION

Chemical warfare agents (CWAs) are toxic
chemicals intended to kill, injure, or incapacitate
through their chemical action on life processes (1).
Beyond direct lethal effects, CWAs may be employed
to degrade operational capability and cause
psychological harm, for example by contaminating
food, water, or other

resources, disrupting

Turk Hij Den Biyol Derg

infrastructure, restricting movement, and inducing
panic in affected areas (2). The Chemical Weapons
Convention (CWC) is an international arms-control
treaty that prohibits the development, production,
stockpiling, transfer, and use of chemical weapons.
Implementation of the CWC is carried out by the
Organization for the Prohibition of Chemical Weapons
(OPCW) in cooperation with States Parties, including
verification through

inspections and laboratory



analyses (3).
Analytical that

international

findings from laboratories
investigate CWAs carry significant
weight because they inform treaty verification,
compliance assessments, and forensic investigations.
In line with this role, OPCW guidance requires that
each identified chemical be confirmed by at least one
independent method, with at least one primary, data-
rich technique (4). Confirmation can be achieved using
orthogonal evidence such as matched retention times
against reference standards, retention indices, high-
quality library matches, alternative ionization modes,
use of columns with different stationary phases, or
element-selective detection. Chemical derivatization
facilitates detection of certain analytes and can
provide supportive confirmatory features.

A wide range of instrumentation is employed for
CWA analysis, including gas chromatography-mass
spectrometry (GC-MS) with electron ionization (El) (5)
or chemical ionization (Cl) (6); gas chromatography
coupled to element-selective detectors (7); gas
(GC-
liqguid chromatography-tandem mass

chromatography-tandem mass spectrometry
MS/MS) (8);
spectrometry (LC-MS/MS) (9); infrared spectroscopy
(IR) (10); nuclear magnetic resonance (NMR) (11); and
high-resolution mass spectrometry (HRMS) interfaced
to GCor LC (12, 13). Ideally, laboratories select among
these platforms according to matrix and analyte. In
practice, however, access to multiple instruments
may be limited. In such cases, a pragmatic strategy
is to leverage orthogonal capabilities on a single
GC platform, e.g., combining EI and Cl on GC-MS,
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Figure 1. Degradation pathway of Sarin
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using columns with different stationary phases,
and/or adding an element-selective detector—to
achieve independent confirmations consistent with
reporting guidelines while operating within resource

constraints.
CWC-related chemicals can be analyzed
qualitatively or quantitatively (14-19). For

incident reporting, particularly with environmental
matrices, OPCW guidance prioritizes qualitative,
(P/A)
evidentiary confirmation of use (4). A P/A objective

present/absent identification to establish
does not preclude rigor: laboratories should still
apply a comprehensive strategy (e.g., orthogonal
confirmations, blanks, retention criteria, and library
verification) to ensure specificity and reliability.
At the same time, the analytical plan should be
tailored to available resources, favoring approaches
that maximize confirmatory power while minimizing
instrument and method complexity.

A practical illustration of this resource-conscious
approach can be given using nerve agents. As a major
class of CWAs, many nerve agents hydrolyze under
typicalenvironmental conditionstotheircorresponding
alkyl phosphonic acids (20). For example, Sarin (GB)
yields isopropyl methylphosphonic acid (IMPA) as a
primary degradation product, and slower secondary
hydrolysis produces methylphosphonic acid (MPA)
(Figure 1). In samples associated with Sarin use, one
may also encounter diisopropyl methylphosphonate
(DIMP), a known precursor/impurity, alongside IMPA
and MPA (21).

IMPA
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In a hypothetical Sarin incident, reporting can be
performed using analytical platforms that provide
different detection principles. Moreover, if a GC-MS
system supports multiple operating modes, IMPA, MPA,
and DIMP can be confirmed on a single instrument. In
this study, a soil specimen deliberately contaminated
with putative Sarin impurities and degradation
products was analyzed using GC-MS operated in both
El and Cl modes, coupled to a dual flame photometric
detector (dFPD). IMPA, MPA, and DIMP were identified
in the specimen. GC-MS/EIl served as the primary,
data-rich technique, while GC-MS/CI and GC-dFPD
provided independent confirmations. All results
were evaluated in accordance with OPCW reporting

criteria (4).
MATERIAL and METHOD

Chemicals

Diisopropyl methylphosphonate (DIMP), isopropyl
methylphosphonic acid (IMPA), methylphosphonic
acid (MPA), N, O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) and sodium sulfate (Na,SO,) were purchased
from Sigma-Aldrich. Dichloromethane (DCM) and
acetonitrile (ACN) were purchased from Merck, and
all of the solvents were MS-SupraSolv grade.

Sample preparation

Aliquots of the soil were extracted with DCM
and with water using a conventional liquid-liquid
extraction protocol (22). In this scheme, non-polar
analytes partition into the organic phase (DCM),
whereas polar analytes are recovered in the aqueous
phase.

For the organic extraction, 1.00 g of soil was
placed in a screw-cap glass vial and 1.0 mL of DCM
was added. The vial was sealed and sonicated
in an ultrasonic bath for 10 min. The mixture was
centrifuged at 2000 G for 3 min, and the supernatant
was filtered through filter paper. The extraction was
repeated with an additional 1.0 mL of DCM. The
combined extracts were dried over approximately
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0.2 g of anhydrous Na,SO,, and the final aliquot was
analyzed by GC-MS/dFPD.

For the aqueous extraction, a separate 1.00 g soil
sub-sample received in a screw-cap vial and 1.0 mL
of water was added. The vial was sealed and shaken
manually for 10 min. The mixture was centrifuged at
2000 G for 5 min and filtered through filter paper.
The extraction was repeated with an additional 1.0
mL of water. The combined aqueous extracts were
evaporated to dryness on a rotary evaporator at 50
°C and 35 mbar. The residue was dissolved in 0.50
mL acetonitrile, followed by addition of 0.30 mL
BSTFA and derivatization at 60 °C for 30 min to form
the corresponding trimethylsilyl (TMS) derivatives.
After cooling to room temperature, 0.20 mL DCM was
added, and the silylated sample was analyzed by GC-
MS/dFPD.

Gas chromatography-mass spectrometry analysis

Analyses were performed on an Agilent 7890B gas
chromatograph coupled to an Agilent 5977B mass
spectrometer and an Agilent G3440B dual flame
photometric detector. Separations used an HP-5MS
capillary column (30 m x 0.25 mm i.d., 0.25 pm film).
Helium served as the carrier gas under constant-
pressure conditions, giving an average linear velocity
of 35 cm s' at 40 °C. Injections were splitless, and
the MS operated in full-scan mode. The acquisition
ranges were 40-500 m/z for electron ionization (El)
and 70-550 m/z for chemical ionization (Cl), with a
scan rate of 3.2 scans s''. The injection volume was
1.5 pL. MS parameters were: ion source 290 °C (El)
and 250 °C (Cl), electron energy 70 eV, inlet 250 °C,
quadrupole 150 °C, and transfer line 290 °C. The GC
oven program was 40 °C (1 min), ramped at 10 °C
min-' to 300 °C, and held for 5 min. dFPD settings
were: detector 290 °C, air 110 mL min', H, 60 mL
min', and He (make-up) 10 mL min'. Methane
was used as the reagent gas for Cl. Spectral library
searches were conducted against National Institute
of Standards and Technology (NIST, v2014) and the
OPCW Central Analytical Database (OCAD, v18).



RESULTS

General requirements for reporting CWAs

The analytical method must be sufficiently
selective to enable unambiguous identification of
each target analyte, that is, it must distinguish the
analyte from other matrix constituents (23). Potential
reagents,

instrumentation should be monitored using solvent

contamination from consumables, or

and/or matrix blanks. In accordance with OPCW
reporting guidance (4), a blank must be analyzed
immediately prior to each sample (within 3 h). The
solvent blank shall exhibit no peak at the analyte
retention time (within £ 0.1 min) with a signal-to-
noise ratio > 5 relative to the reported analyte in the
sample. In the present study, solvent blanks were
run before every injection and met these criteria; no
disqualifying peaks were observed.

As a second requirement in the OPCW guidelines
(4), identification of each chemical must be supported
by at least two independent analytical techniques, one
of which must be a primary, data-rich spectrometric
method (e.g., GC-MS in El mode, GC-MS/MS, LC-MS/
MS, NMR, or IR). For such techniques, laboratories
must employ appropriate references and cite their
sources. References may consist of authenticated
reference standards and/or library mass spectra
from recognized databases (e.g., NIST, OCAD). When
reference standards are used, the analyte’s GC
retention time in the sample must match that of the
standard within +0.1 min. Further implementation
details are provided in the following sections.

A laboratory may satisfy the secondary-technique
requirement in several ways. For example, conducting
GC-MS (El) analyses on two columns with different
stationary phases constitutes orthogonal methods;
likewise, employing alternative ionization (e.g., El
vs Cl) or adding an element-selective detector (e.g.,
dFPD/NPD)
Chemical derivatization (e.g., silylation) can aid

provides independent confirmation.
detection and offer supportive features (predictable

retention and fragment changes) but is best treated

as ancillary evidence, not a standalone technique.
Notably, many of these options can be implemented
on a single GC platform (e.g., column change, dual
detectors, switchable EI/Cl), which is advantageous
for resource-limited settings. In the present study,
we adopted this strategy: GC-MS (El) served as the
primary, data-rich technique, while GC-MS (Cl) and
GC-dFPD (phosphorus channel) provided independent
confirmations.

GC-MS (El) results for the soil sample

The soil sample was processed as described in the
Sample Preparation section and analyzed by GC-MS in
El mode under the conditions specified in Materials
and Methods section. DIMP was detected in the organic
extract, while the trimethylsilyl (TMS) derivatives of
MPA and IMPA were identified in the derivatized aliquot
obtained from the aqueous extract. For each analyte,
Figure 2 presents extracted-ion chromatograms (EICs)
for the blank, sample, and reference, together with
the corresponding mass spectra for the sample versus
reference.

No peaks were observed in any solvent blank
chromatograms at the analyte retention time (0.1
min) with a signal-to-noise ratio >5 relative to the
reported analyte in the sample. The GC retention
times of all target analytes in the samples matched
those of the reference standards within +0.1 min.

In addition to
matching was evaluated. According to OPCW guidance
for proficiency-test reporting (4), the NIST search
using the OCAD (v18) library should yield a match
factor >800/999. The observed match factors were
912/999 (DIMP), 937/999 (IMPA-TMS), and 928/999
(MPA-diTMS).

To further spectral
reference spectrum was added to a custom AMDIS

reference standards, library

assess similarity, each
library and the sample spectra were searched against
it. The resulting match factors were 97/100 (DIMP),
99/100 (IMPA-TMS), and 98/100 (MPA-diTMS), all
exceeding the >80/100 reporting threshold specified

in the OPCW guidance (4).
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Figure 2. GC-MS (El) chromatograms and spectra of: (a) DIMP, (b) IMPA-TMS and (c) MPA-diTMS; EICs of: (1) blank, (2) sample

and (3) reference, and spectra of; (4) sample and (5) reference

278

Turk Hij Den Biyol Derg




GC-MS (Cl) results of the soil sample

The same GC-MS platform was operated in Cl mode
by switching the ion source. Blank and retention-
time criteria were identical to those applied for the
El analyses. For DIMP, IMPA-TMS, and MPA-diTMS,
Figure 3 presents EICs for the blank, sample, and
reference, together with the corresponding mass
spectra for sample versus reference.

According to these results, no peaks were
observed in any solvent blank chromatograms at the
analyte retention time (+0.1 min) with a signal-to-
noise ratio >5 relative to the reported analyte in the
sample. The GC retention times of all target analytes
in the samples matched those of the reference
standards within +0.1 min.

Inspection of the Cl mass spectra revealed the
expected [M+H]* ions for each target, along with the
common methane-Cl adducts [M+29]* and [M+41]"
(corresponding to [M+C,H,]* and [M+C,H,]"). These CI
data were deemed sufficient for confirmation and
reporting.

When reference standards are unavailable, Cl
identifications may still be reported based on expert
spectral interpretation, especially when supported
by corresponding El spectra for the same analytes.
In such cases, El and Cl chromatograms should be
acquired on the same column and phase under
identical chromatographic conditions (flow control
and injector temperature), and the allowable
difference between El and Cl retention times for a
given analyte should not exceed +0.2 min.

GC-dFPD results of the soil sample

Many CWC-related compounds contain nitrogen,
phosphorus, or sulfur. Accordingly, access to element-
selective detectors (e.g., NPD, FPD, or dFPD) is
advantageous for CWA laboratories, and signals
from such selective channels can serve as secondary
confirmation. When multi-channel GC detectors are
available, OPCW guidance encourages the use of
these selective data streams for verification (4).

In this study, the GC system was configured with
both an MS and a dFPD detector. A post-column
splitter (1:1) directed effluent simultaneously to
the MS and the dFPD. Phosphorus-channel dFPD
signals were acquired, and Figure 4 presents the
corresponding chromatograms for the blank, sample,
and reference for DIMP, IMPA-TMS, and MPA-diTMS.

All target compounds produced clear, well-
resolved signals on the dFPD phosphorus channel.
Quality-control criteria matched those used for the
El analyses: solvent blanks run immediately prior
to each injection showed no peak at the analyte
retention time (x0.1 min) with S/N > 5 relative to
the reported analyte, and the GC retention times
of the targets in the samples matched those of the
reference standards within +0.1 min.

DISCUSSION

In conclusion, this work presents a simple,
systematic approach for reporting the use of
CWAs with a single GC-MS platform augmented by
dual flame photometric detection. The workflow
was demonstrated on a soil sample deliberately
contaminated with putative Sarin-related impurities
and degradation products. DIMP, IMPA, and MPA were
identified by GC-MS in El mode and independently
confirmed by Cl and by the phosphorus-selective
dFPD channel, meeting OPCW reporting criteria.

the
orthogonal detection principles on one instrument

Beyond confirming identities, use of
illustrates how laboratories with limited resourcescan
still achieve robust confirmations. While biomedical
investigations often require complex, time-
consuming workflows, environmental matrices can
enable more streamlined reporting when appropriate
confirmatory criteria are applied. Where access
to multiple instruments is constrained, leveraging
multi-mode GC-MS (EI/Cl),

and element-selective detection can convert a

alternative columns,

potential limitation into an operational advantage.
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Figure 3. GC-MS (Cl) chromatograms and spectra of: (a) DIMP, (b) IMPA-TMS and (c) MPA-diTMS; EICs of: (1) blank, (2) sample
and (3) reference, and spectra of; (4) sample and (5) reference
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Figure 4. dFPD (P-channel) chromatograms of (a) DIMP; (1) blank, (2) sample and (3) reference; and (b) IMPA-TMS and MPA-
diTMS; (1) blank, (2) sample, (3) reference (IMPA-TMS) and (4) reference (MPA-diTMS)

The sample-preparation and analysis scheme are shared across CWC-related analytes, this
described here is broadly applicable to many polar, resource-efficient strategy can support incident
semi-polar, and non-polar CWC-related compounds confirmation for different CWAs. By reducing cost
in soil, with the caveat that certain classes (e.g., and infrastructure demands while maintaining
arsenical lewisites) may require specialized evidentiary rigor, the approach is well suited
derivatization or alternative methodologies. to a wide range of laboratories, including those
Because the core reporting requirements operating under significant resource limitations.
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