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Abstract

Identification of traces of chemical warfare agents (CWA) is generally performed with spectral methods such as mass spectrometry (MS
or NMR, but the use of element-specific detectors is most often required to extract interesting signals from gas chromatographic (GC) dat:
heavily masked by natural interferents. The pulsed flame phosphorus detector (P-FPD) is able to detect phosphorus, sulphur and arsenic, a
thus should be very well-suited to CWA detection.

However, first results using standard operating conditions recommended by the manufacturer of P-FPD led to false positive detection o
phosphorus-containing compounds on the sulphur line. Therefore, an optimisation process of the selectivity of P-FPD for phosphorus versu
sulphur or arsenic was undertaken, and allowed to identify gate delay and gate width as crucial parameters for the performance of P-FPD.

While selectivity could be significantly improved, unexpectedly, this resulted in a concurrent important loss of sensitivity (ca. 45%) for
arsenic, which suggests that this detector should be carefully optimised with respect, and prior to its purported use.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The provisions of the CWC clearly also include two im-

portant specificities, which also differs from many other an-
1.1. Analysis of chemical warfare agents: context and alytical issues such as environmental or occupational health
specificities controls:

The analysis of environmental or biological samples even- ® qua]i_tative analysis is sufficient for verification but false
tually contaminated by traces of chemical warfare agents POSitives are completely unacceptable; o
(CWAs), especially in the context of chemical disarmament ® the r.efer.ence limit of'deFectlon.for expert Iaboratone; in
verification created by the Chemical Weapons Convention the field is 1 ppm, whichis relatively far above theoretical
(CWC)[1], is a particularly complex analytical task. Indeed, ~ imits of detection of modern apparatus.
while most analytical laboratories focus on specific matrices
and/or families of chemicals, expertise in the field chemi- 1.2. Use of gas chromatograph (GC) specific detectors
cal warfare analysis requires unique capabilities, to ensurefor CWA analysis
detection at minute levels of several millions of chemicals.

These chemicals are not only those listed by the schedules of Most chemical warfare agents contain characteristic het-
the CWC, but also products emerging from their degradation eroelements in their structure, such as phosphorus, sulphur,
by various pathways. This includes very volatile to persistent arsenic and/or nitrogen. Therefore, preliminary screening of
agents, very polar to apolar compounds, etc., whichin turn de-organic liquid samples or extracts relies on GC hyphen-
mand the use of multiple analytical methods and dejges  ated to element-specific detectors such as flame photomet-
ric detection (FPD, specific for phosphorus and sulpfg]r)
* Corresponding author. Tel.: +33 1 69 90 84 21; fax: +33 1 64 93 52 66. Nitrogen-phosphorus detector (NPD or thermoionic detec-
E-mail addressbruno.bellier@dga.defense.gouv.fr (B. Bellier). tor) [4], or atomic emission detector (AE[H]. Afterwards,
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unambiguous identification of chemical warfare agents is ments could represent towards classical GC-FPDs, it seemed
most often performed by means of spectrometric techniquesimportant to determine the optimal way of operating the P-
(GC-mass spectrometry (MS), LC-MS, NMR, GC-FTIR) FPD in the context of screening of unknown chemicals, be-
[6,7]. fore replacing old FPDs that already offer great security in
It must be stressed that information gathered by pre- analysis.
liminary GC screening drastically reduces the time needed As stated before, analysis for CWC verification purposes
to search GC-MS chromatograms for relevant chemicals.is performed blinded, and there is no information about the
Moreover, appropriate specific detection usually allows to type and concentration of the chemicals that may be present
filter much noise generated by environmental pollutants or in the sample. Therefore, P-FPD cannot be operated as a
contaminants commonly found on military fields (polymers, detector dedicated to a single element, and one has to be cer-
lubricants, fuels, explosives,.) [8]. tain that signals reported as phosphorus (for instance) are not
As a consequence of the two specificitems listed above, ut-caused by interferences from other elements (e.g. sulphur),
most selectivity is more important than sensitivity, since false i.e. selectivity needs to be maximal. However, this should not
positive detection of a heteroatom could lead to misinterpret be to the detriment of sensitivity of the detector for elements
spectral data and eventually to false positive identification of of interest, which would decrease the specific interest of P-

a chemical. FPD versus FPD. Interestingly, while much data is available
on heteroatom versus carbon selectivity of P-FPD, little, if
1.3. The pulsed flame photometric detector (P-PFD) any, has been reported on inter-heteroatom selectivity.

Therefore, we reportin the following an optimisation strat-
A decade ago, Amirav and Jirfig0] reported the devel-  egy using experimental desif®0] which was set up to op-

opment of a new specific detector, modified from the FPD, timise the selectivity of P-FPD. Seven parameters that could
and designated as the “pulsed flame photometric detector”.influence the response of the detector were selected as vari-
This detector allows selective detection not only for phos- ables in the experimental design, which allowed to select
phorus and sulphur, but also for nitrogen, arsenic, and a va-the parameters of greatest influence; next, optimal values for
riety of metals (Sn, Se, Ge, Ga, Cu,) among other§l1], these parameters were determined with the Multisimplex al-
and, as FPD, can be adapted and deployed on the field forgorithm. Indeed, two optimisation procedures were set up,
real-time detection purposgs?]. Briefly, P-FPD exploits aiming at:
the tlme-_dependence of the photon EMISSIoN process durlnga) the optimisation of P-FPD response for arsenic in order
combustion of the compounds in the flame, which is not con- S )
. X . to minimise phosphorus and sulphur response;
tinuous but lighted on and off ca. every 300 ms; the flame C .

. o . b) the optimisation of P-FPD response for phosphorus in
pulse profile-over time is dependent on the element in the order to minimise arsenic and sulphur response
analytes that are burnt, and thus the signal may be selectively '
associated to an element. During this process, we also measured the influence of the

The sensitivity of P-FPD confers to this detector a sig- selectivity optimisation on P-FPD phosphorus, sulphur and
nificantly higher power than that of FPD for trace level de- arsenic sensitivity.
tection[11], especially when used in combination with mass
spectrometry13], and may account for the choice of this de-
tector in novel method development for sulphfir4,15] or 2. Experimental
phosphorus-containing compound$]. This property may
be very important for applications in environmental control 2.1. Chemicals and reagents
around chemical weapons destruction facilities, where ut-
most sensitivity is requirefl7]. All experiments reported in the following study were

Moreover, P-FPD additional capacity of selectively de- performed with a mixture of five reference chemi-
tecting organoarsenicals represents a substantial advantageals. This mixture contained dimethyl methylphospho-
versus older FPD for application to chemical warfare agent nate (DMMP, 15u.gmL~1), tributyl phosphate (TBP,
detectior[18,19] In the laboratory, the P-FPD (which is cur-  15ug mL™1), malathion (15wgmL~!), dibenzothiophene
rently marketed by two companies) also represents a valuablgDBT, 15,.g mL~1) and triphenylarsine (TPA, 15g mL~1)
alternative to the AED (whose development has beenresumedlissolved in ethyl acetate (Pestinorm grade, Baker).
by Agilent and may not represent a sustainable solution for All chemicals were from Sigma-Aldrich, Saint-Quentin
multiple element detection) for nitrogen and especially ar- Fallavier, France.
senic detection.

2.2. Equipment
1.4. P-FPD implementation for CWA analysis
All analysis were performed with a Varian 3800 gas chro-

On the basis of such promising applications in our field, matograph equipped with a pulsed flame photometric detec-

and with respect to the improvement that GC—P-FPD instru- tor (P-FPD)(Varian, Les Ulis, France). The 300.32 mm
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Table 1 arsenic and + ((DBT area + TPA area)/(DMMP area + TBP
Variation of parameters during P/(As + S) selectivity optimisation area)) for phosphorus. The target of the algorithm was to
Trial Gatedelay  Gate width Ha flow Response minimise the second part of these two functions (in paren-
(ms) (ms) (mLmin~t)  function thesis), i.e. to increase selectivity towards 100% (response
1 4 10 13 0.9692 value equal to 1).
2 6 20 13 0.9439
3 10 5 20 0.8908
4 183 91 16.6 0.7450 . .
6 125 104 16 0.8279 3. Results and discussion
8 838 9.2 17 0.8976
10 94 117 15.2 0.8886 3.1. Experimental design and parameters of greater
11 41 186 10.5 0.9686 influence

The use of experimental design in the course of method
development and/or validation is now widely documented
in scientific literature. This strategy was already used for P-
FPD optimisation, for organotij21] or organoarsenic§??]
detection.

The choice of variable parameters was based on indica-
tions by P-FPD manufacturer, and on the results obtained by
Jing and Amirav when developing the systgi]. Amirav

i.d. capillary column was coated with 0.25n of CP-Sil 8CB
(Varian, Les Ulis, France). Automatic injections were re-
alised using a Varian 8200 autosampler (Varian, Les Ulis,
France). The column was maintained 1 min aP60then
heated to 260C at 10°C/min where itwas held during 8 min.
Total program time was 30 min. The carrier gas was helium
(99.999% purity, Air Liquide, Grigny, France).

The starting experimental conditions used for P-FPD were o : .
those recommended by Varian for arsenic detection in the reports that the composition of the flame is most important

user manual for the detector (Varian Analytical Instruments, for the cfo mbu;t!or;hprgc?sst, an_(rjhtherefor(_e E)r the erplttmg
USA) (seeTable 2. species formed in the detector. The major influence of com-

bustion gas flow that was observed during the experimental

design process shall be strongly related to this report, and was
also described by others as determinant for P-FPD sensitivity
. towards tin elemenj21].

I_D-EPD is able to detect up to 28 elements. Unfortunatel_y, Beyond combustion gas, gate width and gate delay also
emission spectrum of one element frequently overlaps emis-came out of the process as essential parameters for selectivity
sion spectra of the others. The first possible procedure to in-anq sensitivity of the P-FPD. The influence of temporal vari-
crease selectivity of P-FPD was described by Amirav and Jing gpes that appears in the optimisation process is also closely
[10]. The process utilises the dual gate subtraction method, yg|ated both to former hypotheses and to the principle of the
which is included in the P-FPD operating software (Varian, getector, where not only wavelength and intensity of emitted
Inc). The software records two chromatograms (A and B) photons, but duration and shape of the emission profile are
with two different gate parameters (delay and width) theoret- ;s for spectral interpretation and element identification.
ically corresponding to two elements. CoefficiemiSaz, 1 Conversely, parameters linked to the chromatographic
andp, are empirically determined in formuaA — 1B and process, such as mobile phase flow and injector tempera-
p2B — apAso that the chromatogram B does not show the ele- yre did not seem to influence the detection process. Neither
ment detected in the chromatogram A and conversely. Unfor- giq detector temperature and combustor diameter, which may
tunately,« andp coefficients depends on the analysed prod- jngicate that, in the range studied for these parameters, com-
uct. Therefore, with samples containing many compounds, it jy,stion proceeds completely and efficiently, thus giving a
is often impossible to obtain a complete separation, and thisconstantly maximal emission from burnt species.
method proves very difficult to set up, and may even reveal

inappropriate for screening procedures. 3.2. Optimisation of sensitivity for phosphorus and loss
in P/S selectivity

2.3. Design of the optimisation method

2.4. Experimental design and Multisimplex algorithm
Starting parameters were the standard ones indicated by
In this work, we preferred to optimise P-FPD parameters the manufacturer of the system for combustion gas flow, gate
with a statistical method, hopefully and apparently leading delay and gate width, completed by empirical values, as re-
to better results than the dual subtraction method. Therefore,quired by the algorithm in the initial step. As expected, sen-
this work was done by an experimental design procedure, sitivity could be significantly increased from the standard
completed by a statistical optimisation base on the MultiSim- value, but it is likely that the final optimised parameters are
plex Algorithm (Version 2.1.1., Logi Labo, Paris, France), dependent from individual instruments, e.g. linked to unique
adapted from previously described work on P-FPD optimisa- modifications due to the manufacturing process. Unfortu-
tion [22]. The response functions chosen were, (DMMP nately, the use of these parameters for screening for P-, S-
area+ TBP area + DBT area + malathion area)/TPA area) for and As-containing chemicals among unknown chemicals re-
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vealed inconsistencies with the results yielded by a Varian Table 2 _ N o
3400 FPD used in parallel with a phOSphOI’US filter. These in- Variation of parameters during As/(P + S) selectivity optimisation

consistencies finally revealed that optimisation has resultedTrial Gate delay Gate width Ha flow Response
into a severe loss of P/S selectivity of P-FPD, thus leading to (ms) (ms) (mLmin~!)  function
detection of sulphur-containing chemicals on the phospho- 1 6 20 13 —-25117
rus line. Such a result can reasonably be considered a false? 10 5 20 —1.2264
positive detection, which is, as stated before, especially pe- i 123 %l 121'0 %3?7
nalising in the context of CWC verification. 6 104 129 16.7 _0.3164
Examination of the literature on P-FPD reveals that inter- 7 198 117 18.5 07596
heteroatom selectivity has already been identified as a po-10 142 104 18.3 04754
tential pitfall of this detector, which is due to partially over- 11 189 178 11.9 08487

lapping emission profiles of several elements detected by the
P-FPD[10,11] An illustration of this phenomenon is given
by Bravo et al[23], who observed interference between emis-
sion of Sn- and S-containing species, and hypothesise that tin~
could also be concerned by insufficient selectivity, in P-FPD
detection, towards phosphorus.

Indeed, the use of specific combinations of filters, recom-
mended by the P-FPD designgtd] may partly solve this process. . .
problem, but this is not compatible with efficient and timely Interestingly, when using standard gate and combustion

screening of several elements in complex mixtures, which gats fva:ue; gl\t/en liyhthe_ Ta?ufacturer of ogr mst:jumer;rt],
is for instance a strength of the concurrent atomic emission artetacts due to sulphur interference were observed on the

detector phosphorus line at the retention time of dibenzothiophene.
Killilea and Aldstad{22], when studying organoarsenical Conversely, triphenylarsine gave no detectable signal. which

speciation, also report on potential confusion between As- on confirms t_hat our observat_lons are _not due to _carbon Inter-
the one hand, and S-, OH- and C-emitting species on the c)thezlference, since triphenylarsine, despite carbon-rich (18 atoms

hand; these authors however describe a suitable method foP " molecule) does not give rise to artefacts. It also suggests
overc'oming these problems by a convenient combination of that standard parameters confer satisfactory P/As selectivity:

gate parameters for signal processing. Therefore, the Op,[imi_actually, total P/(As + S) selectivity is close to 0.97 at the start

sation procedure was restarted, but the optimised parametef)f the optimisationFig. 1evidences that the optimisation al-

was changed to P/(As+S) and As/(P +S) selectivity instead gorithm does not afford any significant progression, with a
of single atom sensitivity; total selectivity hardly reaching the original value, and diben-

zothiophene artefact being reduced almost by the same factor
than true phosphorus response.

3.2. Phosphorus versus sulphur and arsenic

In a first series of experiments, selectivity for phos-
phorus versus sulphur and arsenic was optimiSetile 1
presents the starting and final parameters associated with this

3.3. Optimisation of inter-heteroatom selectivity

3.3.1. General 3.3.3. Arsenic versus sulphur and phosphorus

The detailed optimisation results are presented on A second experiment was dedicated to selectivity for ar-
Figs. 1 and 20n both figures, the curve at the top describes senic versus sulphur and phosphorus. Astonishingly, stan-
the progression of the optimised parameter towards a maxi-dard operating parameters gave good sensitivity, but almost
mum value of 1, while superimposed chromatograms show no selectivity for arsenic (As/(P+S) selectivity as deter-
significant evolutions of detection during the process. Se- mined in our model was negative!). This time, the optimi-
lectivity for one element (e.g. As) was quantified as the ra- sation process revealed extremely efficient, and rewarded an
tio between peak areas corresponding to analytes containingnuch better selectivity (As/(P + S)=0.85), keeping in mind
this element and peak areas of other analytes. Malathion,that arsenic and sulphur signals are described by Jing and
which contains both P and S, was not taken into account for Amirav [11] to be particularly difficult to isolate, which
P/(As + S) optimisation. This results in the following formu- may explain the difficulty to overcome this threshold. Un-

lae: fortunately, this entailed a decrease in the triphenylarsine
P (DBT area+ TPA area) peak area, illustrating sensitivity for arsenic, of ca. 45%
As+S ((DMMP areat TBP area) (Fig. 2).

The examination of the gate parameters obtained at the
DMMP areat TBP areat DBT area end pf the optimisation process may bring om_Jt an expl_anation
] to this result. Indeed, the emission of arsenic is maximal af-
As - +malathion area ter a delay of ca. 15 ms, and is prolonged for several ms. The
P+S TPAarea optimised gate delay is 18.9 ms: this is necessary to suppress
all overlap with phosphorus and/or sulphur emission, but also
means that most of the signal corresponding to arsenic emis-
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10 10 \ 14 15 17 18 7REl 19 11RE1 21 23

Trial number

Trial 1 = VARIAN conditions
Response _

Trial 2

\

\Trial 11
-9 DMMP

Mvolts
10.0 4

Trial 3 TPA

7.5 A

Malathion
5.0

0.0 oot

-1.50 T T T g T U

Minutes

Fig. 1. Evolution of P/(S + As) selectivity (see text for details) during the optimisation steps, and corresponding P-FPD profile of a test madtuirgddnt
S- and As-containing chemicals (M = malathion. Circles indicate the five iterations of the algorithm illustrated by a chromatogram).

sionin the flame is not recorded. This is probably responsible parameters depend on single instruments. However, it should
for the concomitant drop in sensitivity observed at the end of be valuable to report P-FPD operating parameters in further
the optimisation process. studies.

It may be worth mentioning that the final parameters for Moreover, in most P-FPD development reports such as
maximal As selectivity were used in our laboratory for var- [10,11] selectivity is presented mainly as a requisite for ac-
ious samples. In all cases no interfering signal was detectedcuracy in quantification (insufficient selectivity results in ad-
on arsenic chromatograms, which suggests the robustness adlition or quenching of signals from different elements for a
these parameters towards nature of sample and chromatosingle analyte), but is not really discussed as a problem when

graphic conditions. dealing with completely unknown analytes; therefore, per-
tinent information relative to the issues raised here is quite
3.4. Additional comments and discussion limited.

These observations, as well as other points noticed during

Very little is described in the literature on detector our first-hand experiments on the P-FPD, such as large dis-
parameters, which are never (to our knowledge) detailed crepancies in sensitivity according to the analyte (sensitivity
in Section2. Therefore, it is difficult to discuss our obser- for phosphorus in DMMP and TEP is nearly three times that
vations on manufacturer parameters at the light of others’ for phosphorus in malathion), require further experiments to
experience, all the more since it is doubtless that bestascertain eventual limitations to the use of P-FPD for un-
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Fig. 2. Evolution of As/(S + P) selectivity (see text for details) during the optimisation steps, and corresponding P-FPD profile of a test madtirgdant
S- and As-containing chemicals (M = malathion. Circles indicate the five iterations of the algorithm illustrated by a chromatogram).

known sample screening, where confidence towards the detion appears as detrimental to sensitivity. It is important to
tector needs to be unquestionable. stress that, as suggested previously by others, subtle vari-
ations in parameters of the detector such as gate delay and
gate width strongly influence signal emission, acquisition and
4. Conclusion processing.
Finding suitable values (which are likely to be unique for
The results presented here both confirm that the pulsedeach instrument) for these parameters is required to avoid
flame photometric detector is highly sensitive and versa- tedious and time consuming use of multiple filters or pho-
tile, and that it requires great care when optimising its ca- tomultipliers, which would decrease the specific advantages
pabilities, especially for qualitative analyses of unknown of P-FPD versus other commercial GC detectors. Therefore,
chemicals. ongoing experiments combining use of different filters and
Indeed, it seems necessary to determine which parame-detector parameters aim now at finding an optimal equilib-
ter is most important to the purported P-FPD analysis before rium between number of runs, sensitivity, and indisputable
starting an optimisation process such as the ones describednter-heteroatom selectivity, to use with a greatest benefit
here. In particular, careless maximisation of the sensitivity to- the potential of P-FPD for the screening of complex mix-
wards a single element may result in false positive detections, tures eventually containing traces of chemicals related to the
due to selectivity decrease; conversely, selectivity optimisa- Chemical Weapons Convention.
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