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EXECUTIVE SUMMARY 

A survey of analytical methods for the determination o f  chemical 
agents GB, VX, and HD was made. Included were methods capable of  
providing for monitoring requirements at the time weighted average 
(TWA) and allowable stack concentration (ASC) levels in near real time. 
A review of the currently used automatic continuous air monitoring 
system (AGAPIS) was made as well as a review of the recently developed 
atmospheric pressure ionization mass spectrometry (APIMS).  This report 
recommends a strategy for research and development for near term and 
medium term improvement of the overall monitoring program. 
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BACKGROUND 

The U.S. Army Toxic and Hazardous Materials Agency (USATHAMA) is 
charged with the development of technology for the decontamination and 
disposal of  obsolete chemical weapons. The munitions include rockets, 
shells, and others, and generally contain the agents HD, GB, and VX. 
HD,  or mustard, is bis-2-chloroethyl sulfide, and is classified as a 
blistering agent. GB, or Sarin, is  isopropyl methyl phosphonofluori- 
date. VX is O-ethyl-S-(2-diisopropylaminoethyl)methylphosphono~hioate. 
Both GB and VX are nerve agents. Pilot-scale tests are already being 
conducted at Tooele Army Depot using an incineration process. Because 
of the extreme toxicity of these compounds, it is necessary to provide 
monitoring capability at extremely low levels in the workplace, in the 
exhaust gas (stack), and in the incinerator flue gas. The goals of the 
monitoring program are to assure that no agent is being released into 
the environment and to protect the plant workers from accidental 
exposure, These goals require that the monitoring procedures be not 
only highly sensitive, but also that they be capable of  providing 
information in real time. With these constraints and goals in mind, 
USATHAMA commissioned Aerospace Corp. to perform a thorough evaluation 
of analytical techniques suited for this purpose. This report, 
published in April, 1983, was a very thorough treatise on the analyt- 
ical chemistry of these agents and made the recommendation that 
atmospheric pressure ionization mass spectrometry (APIMS) be developed 
as the best hope of meeting the monitoring requirements. Such an 
instrument was designed and constructed, but met with limited success. 
Therefore, this work was initiated with the following objectives: 

1. To review the Aerospace document and its recommendations. 

2. To assess any recent additions to the list o f  potential monitoring 
technologies. 

3 .  To consider the limitations of  the existing APIMS system and 
identify any possible corrective actions. 

4 .  To consider the possibility of performing all monitoring from a 
centrally located monitor. 

Monitoring requirements. The guidelines for monitoring are based on 
threshold levels established by the U.S. Army Surgeon General. These 
are listed in Table 1. 

These levels are quite low, and represent a challenge for 
analytical methods per se, but the challenge is magnified by the 
requirements of instantaneous response in the stack, and less than two 
minutes in the workplace and flue gas. Furthermore, false positives 
must be minimized, there must be no false negatives, and the monitor 
must provide maximum sample time coverage. Finally, the technology 
must be mature and well suited to commercial production in less than 
18 months. 
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Table 1 

Monitoring Requirements f o r  Cherni-cal Agents (mg/M3 ) 
_.__ I...___. -.... 

Compound W o r kp 1 a c e Stack G a s  Hot Flue Gas 

HD 3 10-3 3 x 10-2 3 x 10-2 
GB 1 1.0-4 3 10-4 3 10-4 
VX 1 x 10-5 3 10-5  3 10-5 
Response Time 2 min. 15 s e c .  2 inin 
(Desired) 

This r e p o r t  i s  organized i n t o  t h r e e  s e c t i o n s .  The f i r s t  s e c t i o n  
d e a l s  wi th  a number o f  techniques which appear t o  have appli.cabil.i.t;y t o  
chemical agent  monitoring and a r e  the re fo re  mature,  but: s t i l l  l imi t ed  
i n  t l e r m s  of  t h e  c u r r e n t  requirements.  The second s e c t i o n  d e a l s  with 
problems i d e n t i f i e d  i n  the  S-Cubed APIMS and sugges t ions  f o r  c o r r e c t i v e  
a c t i o n s .  The t h i r d  s e c t i o n  dea l s  wi th  cons ide ra t ions  o f  sample t r a n s -  
p o r t ,  sample preconcent ra t ion ,  and sampling problems s p e c i f i c  t o  t h e  
mat r ices  of  i n t e r e s t .  Because of t he  s i m i l a r i t y  between t h i s  r e p o r t  
and the  r e p o r t  produced by the  Aerospace Corp . ,  techniques w i l l .  be 
considered i n  roughly the  same o rde r .  Add i t iona l ly ,  r e f e rences  t o  work 
which are provi.ded i n  t h e  Aerospace r e p o r t  w i l l  no t  be repea ted  h e r e .  

__I SECTION 'I: METHODS w3-T~ POTENTIAL U T I L i T Y  BUT LIMITATIONS 

Jon Mobil-i-ty Spectrometry.  I o n  mob i l i t y  spectrometry (IMS) r e l i e s  
on t h e  migra t ion  of ions  through a gas under thc  inf luence  o f  an 
app l i ed  e l e c t r i c  f i e l d .  The ions are sepa ra t ed  on t h e  b a s i s  of m a s s  o r  
mob i l i t y  and a "spectrum" o f  ion  masses i.s obta ined  which i s  comparable 
t o  a mass spectrometer  spectrum. Because t h e  ions a r e  rn.i.grated through 
a g a s ,  m a s s  resol.ution i s  inhe ren t ly  low. Such a system is  the re fo re  
prone t o  i n t e r f e r e n c e s ,  and will. produce f a l s e  posi t i .ves .  
Additional1.y , t h e  s e n s i t i v i t y  which can be obta ined  under the  b e s t  
cond i t ions  is  a f a c t o r  o f  1.00 higher  than t h a t  r equ i r ed  f o r  VX 
monitor ing.  The response,  however, i s  ins tan taneous  and cont inuous-  
very d e s i r a b l e  q u a l i t i e s .  Thus, the  IMS f a l l s  i n t o  t h e  class of 
techniques which have p o s s i b i l i t y  as agent  monitors i f  appropr ia te  
preconcent ra t ion  systems can be devi-sed. The Aerospace report: con- 
cluded t h a t  continuous concent ra t ing  methods were the  only p o s s i b i l i t y  
due t o  the  h igh  duty cycle (30 Hz) . This  j.s n o t  n e c e s s a r i l y  the  case. 
The IMS cou1.d be used i n  conjunct ion  wi th  a concen t r a t ion  system such 
as a s o l i d  sorbent  tube o r  wire desorber  (descri-bed i n  d e t a i l  on 
page 2 6 ) .  I f  such a system were assembled, t he  concen t r a to r  u n i t  cou1.d 
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be configured to provide selectivity improvement as well, and perhaps 
would overcome the major drawbacks associated with the use of IMS for 
agent monitoring. Such a system could be configured so that the IMS 
provides a continuous readout at a higher level while the concentrator 
collects sample, and the concentrated sample could be introduced at 
periodic intervals. Thus, the possibility of both high level alarm and 
TWA monitor exist. The matrices of the stack and hot flue gas should 
provide no more problems for this technique than any of the alternative 
methods. 

Recommendation: No utility without additional work on 
preconcentration. 

Thin Film Colorimetry. The Aerospace report deals extensively with the 
optical spectroscopy of the agents, and that discussion will not be 
repeated. However, several new techniques will be discussed. The 
first is thin-film colorimetry (1). In this instrument, a thin film 
(Poroplastic) is used to encapsulate color-forming reagents. The gas 
sample is allowed to diffuse through this film, and the color change is 
monitored using a miniature double-beam absorbance spectrometer. The 
Poroplastic film is an ultramicroporous cellulose triacetate, bThich is 
capable of retaining 70 to 90% of almost any liquid. Thus, afiy chem- 
istry can be used for purposes of detection. In the cited work, diiso- 
propyl fluorophosphate was tested, as a simulant for the nerve agents. 
The c o l o r  scheme involved the catalytic hydrolysis of  the P-F bond 
using berizhydroxamic acid, followed by the colorimetric determination 
of the fluoride ion using zirconium chloride and alizarin. Phosphate 
ion also provides a colorimetric response in this system, actually 
enhancing the detection process. The advantages of this system for the 
detection of agents over previous colorimetric systems are rapid 
response (due to the high diffusion rate through the film), and little 
interference from extraneous components. The tested range of  the 
system was 0.5 - 5 ppm, but the ultimate detection limits were not 
reported. Such a system does have the advantage o f  operating in an 
integrating mode, that i s ,  the color produced is the result of total 
exposure to agent over time. For purposes of an eight hour TWA or ASC, 
this could conceivably be of use as an adjunct to other monitoring 
systems. Drawbacks include the need to replace the reagent after an 
agent challenge, the lack of known color reactions for HD, and the 
possibility that phosphate could interfere. Agent determination would 
also be on the basis of one system for each agent. The author suggests 
that phosphate and fluoride do not penetrate the film, although this 
must be verified for the stack and flue gas matrices, since high 
concentrations of these materials will be present. 

Recommendation: 
might serve as an adjunct. 

Unlikely to meet the requirements of sensitivity, but 

Frequency-Modulated Laser Infrared Spectrometry (FMLIR). This is a 
technique which, although relatively immature, shows promise for real- 
time measurement of the various chemical agents. All work done at this 
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time has been theoretical ( 2 ) ,  and no agent testing has been accom- 
plished. FMLIR consists of the modulation of a laser beam, generating 
two frequency sidebands, and passing this modulated signal through a 
cell. There will be absorption of the two sidebands if the center 
frequency falls on the shoulder of an absorptional. transition in the 
molecule of interest. By mixing techniques, a DC signal can be 
generated which is proportional to the differential absorption, and 
thus to the concentration of the agent. Therefore, FMTJR represents an 
elegant method for the determination of very small changes in absorb- 
ance in the infrared regime. It is important to note, however, that 
the measurement is still. being made in the infrared, and although the 
sensitivity figures are impressive, all the constraints of infrared 
spectroscopy stsill apply. Foremost among these i.s the need for 
absolute water removal. In the referenced work, it is pointed out that 
all calculations on the signal to noise ratios for the various agents 
assume negligible contribution t o  the signal by water absorption, and 
that the presence of water at even low humidities essentially saturates 
the system. Effects of other interferences, such as agent impurities 
and breakdown products, are al.so considered. These are thought to be of 
little consequence, although this is probably not realistic. Thus, if 
the gas sample can be completely dried, this technique will easily 
attain the required sensitivity for GB and HD, and will closely 
approach the value for VX. Response time would be essentially instan- 
taneous. However, it is difficult to envision a system for water 
removal without agent loss, even in the workplace environment. The 
agents GB and WD could possibly be enriched in a dry stream by adsorp- 
tion/desorption, or some other form of preconcentration, but VX will 
likely be lost i.n such an arrangement. Conversion o f  the VX to the C- 
analog would require a sec.ond feasibility study on the detectability, 
although the principle should be appropriate. If, however, there is to 
be a preconcentration/water removal step in the monitor, -the advantages 
of real-time analysis are lost, and numerous other less esoteric tech- 
niques would be comparable. Furthermore, with no data on the use of  
the technique in any real matrix, the selectivity cann'ot be adequately 
assessed. Inherently, selectivity will rely on the presence of 
materials having absorbance transitions in the region of interest, and 
it is likely that such interferences will exist, particularly in the 
stack and hot flue gases. An additional considerati-on is that simul- 
taneous monitoring for the three agents will be difficult, and the 
equipment required will be sophisticated. 

Recommendation: Further work is not warranted at this time, although 
there is potential applicability. 

SECTION 11: CHROMATOGRAPHIC TECHNTOUES 

Chromatography imp1 ies that a separation in time takes place 
within a column. A distribution between two (at least) phases causes 
solute molecules to move at differing rates. The stationary phase can 
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be either- a solid (adsorption chromatography) or a liquid (partition 
chromatography). The mobile phase can be a gas (GC), a liquid (LC), or 
a supercritical fluid (SFC). In any combination of the above, a time 
must elapse between the introduction o f  the sample and the passage o f  
the desired solute through the detection device. Thus, there are no 
chromatographic techniques capable of  meeting the requirements of the 
instantaneous stack monitor. On the other hand more practical data has 
been generated using chromatographic methods than any other class o f  
techniques, and this data can be used to make realistic assessments of 
the possibility of reducing the analytical and sampling time to meet 
the requirements. 

Chromatographic systems all have in common three "modules". There 
is a sample introduction system (injector), a separation system 
(column), and a detector module. Depending on the application, there 
are general considerations in the design of the total system. For the 
applications covered here, there exist several possibilities. The 
detector module is the key element in the system, since both sensi- 
tivity and selectivity are ultimately defined by the detector. Several 
possibilities exist for the detection of chemical agents: 

1. Flame Ionization Detector (FID): The FID is a nonselective 
detector, generally responding to compounds on the basis of  
carbon content. No selectivity, but responsive to all 
agents, Ultimate sensitivity inadequate, would require 
sample preconcentration. Useful with GC o r  SFC, possibly 
with LC. Inexpensive and rugged. 

2. Flame Photometric Detector (FPD): The FPD is the most widely 
used detector for the determination of the agents HD,GB, and 
VX, because of  its high sensitivity and selectivity for 
organophosphates and organosulfur compounds. U1 t ima t e 
sensitivity inadequate, requires sample preconcentration. 
Useful primarily with GC, but has been coupled with both SFC 
and LC. Most expensive of the selective GC detectors, but 
reliable and rugged. 

3 .  Photoionization Detector (PID): The PID uses UV irradiation 
to i.onize solute molecules with subsequent current measure- 
ment. Selectivity depends on the ionization potential of  the 
solute, with lower ionization potentials having greater 
selectivity. Could be used for all three agents. Sensi- 
tivity inadequate, although more improvement can be expected 
here than for the flame based detectors. Primarily a GC 
detector, although could be used in SFC. Rugged, reliable 
and portable, and does not require supporting gases. Average 
cost. 

4 .  El-ectron Capture Detector (ECD): The ECD is based on the 
capture of electrons by the solute molecules, causing a 
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reduction in the background current. Highest ultimate 
sensitivity of any detector, but response is deteriiiined by 
the electron capture cross section o f  the solute o f  interest. 
Should give high sensitivity with HD, response €or the 
organophosphates is difficult to predict. Selectivity will 
be lacking, with the detector actually being quite universal. 
Useful exclusively with GC. Moderately expensive and 
notoriously unreliable. 

5. Redox Chemiluminescence Detector (RCD). This is a relatively 
new detector, based on the post-column reactions of analytes 
with nitrogen dioxide on a heated gold catalyst to nitric 
oxide. The nitric oxide formed is detected by the chemilumi- 
nescence resulting from its subsequent reaction with ozone. 
Has been used for organophosphate pesticides and organosulfur 
compounds ( 3 ) .  Very high sensitivi.t:y and excellent. selec- 
tivity. Depending on the reaction chemistry, could be used 
for GC, SFC, or LC. Rather complicated, and although no data 
on ruggedness is available, reliability is questionable. 
Expensive to operate. 

6 .  Nitrogen/Phosphorus Detector (NPD): The NPD is based on 
electron emission from an alkali metal salt after contact 
with nitrogen or phosphorus containing radicals formed from 
the solute molecules in a cool flame. Could provide sensi- 
tivity equal to the FPD for GB and VX, but unsuitable for I-ID. 
Useful only for GC. Inexpensive and relatively reliable. 

Many other less extensively used detection schemes are available, 
although none possess the capability to detect the agents with suffi- 
cient sensitivity, with the possible exception of laser-excited 
fluorescence detection. This technique require the formation of a 
fluorescent derivative, and the sensitivity and selectivity are 
dependent on the nature of  this derivative. The conclusion reached 
here is that the FPD offers the best hope for meeting the requirements 
of agent monitoring currently, and that developments of the P I D  and RCD 
offer the possibility to exceed the performance of the F’PL). The:;(? 
developments are at least two years away. 

In terms of separation technology, the  Aerospace report gives a 
thorough description of the available options, and only an update will 
be provided here. GC column technology development has been primarily 
in the area of wide-bore fused silica capillary columns. Commercially 
avai.l.able columns of di-ameter 530 um now provide higher resolving power 
and similar capacity to packed columns. When installed in conventional 
instruments, these col.umns can either provide higher speed or increased 
resolving power (at tzhe discretion of the anal-yst). These columns have 
been shown to be fairly rugged, and can be reproducibly fabricated. 
They also offer the flexibility required to determine the three agents 
on the same column, along with any impurities present. Any new gas 
chromatographic system developed should consider strongly the use of 
thesc? columns. 
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Commercially available c a p i l l a r y  SFC columns have a l s o  been 
r e c e n t l y  in t roduced .  These columns have diameters  of SO - 100 um, and 
are g e n e r a l l y  l i m i t e d  i n  capac i ty .  The arguments pu t  f o r t h  i n  the  
Aerospace r e p o r t  a g a i n s t  t h e  use  of  c a p i l l a r y  GC columns are p a r t i c u -  
l a r l y  appropr i a t e  h e r e :  h ighe r  preconcent ra t ion  f a c t o r s  and increased  
system complexity.  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  packed column SFC 
has  been l a r g e l y  abandoned by t h e  a n a l y t i c a l  community, Hewlett-  
Packard had in t roduced  a packed column SFC u n i t  and has now withdrawn 
t h e  u n i t  from the market.  This  i s  l a r g e l y  due t o  the  f ac t  t h a t  no 
a n a l y t i c a l  advantage e x i s t s  f o r  packed SFC over HPLC, o t h e r  than  a 
s l i g h t  i nc rease  i n  speed,  and system complexity i s  unquest ionably 
g r e a t e r  i n  t h e  SFC c a s e .  The only advantage of SFC over HPLC i s  the  
a b i l i t y  t o  couple  wi th  i o n i z a t i o n  d e t e c t o r s  wi th  re la t ive ease .  

Major improvements have been made i n  column technology f o r  HPLC, 
The advent of  p a r t i c l e s  of 3 um diameter ,  now a v a i l a b l e  from a wide 
v a r i e t y  of  vendors i n  a wide v a r i e t y  of bonded phases ,  has  allowed the  
development of high-speed chromatographic systems. E f f i c i e n c i e s  equal  
t o  t h a t  generated on t h e  a n a l y t i c a l  columns of yes te rday  are now 
obta ined  i n  as l i t t l e  as one - t en th  t h e  t ime,  and the  s e n s i t i v i t y  of the  
d e t e c t o r s  has  been increased  because of  t he  increased  concen t r a t ion  of 
t h e  s o l u t e s  i n  t h e  de t ec t ed  band. Unfor tuna te ly ,  t he  technology f o r  
HPLC d e t e c t i o n  has  n o t  kept  pace w i t h  t h e  column technology,  and t h e r e  
i s  s t i l l  no d e t e c t o r  wi th  adequate s e n s i t i v i t y .  

Sample in t roduc t ion  techniques have made no g r e a t  s t r i d e s  i n  the  
pe r iod  o f  time fol lowing the  Aerospace r e p o r t ,  and are s t i l l  l a r g e l y  
r e l a t e d  t o  the  s e p a r a t i o n  process .  I n  G C ,  t he  sample can be introduced 
as a gas through a sampling loop ,  as a l i q u i d  through a septum 
i n j e c t o r ,  o r  desorbed thermally from a preconcen t r a to r .  For SFC, t he  
c o n s t r a i n t s  are t h a t  t h e  sample must be i n j e c t e d  as a l i q u i d ,  p r e f e r -  
a b l y  i n  t h e  mobile phase.  The f a c t  t h a t  only very  s m a l l  volumes can be 
used seve re ly  l i m i t s  t h i s  technique f o r  u l t r a t r a c e  a n a l y s i s .  HPLC 
r e q u i r e s  t h e  sample t o  be introduced i n  the  l i q u i d  phase as w e l l ,  
a l though l a r g e  preconcent ra t ion  f a c t o r s  are p o s s i b l e  wi th  t h e  use of 
small precolumns. The process  i s  analogous t o  t h a t  used f o r  thermal 
deso rp t ion  G C ,  wi th  the  l i q u i d  sample pass ing  through t h e  precolumn, 
r e t e n t i o n  o f  t he  agents  on t h e  precolunin, and then  removal o f  the  
agents  wi th  t h e  mobile phase.  

Automatic Continuous A i r  Monitoring - System (ACAMS). Although the  ACAMS 
w a s  n o t  s p e c i f i c a l l y  covered i n  the  Aerospace r e p o r t ,  t h i s  has  been the  
most widely used instrument  f o r  t he  de te rmina t ion  o f  t he  agents  a t  t he  
TWA levels i n  near  rea l  t ime.  Therefore a d i scuss ion  of t he  mer i t s  and 
drawbacks of t h i s  system i s  appropr i a t e  h e r e .  The d i scuss ion  assumes 
t h a t  VX w i l l  no t  be monitored d i r e c t l y ,  b u t  r a t h e r  as the  G-analog 
a f t e r  passage through a conversion f i l t e r .  The mer i t s  o f  d i r e c t  v s .  
i n d i r e c t  measurement a r e  apparent ,  b u t  t h e r e  seems t o  be no way t o  
chromatograph VX d i r e c t l y .  I n  terms of t he  a n a l y t i c a l  chemistry 
involved ,  t h e  ACAMS is  r e l a t i v e l y  c rude .  However, t he  u n i t  meets the 
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s e n s i t i v i t y  requirements of t he  va r lous  deteriiii.riations, even the  s t a c k ,  
and i s  l ack ing  i.n the  a b i l i t y  t o  s imultaneously determine t h e  t h r e e  
agen t s ,  and i n  response t ime. I n  view of the  demonstrated r e l i a b i l i t y  
of the  u n i t ,  it i s  recommended t h a t  a l t e r n a t i v e  b u t  r e l a t e d  designs be 
considered f o r  t h e  purposes of enhancing mul t iagent  c a p a b i l i t y  and 
improving response t ime.  

The ACAMS uses  a sorbent  tube t o  preconcent ra te  t he  agent; from che 
sample s t ream,  followed by a gas chromatographic s e p a r a t i o n  wi th  flame 
photometric d e t e c t i o n .  There a r e  t h r e e  problems wi th  mu1 t i a g e n t  
de te rmina t ions  : 

1. Sorbent tubes .  D i f f e ren t  sorbent  tubes are used: Chromosorb 106 

2 .  Separa t ion .  The c u r r e n t  packed column cannot r e so lve  G R  and the  

3 .  Detec t ion .  The FPD c u r r e n t l y  monitors e i t h e r  s u l f u r  o r  

f o r  t he  VA and G B ,  and Tenax GC f o r  H D .  

G-analog of VX.  

phosphorus, b u t  no t  bo th .  

I t  is  no t  c l e a r  why these  sorbents  were chosen, b u t  it should be 
poss ib l e  t o  e f f e c t i v e l y  adsorb a l l  t h ree  agents  wi th  a s i n g l e  sorbent  
t u b e .  The tube could con ta in  a s i n g l e  sorbent  o r  a number o f  sorbents  
i n  s e r i e s .  For example, GB and the  G-analog o f  VX a r e  more vo1ati.l.e 
a g e n t s ,  and would the re fo re  be prone t o  break through e a r l i e s t .  I t  
would appear t h a t  t he  HD,  being l e s s  v o l a t i l e ,  would be d i f f i c u l t  t o  
q u a n t i t a t i v e l y  desorb from the  so rben t .  A p o s s i b l e  s o l u t i o n  t o  the  
c o l l e c t i o n  problem i s  t o  use a s m a l l  amount o f  Tenax G C ,  followed by 
t h e  normal amount of  Chromosorb 106. The GB and G-analog would be 
c o l l e c t e d  on the  Porapak-Q, and the  HD on the  Tenax. The desorp t ion  
would be done with the flow i n  the  reverse  d i r e c t i o n  f r o m  t he  sampling, 
and a l l  t h ree  compounds would be e f f i c i e n t l y  desorbed. There is  a 
precedent  f o r  t h i s  type of system i n  the EPA water method f o r  v o l a t i l e  
organic  compounds. I n  t h i s  method, a t h r e e - s t e p  t r a p  is  used: 3% SP-  
1000 on Gaschrom-Q f o r  t he  heavier  compounds, followed by Tenax f o r  t he  
more v o l a t i l e  compounds, and f i n a l l y  by S i l i c a  g e l  f o r  t h e  very l i g h t  
materia1.s. This arrangement has the  a d d i t i o n a l  advantage o f  providing 
h ighe r  t o t a l  capac i ty  f o r  t he  agen t s ,  s i n c e  breakthrough i s  much lcss 
l i k e l y  with the  h igher  capac i ty  adsorbents  a t  the  end of  the  t r a p .  I n  
f a c t ,  i t  may be we l l  worthwhile t o  cons ider  t he  use  o f  t h e  s tandard  EPA 
t r a p  i n  the ACAMS without  modi f ica t ion .  There has  been one a d d i t i o n a l  
development i n  terms of adsorbent  development. A new carbon-based 
mater ia l :  Carbotrap,  has  been introduced and tou ted  as ail a l l . -purpose 
adsorbent  f o r  adsorpt ion/ thermal  desorp t ion  s y s t e m .  This  m a t e r i a l  i s  
r epor t ed  t o  have capac i ty  wel l  i n  excess  of Tenax, b u t  t o  be capable  o f  
q u a n t i t a t i v e l y  desorbing t r a c e  q u a n t i t i e s  o f  1-iigh-boiling compounds. 
Because o f  t he  increased  capac i ty ,  sinaller amounts of adsorbent  a r e  
used ,  and d i r e c t  desorp t ion  onto a c a p i l l a r y  column i s  possi-ble .  There 
i s  c u r r e n t l y  no experience with t h i s  ma te r i a l  with r e spec t  t o  agent  
a n a l y s i s ,  a l though t h i s  informati.on could be obta ined  r a t h e r  e a s i l y .  
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In terms of the separation, it seems entirely possible to provide 
adequate separation of all analytes with a commercially available wide- 
bore capillary column (see earlier discussion in Section 11). Such a 
column will not compromise analysis time or sample capacity, and may 
actually shorten the separation time. In addition, the increase in 
efficiency means that the solute bands will be presented to the 
detector in higher concentrations, lowering the detection limits. 
Selectivity will also be improved by virtue of the fact that peak 
resolution will be improved. The net result should be a much more 
flexible analytical system. The price to be paid is in ruggedness: 
column lifetime is likely to be much shorter than the current column. 
However, the improved performance is worth the price of off-the-shelf 
capillary columns. 

By comparison with the first two problems, the simultaneous de tec - 
tion difficulty is trivial to overcome. A second photomultiplier tube 
will provide the ability to detect sulfur  and phosphorus directly, 
without compromising performance. This modification should be 
considered immediately. 

The second major area of limitation in the ACAMS is the response 
time. The response time is defined by the time from the initiation of 
sampling to the FPD response. In addition, it i s  necessary to consider 
the additional time until the unit is ready for the next sample. Thus, 
the turnaround time is dependent on the combination of  the following: 

1. Preconcentration time 
2. Analysis time 
3. System reequilibration time 

By far the most significant contribution to the turnaround time is 
the preconcentration or sampling time. This is the time required for 
the collection of adequate sample for the detection of the agent at the 
level required. Because of the lower level of detection required, this 
time is greatest for the agent VX. There are basically two approaches 
to the reduction of the preconcentration time: 

1. Improve the sensitivity of the detector. 
2 .  Increase the sample flow rate. 

As mentioned earlier, improvements in the detector sensitivity can 
be expected from improvements in column efficiency, although these will 
be modest gains compared to that which is required. It is highly 
unlikely that intrinsic modifications to the FPD will result in the 
necessary improvements, since this has been a long-term goal of the 
instrument manufacturers. Thus the reduction in analysis time which is 
required will probably come most easily by increasing the sample 
preconcentration rate. For purposes of discussion, it is assumed that 
a decrease of 1000% in the preconcentration time would bring the ACAMS 
into compliance with the requirements for workplace and hot flue gas 
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monitor ing,  and r e l a t i v e l y  c lose  t o  those of the  s t a c k .  This  f a c t o r  of 
t e n  can be accomplished by inc reas ing  the  diameter of t he  sorbent  tube 
t o  3/8“ (from the  cu r ren t  1/8”) and inc reas ing  the l i n e a r  v e l o c i t y  by 
about  t e n  p e r c e n t .  The reason t h a t  the  c u r r e n t  u n i t  uses  1/8” t r a p s  i s  
t o  avoid degrada t ion  o f  the  chromatographic process  by v i r t u e  o f  
thermal nonequ i l ib ra t ion  of the  l a r g e r  diameter t r a p ,  p r imar i ly  during 
deso rp t ion .  This  problem can be overcome by inc luding  va lves  a t  e i t h e r  
end of t he  t r a p  such t h a t  sample o r  c a r r i e r  gas can e i t h e r  fl.ow through 
t h e  t r a p  o r  bypass the  t r a p  and proceed d i r e c t l y  i n t o  the  a n a l y t i c a l  
column. While the  tube i s  be ing  hea ted  p r i o r  t o  deso rp t ion  no c a r r i e r  
o r  sample flow is  d i r e c t e d  through t h e  t r a p .  A f t e r  t h e  t r a p  reaches 
che desorp t ion  temperature ,  t he  va lves  a r e  r o t a t e d  so t h a t  the  desorp-  
t i o n  f l o w  proceeds through the t r a p ,  usua1I.y i n  the  d i r e c t i o n  opposi te  
t o  t h e  sample flow. Af t e r  the  desorp t ion  is  complete,  t h e  t r a p  could 
be r a i s e d  t o  a h igher  temperature and baked out  t o  t he  atmosphere while 
c a r r i e r  gas  flows through the  column and t h e  a n a l y s i s  proceeds.  The 
t r a p  can then  be cooled down us ing  cryogenics  o r  a simple cool ing  f an .  
This  i s  e s s e n t i a l l y  the  cyc le  used i n  commercial thermal desorp t ion  
u n i t s ,  and e a s i l y  amenable t o  the  f r o n t  end of t he  ACAMS u n i t .  The 
a d d i t i o n  of t h e  valve arrangement would a l s o  al low t h e  ACAMS t o  be 
sampling dur ing  the  chromatographic a n a l y s i s ,  improving sample time 
coverage t o  b e t t e r  than 80 % .  With t h i s  and the  prev ious ly  mentioned 
mod i f i ca t ions ,  t he  ACAMS could meet the requirements f o r  t h e  workplace 
and f l u e  gas monitors ,  would be lack ing  only terms of the  response time 
requirement f o r  the  Tnstantaneous s t a c k  gas monitor ,  would be capable 
of monitoring a l l  t h r e e  agents  sirnultaneously , and would s a c r i f i c e  
l i t t l e ,  i f  any,  of i t s  inhe ren t  ruggedness.  The drawbacks wou1.d 
cont inue t o  be less than instantaneous monitoring of t he  s t a c k ,  and 
i n d i r e c t  monitoring of the  VX as the  G-analog. 

Recommendation. Pursue a c t i v e l y  the  modi f ica t ions  l i s t e d  above, 

Multi-glex Gas Chromatography. Mult iplex gas chromatography, o r  
c o r r e l a t i o n  chromatography (4,5) i s  a technique c l o s e l y  r e l a t e d  t o  t h a t  
of t h e  ACAMS. I n  this experiment,  sample gas i s  used as the  c a r r i e r  
gas and i s  swept cont inuously onto the  head of t h e  a n a l y t i c a l  column. 
The ana ly t e s  of i n t e r e s t  a r e  concent ra ted  a t  t he  head o f  t he  col.umn, as 
they a r e  a t  the  sorbent  tube o f  the ACAMS, and the  en t rance  t o  the  
column i s  periodical1.y hea ted  b a l l i s t i c a l l y  t o  desorb the  compounds. 
A s  a r e s u l t ,  s e v e r a l  analyses  a r e  proceeding down the  column a t  the 
same t h e .  A computer i s  used t o  decoiivolute t h e  chromatogram and 
produce an ind iv idua l  r e p o r t  f o r  each sampling i n t e r v a l .  This  tech-  
nique d j . f fe rs  from t h a t  o f  the  ACAMS i n  t h a t  t he  sample time coverage 
i.s e s s e n t i a l l y  100  8 .  However, l i k e  the  ACAMS, t he  response time is  
l i m i t e d  t o  t he  sum of the  preconcent ra t ion  time p lus  the  a n a l y s i s  t ime. 

The reason f o r  inclusi-on o f  t h i s  technique i n  these  
recommendations i s  scns i . t i v i ty  improvement. The ser i s i t iv i - ty  improve- 
ment comes from two sources :  
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1. The ability to signal average multiple sample intervals. 
2. The ability to preconcentrate at any interval or flow. 

The air sampled has the advantage of serving as the oxidant in the 
FPD, allowing very high flow rates (up to about 0 . 4  IJmin) . The column 
could be designed to take advantage of this fact and still provide 
adequate resolution. This system has been applied to automotive 
exhaust as well as to stack gas analysis. The system has never been 
used for agent analysis nor has it been tested in ultratrace analysis. 

Recommendation. Support development work to determine feasibility and 
degree of sensitivity enhancement. 

SFC/FPD. The technique of SFC has advanced rapidly during the two 
years since the Aerospace report. There are several commercial 
manufacturers of SFC units. This report has been aided by consultat- 
ions with representatives from two of these companies: Lee Scientific 
and Suprex. As mentioned earlier, all applications of SFC have been 
based on open tubular (capillary) column separations. The limited 
capacity of these systems makes them unsuitable for the purpose of 
determination of the agents.The advantages of an SFC system would be: 

1. The ability to interface with a liquid f i l m  concentrator 

2. The ability to chromatograph VX directly. 
3 .  Reduced adsorptive losses in the system. 

(described later). 

These advantages are balanced by the following negatives: 

1. Limited capacity would require very high concentration factors. 
2. Collection of the sample a s  a liquid would allow 

nonchromatographable components to enter the column. 
3 .  The performance of the FPD is not well documented using 

supercriticnl mobile phases as the oxidant. 

Recommendation. This technique could be useful in the future as a 
sample collection/preconcentration system, It offers the possibility 
of direct injection into the FPD for l e s s  specific but very rapid 
Yesponse monitoring purposes. It is not at this time capable of 
meeting the requirements for agent monitoring. 

Hiah Pressure Gas Chromatoarrpliy (HPGC). HPGC was considered a s  one of 
the alternatives to the ACAMS in the Aerospace report. As such, the 
technique really represents only a modification of these units. 
However, these modifications will most likely complicate matters with 
the only return being an increase in speed and perhaps the ability to 
chromatograph VX directly. Suggestions have already been made as to 
improvements in the speed o f  the ACAMS, and the ability to 
chromatograph VX directly is of little consequence if the compound is 
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lost prior to the inlet. Therefore, it is not likely that the 
requirements for agent monitoring will be met with this technique, nor 
that the performance of the ACAMS will be significantly improved. 

Recommendation. Do not pursue. 

HiEli Performance Liquid Chromatonraphv - (HPLC) . HPLC column technology 
has made dramatic advances in the last two years, as pointed out 
earlier. It is estimated that all of the agents could be separated on 
a 3 urn column in less than 1 minute. The peak concentration of the 
agents would be very high. However, the limitation o f  HPLC remains the 
detector. In the Aerospace report:, laser fluorescence and the trans- 
port FPD were suggested as possibilities for agent detection in HPLC 
systems. The usual problems still plague the transport detector: 
memory, sample l o s s ,  noisy baseline. Laser fluorescence requires 
derivatization, and therefore the selectivity is drastically reduced, 
since many impuriries could react with the derivatizing agent to give 
fluorescent products. However, the power of HPLC for this purpose lies 
in the ease of obtaining a very high concentration factor and the ease 
of automating the sample flow system. 

HPLC is, of course, directly able to interface with the liquid 
film concentrator, which can provide concentration factors of up to 
1000. Furthermore, the effluent from the concentrator can casily be 
passed through a precolumn for further preconcentration. It would be 
possible to attain concentration factors of up t.o 100,000 with little 
hold-up time and a reasonable degree of ruggedness. With this level of 
preconcentration, less  absolute detector sensitivity is required. A 
possibility is the use of dye-assisted absorbance detection ( 6 ) ,  where 
a dye is used to enhance the absorbance of organophosphorus compounds 
in a post-column reaction system. However, it must be stated that no 
detection principle for HPLC exists which w i l l  allow advantage to be 
taken of the ruggedness and concentrating ability of the technique. 

Recommendation. Consider any unique detection system in view of the 
power inherent in the technique. It should be relatively inexpensive 
to demonstrate feasibility for such a system. 

General recominendations on chrornatoEraphic - systems. Because of the 
large amount of background information on the ACAMS, as we1.l. as its 
historical record of reliability, all chromatography sys terns must be 
judged on the degree to which they outperform the ACAMS. It should be 
noted that many of tihe modifications proposed for the ACAMS above are 
already available in commercial instruments. If this is the case, the 
"modified ACAMS" may well require l.i.t:tle or no R & D, and the cost to 
USATHAMA would be significantly reduced. Still, i.t inust be reiterated 
that no chromatographic system will. meet the response time requirement 
of the continuous and instantaneous stack gas monitor. 
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SECTION 111: MASS SPECTROMETRIC TECHNIQUES 

The technique of m a s s  spectrometry involves ,  b a s i c a l l y ,  t he  
i o n i z a t i o n  of  sample molecules,  s epa ra t ion  of t he  r e s u l t i n g  i o n s ,  and 
d e t e c t i o n  of t he  ions  us ing  ion  count ing e l e c t r o n i c s .  The genera l  
technique i s  we l l  developed i n  the  Aerospace r e p o r t  and t h a t  develop- 
ment w i l l  no t  be repea ted  he re .  However, s e v e r a l  comments on t h a t  
d e s c r i p t i o n  a r e  appropr i a t e .  

F i r s t ,  t he  a s s e r t i o n  i n  t h a t  r e p o r t  t h a t  mass r e s o l u t i o n  i s  i n s i g -  
n i f i c a n t  w i t h  r e spec t  t o  s e l e c t i v i t y  i s  ques t ionable .  I t  i s  t r u e  t h a t  
i on  c u r r e n t  w i l l  be h igher  i f  a l l  ions  a r e  c o l l e c t e d  t o g e t h e r ,  and t h a t  
i n  t h e  case  of VX much of t he  ion  cu r ren t  w i l l  be d i s t r i b u t e d  over the  
range of 267-275 amu. However, t he  measurement of an ind iv idua l  mass 
i s  f a r  more i n d i c a t i v e  of the  presence o f  t he  compound than is  the  
measurement o f  t o t a l  ions over an 8 amu range. The work of B a t t e l l e  
( 7 )  i n d i c a t e s  t h a t  i n t e r f e r e n c e s  a r e  obtained even a t  mass 267 i n  the  
presence of burning neoprene. Thus, t he  a b i l i t y  t o  ob ta in  h igher  mass 
r e s o l u t i o n  i s  always of  importance t o  mass spectrometry,  p a r t i c u l a r l y  
when the  i n t e r f e r e n c e s  a r e  l a r g e l y  unknown. 

Second, t he  arguments put  f o r t h  on the  i n a b i l i t y  o f  t he  quadrupole 
mass f i l t e r  t o  provide rugged se rv ice  without compromising s e n s i t i v i t y  
o r  mass  r e s o l u t i o n  a r e  l a r g e l y  unconvincing. Even a t  the  time of t h a t  
r e p o r t ,  quadrupoles were assuming a major  r o l e  i n  mass spectrometry,  
from research  grade instruments  t o  rou t ine  s e r v i c e  u n i t s .  Their 
a b i l i t y  t o  func t ion  with inexperienced opera tors  and remain i n  se rv i ce  
was wel l  e s t a b l i s h e d .  The pumping systems were i n  p lace  t o  allow 
proper  maintenance o f  p ressure  i n  the  mass ana lyzer  u n i t ,  without 
compromising ruggedness.  F i n a l l y ,  t hese  were o f f - t h e - s h e l f  i tems.  

Thi rd ,  t he  d e s c r i p t i o n  of MS/MS i n d i c a t e s  t h a t  a marked l o s s  i n  
s e n s i t i v i t y  i s  the  r e s u l t  of  adding a c o l l i s i o n a l  d i s s o c i a t i o n  region 
and second mass f i l t e r .  The increase  i n  s e l e c t i v i t y  and decrease i n  
background ion  cu r ren t  can i n  many cases  make up f o r  t h i s  l o s s .  Far 
t o o  much emphasis was i n  genera l  placed on the  ion  t ransmission 
c h a r a c t e r i s t i c s  of t he  system and t o o  l i t t l e  on the  meaningfulness o f  
t he  a c t u a l  measurement. 

From the  s tandpoin t  o f  improvements i n  mass spectroiiic t r i c  
ins t rumenta t ion  s i n c e  the  Aerospace r e p o r t ,  t he re  have been many. 
Quiidrupoles cont inue t o  be r e f i n e d  and developed with r e spec t  t o  
ruggedness,  mass r e s o l u t i o n ,  and ion  throughput.  The atmospheric 
p re s su re  i o n i z a t i o n  source has  become a v i a b l e  commercial e n t i t y .  The 
genera l  a r ea  of  MS/MS has exploded with a p p l i c a t i o n s ,  secondary ion 
mass spectrometry (SIMS) has been shown t o  provide very  high s e n s i -  
t i v i t y  f o r  t he  organophosphorus compounds ( 8 , 9 ) ,  and rugged commercial 
instruments  have appeared. The fol lowing is  an update on the  perform- 
ance of iiiass spec t romet r ic  instruments  for t he  purpose o f  nerve agent 
monitor ing.  



Secondary Ion Mass Spectrometry (SIMS). SIMS and Fast Atom Bombardment 
Mass Spectrometry (FAB/MS) are usually reserved for analysis of 
molecules of very low volatility. Samples are usually prepared by 
dissolving the analyte i.n a matrix of low volatility such as glycerol., 
and bombarded with either ions (SIMS) or neutral atoms (FAB/MS). The 
unique feature of this technique, from the standpoint of the current 
problem, is the ability to produce mass spectral data, with its usual 
high sensitivity and selectivity, from the direct analysis of a liquid 
sample ( 8 , 9 ) .  The detection limits obtained with simulants were 1.6 x 
lo-" g for DMMP and 2.9 x lo- ' '  g for DIMP. These limits were 
obtained using a non optimized source with direct gas introduct:i.on. 
Even s o ,  the limits are impressive. The real power of the technique, 
however, would be in the development of  a flow-through ion source 
combined with the liquid film collector. The concentration of the gas 
sample by a factor of 100-1000 would result in detectrion limits well 
bel.ow those required for any of the agents, including VX, and may we1.1 
represent the only available method for the determination of VX in the 
stack gas. Furthermore, the normal SIMS ion source uses a target 
matrix. The matrix in this case would be concentrated sulfuric acid, 
although the matrix is not limited to this acid. In addition, for 
remote monitoring, filter pads could be collected containing agent 
v a p o r s ,  the pads dissolved in sulfuric acid, and analyzed for the agent 
using SIMS. Sampling usj-ng the filters could be either active or 
passive, but the throughput should be very high. The drawbacks of the 
technique revolve around the limited numbers of hvestigators in the 
area, and the lack of commercial SIMS sources. The possibilities for 
agent determination cannot:, however, be overlooked. 

Recommendation. Technique is relatively immature in terms of 
commercial availability, probably 2 - 3  years away, but has great 
potential for solving VX monitoring problems, as ~7el. l  as performing 
adequately for the other agents. Much depends on the suitability of 
the liquid film collector as a preconcentrator. 

Sci-ex TAGA 6000. This is a commercially available instrument based on 
the principles of Atmospheric Pressure Ionization (API) and tandem 
MS/MS (triple Quadrupole) . This instrument was extensively tested in 
the Rattelle work (7) for the purposes of determining chemical. agents 
in battlefield scenarios. The instrument performed very well, meeting 
or exceeding the criteria for agent determination, both in ternis of 
sensitivity and interference rejection. However, the insl;rument has a 
very high cost ($416 K) and inay well be too complex for field applica- 
tion. Therefore, since this is the only MS based inst:riment capable of 
meeting the objectives, it must be used as a standard by which other 
mass spectrometric techniques can be judged, as can be done with the 
ACAMS and other chromatographic methods. 

It is clear, first and foremost, that design criteria for any 
APIMS ( o r ,  for that matter, any MS unit which could possibly meet the 
detection requirements) are not at this time available. Therefore, a 
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test of the TAGA 6000 instrument should be conducted at Tooele Army 
Depot, under realistic demilitarization conditions. This test should 
be conducted for the purpose of data collection in general as well as 
an actual. performance test of the instrument. The emphasis should be 
on the evaluation of APIMS and not specifically on the applicability of 
the TAGA. 

In terms of the experimental design, the instrument should be 
operated in the single sector (single quadrupole) mode for an extended 
period of time. This will permit an evaluation of the degree of mass 
resolution necessary for the avoidance of false positives. This 
information will be required if an adequate assessment of the require- 
ments for a MS analyzer are to be provided. Of course, if a single 
quadrupole is adequate, the result will be a dramatic price reduction 
as well as a simplification in operation. An evaluation of the MS/MS 
arrangement should also be made, particularly in terms of selectivity 
improvement, and of course, sensitivity. Attention should also be paid 
to the degree of difficulty in maintaining performance for a multi- 
sector instrument versus the single sector unit. 

The sensitivity considerations are obvious. The data available 
from previous tests of the TAGA indicate that the detection limits will 
be satisfactory, even in the stack. This must be verified, not only 
for the precisely tuned instrument but also for long term stability. 
Records should be kept on each and every adjustment to the instrument 
over the time of operation, since it is unlikely that the persons using 
the instrument at JACADS, for example, will possess the same degree of 
expertise as the contractor used in this work. The total cost of 
operation for an APIMS system must include the personnel costs. 
Furthermore, time spent retuning and recalibrating essentially 
represents down time, and must be accounted for as such. 

While this may seem obvious, it is also important to ensure that 
the process conditions at Tooele be varied as much as possible to 
include all likely interferences, If neoprene suits are burned on 
occasion at the facility, this should be done during the test. All 
munitions components should be used in the test. Any process condi- 
tions which exhibit performance ranges should be varied within those 
acceptable ranges. Since this test is likely to be expensive, it would 
seem prudent to have close interaction between the contractor, the 
Tooele staff, and USATHAMA staff. Careful planning and implementation 
will result in far more useful data. The data generated in this study 
shou1.d be reviewed and evaluated by competent mass spectroscopists. 
The primary goal is not to criticize the performance of the TAGA 6000, 
but to make recommendations on the utility of APIMS in general, arid to 
assess the modifications which can be made to existing instruments for 
performance improvement in the demilitarization facility envi ronment. 
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Reconimenda~ion. Thoroughly test this instrument wi.th respect to 
perEormance in the field. Make every effort to reduce the cost 
associated with production and to insure that Army personnel will be 
capable of operating and maintaining the instrument if it is deployed. 

Fourier Transform Mass Spectrometrv (FT/MS). F'C/MS is a highly 
versatile, extreme1.y sophisticated technique. These instruments 
exhibit the highest mass resolution (> 1,000,000 at m/z 100) and the 
widest mass range (> 5000 amu) of any commercial mass spectrometer. In 
addition, the ability t o  perform MS/MS and use specific ion-molecule 
reactions gives this spectrometer a level of selectivity unmatched by 
any other single sector instrument (1.0). 

In its present state of development, FT/MS is not very compatible 
with atmospheric monitoring. However, this difficulty could probably 
be overcome without much effort. The major disadvantages include the 
high  cost of the instrument ($500 K) and the complexity of the system. 
In addition FT/MS requires a large superconducting magnet which must be 
constantly cooled with liquid nitrogen and liquid helium. Because of 
the l a rge  physical size of the magnet and the temperature control 
requirements of the computer, the current generation of spectrometers 
is not we1 1 suited for industrial monitoring. 

Recommendation. FT/MS may well provide the sensitivity and selectivity 
needed for the deterinination of the chemical agents in the demilitarl- 
zation environment. However, the instrument is expensive, requires 
extensive maintenance and operator skill, and is not compatible with 
the industrial environment. It is also not immediately suitable for 
atmospheric monitoring. Unless the superconducting magnet can be 
replaced by a small perinanent magnet, this technique will not be useful 
in the next 2-3 years. 

Ion Trap Detector (ITD). The ion trap detector is a relatively recent 
development in mass spectrometry. The low cost :  (< $40K) and small 
physical size are particularly attxactive. In addition, this mass 
filter is quite simple from a mechanical standpoint and apparently 
requires very little maintenance. Both the mass range and resolution 
are similar to a quadrupole inass filter. 

Most ion trap detectors are currently being employed as detectors 
for gas chromatography and not as routine mass spectsometers. However, 
the ITD inherently operates at relatively high pressures, thus making 
it attractive as a possible mass filter for atmospheric monitoring. 
Unfortunately, at the present time, there ase no atmospheric pressure 
ionization sources available for the ZTD and it is questionable whether 
or not it will indeed be possible to couplc  API with such an 
instrument. 

RecommendaLia. In terms of cost, size, and simplicity, the ITD is an 
at ti-active poss ib ili ty for atmospheric monitoring mass spec trome try. 
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The technology has  n o t  y e t  been developed t o  combine API with  an  I T D  
b u t  it may be p o s s i b l e  i n  the  near  f u t u r e .  This  instrument  should be 
cons idered  as a mass f i l t e r  f o r  APIMS b u t  due t o  t h e  s t a g e  of 
development, it should no t  be given as h igh  a p r i o r i t y  as quadriipole o r  
t i m e - o f - f l i g h t  based ins t ruments .  

Laser Based Multi-Photon I o n i z a t i o n  Mass Spectrometry.  Multi-photon 
i o n i z a t i o n  i s  a powerful means of s e l e c t i v e l y  i o n i z i n g  c e r t a i n  
compounds p resen t  i n  a mixture.  Ions are formed by i r r a d i a t i n g  the  
molecules o f  i n t e r e s t  a t  a wavelength t h a t  enables  them t o  absorb 
energy.  By pumping enough photons of the c o r r e c t  frequency I n t o  the  
molecule,  t h e  e x c i t e d  e l e c t r o n  may reach an energy l e v e l  g r e a t e r  than 
t h e  i o n i z a t i o n  p o t e n t i a l  and w i l l  be removed, thus  forming a p o s i t i v e  
ion .  Since the  wavelength of l i g h t  r equ i r ed  t o  do t h i s  depends on the  
s t r u c t u r e  of a molecule,  only the  molecules of i n t e r e s t  w i l l  be 
e f f i c i e n t l y  ion ized .  These ions can then  be d e t e c t e d  by a mass 
spectrometer  f o r  a d d i t i o n a l  i d e n t i f i c a t i o n .  

The advantages o f  MPI as an  ion  source f o r  mass spectrometry 
inc lude  t h e  increased  s e l e c t i v i t y  and, u s u a l l y ,  a r educ t ion  of the  
number of fragment ions  formed r e l a t i v e  t o  e l e c t r o n  impact i o n i z a t i o n .  
However, t h e  use  of MPI f o r  atmospheric monitor ing has  n o t  been 
thoroughly i n v e s t i g a t e d .  A l s o ,  t he  need f o r  a high-power l a s e r  would 
r e q u i r e  s i g n i f i c a n t  maintenance and increased  c o s t  of t h e  system. 

Recommendation. Multi-photon i o n i z a t i o n  i s  a t t r a c t i v e  on the  b a s i s  of 
s e l e c t i v i t y .  The maintenance requirements a r e  a rnaj  o r  concern.  This 
technique should be considered wi th  lower p r i o r i t y  than  A P I  mass spec-  
t romet ry .  

Bruker MEM Mobile Mass Spectrometer.  The MEM i s  a rugged, quadrupole 
based,  atmospheric monitoring mass spec t rometer .  This system i s  f u l l y  
p o r t a b l e  (can  be c a r r i e d  i n  a t ruck )  and can be opera ted  i n  f a i r l y  
harsh  environments.  I n  i t s  p resen t  conf igu ra t ion ,  t h i s  spectrometer  
can d e t e c t  1 ppb o f  ma te r i a l  without  preconcent ra t ion .  This  system 
a l s o  has  a complete d a t a  system and e l e c t r o n i c s  f o r  continuous 
monitor ing of 20 substances wi th  automatic  alarms f o r  p r e - s e t  
concen t r a t ion  l e v e l s .  Cost of t h i s  instrument  is  $140K. 

Without inodif icat ion o f  the  pumping system and sampling l i n e ,  it 
is  u n l i k e l y  t h a t  t he  r equ i r ed  limits of d e t e c t i o n  could be met without  
some type of p reconcen t r a to r .  This  ins t rument ,  however, does demon- 
s t r a t e  the  use fu lness  and ruggedness of a quadrupole based instrument  
f o r  atmospheric monitor ing.  

Recommendation. The MEM i s  a commercial implementation of  a quadrupole 
based atmospheric monitoring mass spec t rometer .  With modi f ica t ion  it  
might be p o s s i b l e  t o  reach the  requi red  d e t e c t i o n  l i m i t s .  The use of 
such a system should be given h igh  p r i o r i t y  a l though having a system 
designed s p e c i f i c a l l y  f o r  agent  monitor ing should r ece ive  h i g h e s t  
cons ide ra t ion .  
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SECTION IV: SAMPLING/PRECONCENTRATION TECHNIQUES 

Because several analytical techniques are capable of monitoring 
the agents at a level of about tng/m3, it i.s important to assess 
methods for the preconcentration of gas samples prior to analysis. 
There are several documented approaches for the preconcentration of 
samples using a variety of techniques. This section of  the report 
summarizes our opinions on the use of some of these systems. 

Liquid film preconcentrator/collectos. This system represents a unique 
approach to preconcentration. The gas sample is passed through a tube 
contai-ning a small amount of  flowing liquid i.e. a wetted wall column. 
Sample material is condensed/extracted into this liquid, which provides 
t;he opportunity to achieve large concentration factors. This concept 
has been successfully app1:ied to the monitoring of agent BZ (11) ~ The 
use of  a li-quid for transport of the sample concentrate is an addi- 
tional advantage of this system. There shou1.d be no difficulty in 
transporting VX to the analyzer, as is the case in the gas phase. The 
drawbacks are that presentation of the sample in the liquid phase may 
require modification o f  the measurement equipment, and that the 
possibility of hydrolysis in the liquid phase is significant, particu- 
larly in the stack and hot flue gases. For the case of HD and GR, the 
advantages of the system are somewhat marginal, and perhaps outweighed 
by these disadvantages, but for the case of VX, the liquid film 
collector is a reasonable approach. A s  is the case wi.th all preconcen- 
tration technologies, the reasonableness of this system depends on the 
choice of analytical procedure. The obvious marriage of this 
concentrator with the SIMS technique reported on earlier cannot be 
overlooked. The liquid would in this case, be su1.furic acid, which 
would flow directly into the ion source of the SIMS instrument. This 
system is projected to provide sensitivity well in excess of the 
requirements, with a high degree of selectivity as well. This is not 
to say that the only application fox- the liquid film collector is in 
combination with SIMS. The unit is the best hope for sample 
introduction to any technique requiring a liquid sample. 

Kecommendation . Continue development of the technique. Perform 
studies using VX as soon as possible. 

SFC/Sorhent preconcentration. A s  mentioned earlier, supercritical 
fluid chroniatography i.n i t s  present state of the art is not appropriate 
for the analysis of the chemical agents. However, the technique of 
supercritical extraction may well have advantages for sampling/precon- 
centration. L D C ,  Inc. has announced the availability of a supercrit- 
ical f l u i d  extraction unit which is desi-ped to he interfaced with SFC. 
This unit might allow the use of SFC for extraction from solid sorbent 
cartridges wi.t:h direct introduction into an FPD. Alternatively, the 
supercritical fluid could be made up of CO,/ methanol (99/1), and used 
for desorption from sorbent tubes. The CO, would immediately 
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evaporate, leaving the agents in the methanol and providing an 
additional concentration factor o f  100. The advantages of such a 
system also include the ability to efficiently remove the agents from 
any sorbent without thermal problems, and the ability to use large 
sorbent tubes. 

As mentioned later in this report, such a system could be used for 
routine, nonselective monitoring for the purpose of prioritizing sample 
streams for a more sophisticated central monitoring technique. This 
device is expected to be in the shipping stage by inid to late 1986. No 
firm cost is yet available. 

Recommendation. Fol low LDC announcements and test the extractor when 
available if cost i s  reasonable. 

Sorbent preconcentration/thermal desorption. A s  discussed earlier, the 
response time of the GC analysis is primarily limited by the need to 
sample large volumes of air. Several options exist for decreasing the 
percentage of cycle time required for sampling. These include 
increasing the diameter of the trap, increasing the linear velocity of 
the sample gas, and others. A more detailed description of these 
options is given here. It is important to note that these considera- 
tions apply regardless of the nature of the measurement technique,as 
long as the sample introduction is in the gas phase. 

The most straightforward means of decreasing sampling time is 
increasing the linear velocity of the sample gas through the trap. In 
this case, the primary limitation is pressure drop. It would appear 
that only modest improvement can be made with the current trap 
configuration. 

A geometric alteration in the configuration of the current trap 
appears to be the most useful means of reducing sampling time with 
current equipment. A s  mentioned earlier, an increase in the diameter 
o f  the trap will provide the capability of increased m a s s  flow rate. 
Assuming only that the diameter is changed, and that the pressure drop 
remains constant, the relationship between diameter and mass flow is 
quadratic. The relationship between trap length and mass flow is 
approximately linear. Therefore, a trap with diameter of 1/2 in. would 
allow mass f l o w  bf 16 times that of the current l/R in. trap. This 
reduction in sampling time alone would bring the technique close to the 
requirements for all situations. However, other conditions can now be 
altered. In a trap of any kind, a third geometric consideration is 
important - -  particle size. The particle size is to some extent 
limited to that which is commercially available, but in this case a 
wide range is available. The relationship which is critical is the 
ratio of particle size to diameter, which should be kept at least ten 
for the maintenance of performance. The relationship of particle size 
to mass flow is also quadratic, assuming the distribution of the 
particle size remains constant. Thus, an increase in particle size by 
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a factor of two in the previous calcul.ation would allow an additional 
reduction in sampling time of a factor of  four. The required time for 
sampling would be reduced to less than 15 seconds for the worst case-- 
VX. The use of such a trap would requi-re the redesign of the front end 
of the units now in use, but this redesign is relatively simple and 
inexpensive. The suggestion made earlier in this report - -  the use of 
additional solenoid valves, would be the primary modification. In this 
case, the trap would be in the sampling line duri.ng the actual 
trapping; the trap wou3.d be heated to the desorpti.on temperature with 
the ends sealed from any flow, and the desorption would be accomplished 
via the carrier gas after valve switching. Alternatively, several 
commercial adsorption/thermal desorption units are available at less 
than $5000. Most of these units could be directly connected to 
existing ACAMS . These include units manufactured by Tracor , 
Envlrochem, Metrex, and Chrompack. 

Recommendation. These modifications should be investigated as soon as 
possible. 

sire l o o p  adsorber/thermal desorber. An innovative approach to the 
col.lection of seinivolatile organic coinpounds has been suggested by 
Sciex, Inc. Here, rather than using a solid sorbent, a collection 
devi.ce consisting of a coated conical wire is placed in the sample 
stream. After- an appropriate sampling period, the wire is resistively 
heated and the components desorbed for further analysis. Because of 
the inherently low pressure drop, very high sampling rates are 
possible. In addition, the "sorbent" has extremely small thermal mass, 
allowing sapid heating and cooldown cycles. This approach has merit in 
three areas: 1) the collection of  agent vapors, 2) the separation of 
the agents for simultaneous determination, and the conversion of VX to 
the G-analog. 

Collection of agent vapors using such a system would allow the 
concentration factors to be very large indeed. The sampling tube would 
be about 1 /2  in. in diameter and would permit flow rates in excess of 
100 L/min. Collection of a 20 L sample would require only 12 seconds. 
Desorption and analysis could be done essentially instantaneously, and 
a cycle time of less than 30 seconds should be easi1.y attainab1.e. bJith 
the use of two sample tubes, sample time coverage could be greater than 
80%. Furthermore, only minimal sample pretreatment would be required 
(cooling of the flue gas). It is likely that the stack gas could be 
sampled directly, si-nce water condensati-on would have little or no 
effect on collection efficiency. This is due to the fact that the 
coating on the wire is likely to be a hydrophobic material. :In 
addition, much of the water and other interferences would be removed. 
Finally, the relatively large concentrati-on factors would bring the 
sensi-tivity of a variety of techniques down to the required levels. 

Use of the wire desorber as a separator column for the 
simultaneous determination of the agents could be achieved by selecting 
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t he  c o a t i n g  on the  b a s i s  o f  agent  c a p a c i t y .  The r e s i s t i v e  h e a t i n g  rate 
of t h e  w i r e  can be thought o f  as t h e  analogy t o  temperature programming 
i n  gas chromatography, and the  coa t ing  can be thought o f  as the  
s t a t i o n a r y  phase.  By s e l e c t i n g  the  coa t ing  material and mass o f  
coa t ing  p rope r ly ,  t he  agents  could be made t o  desorb s e q u e n t i a l l y .  The 
analogy h e r e  i s  n o t  s t r i c t l y  t o  e l u t i o n  chromatography, b u t  t o  the  
f r o n t a l  chromatographic system of the  sorbent  t r a p .  Thus, i n  the  b e s t  
c a s e ,  e f f i c i e n c y  would be l i m i t e d  t o  perhaps 1000 t h e o r e t i c a l  p l a t e s .  
The s e l e c t i v i t y  f a c t o r  would need t o  be f a i r l y  l a r g e  f o r  complete 
r e s o l u t i o n ,  a l though t h i s  i s  c e r t a i n l y  p o s s i b l e .  If this  can be done, 
it w i l l  be p o s s i b l e  t o  couple the  c o l l e c t i o n  device direc-cly t o  a flame 
photometr ic  d e t e c t o r ,  producing a s imple ,  rugged, se lect ive,  arid 
s e n s i t i v e  monitoring device which could be produced f o r  about $15000. 

The f i n a l  u t i l i t y  of t he  wire  c o l l e c t o r  i s  as a conversion u n i t  
f o r  VX. Fo r  t r a n s p o r t  of  VX, conversion t o  t h e  G-analog i s  probably 
necessary .  I n  t h e  ACAMS modified f o r  VX, t h i s  i s  accomplished us ing  a 
h igh  volume f i l t e r  impregnated wi th  s i l v e r  f l u o r i d e .  The cons tan t  
replacement of t h e  f i l t e r  becomes a maintenance problem. I f  t he  w i r e  
c o l l e c t o r  were used i n  p l a c e  of t h e  f i l t e r ,  a s i l v e r  wire could be 
t r e a t e d  wi th  a f l u o r i n a t i n g  agent  ( t h e  s imples t  example be ing  HF) 
s i t u ,  so  t h a t  t he  conversion reagent  i s  c o n s t a n t l y  and reproducibly 
regenera ted .  I n  the  s imples t  case, the  w i r e  would be f l u o r i n a t e d ,  t he  
sample c o l l e c t e d ,  t h e  sample  desorbed, and t h e  wire  regenera ted .  The 
use of such a system should g r e a t l y  f a c i l i t a t e  TIX t r a n s p o r t  and 
a n a l y s i s .  

Recommendation. When t h e  Taga 6000 i s  t e s t e d  a t  Tooele ,  t he  u t i l i t y  of 
t h e  wire  adsorber  should be s tud ied  as w e l l ,  s i n c e  the  only commercial 
v e r s i o n  o f  t h i s  desorber  i s  manufactured by Sciex. 

SECTION V :  C R I T I O U E  OF THE A P I  RF MASS ANALYZER 

Summary. The des ign  and performance o f  t h e  A P I  WF mass analyzer  
cons t ruc t ed  f o r  USATHAMA by S-Cubed, Inc .  has  been reviewed. The 
fol.lowing conclusions and recommendations a r e  based on a c r i t i c a l  
eva lua t ion  o f  t h e  information contained i n  t h e  monthly r e p o r t s  and 
f i n a l  r e p o r t  by S-Cubed, as we l l  as an o r a l  p r e s e n t a t i o n  on the  p r o j e c t  
by Aerospace Corporat ion.  

Because o f  what appear t o  be overwhelming t ec lmica l  problems wi th  
the  e n t i r e  A P I  RF mass ana lyzer  cons t ruc ted  by S-Cubed, i t  i s  
recommended t h a t  a d d i t i o n a l  development o f  t h a t  p a r t i c u l a r  system n o t  
be cont inued a t  t h i s  t ime.  However, because o f  the p o t e n t i a l  o €  API  MS 
as a v i a b l e  means of ins tan taneous ly  d e t e c t i n g  nerve agen t s ,  continued 
eva lua t ion  o f  t h i s  technology as a whole should be pursued. E f f o r t s  i n  
t h e  s h o r t  term should be p a r t i c u l a r l y  focused on t h e  t e s t i n g  and 
eva lua t ion  o f  commercial A P I  MS ins t rumenta t ion  c u r r e n t l y  on t h e  
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market. Additionally, long term research and developnient of: 1.ess 
expensive APL MS units shou1.d be considered if the present technology 
provides satisfactory results. 

It is clear that if further development on API lJIS is to be 
considered, explicit design criteria must be developed based on experi- 
ence with the technique on-site at Tooele. The data set should be 
carefully reviewed by qualified mass spectroscopists in order to assess 
the reliability, availability, and overall performance of APIMS. This 
approach will prove cost effective in the long run by providing 
critical information for subsequent desi-gns . 

The APT. RF Mass Analyzer constructed by S-Cubed, Inc. for the 
detection of nerve agents in air is plagued by a number of seri-ous 
problems. These problems are the resu1.t of the design of the atinos- 
pheric pressure ionization source, the ion optics, and the type of mass 
filter used. The combined result is an instrument that has very poor 
selectivity and inadequate sensitivity for its intended purpose. 
Specific problems with the API RF mass analyzer are out-l ined below. 
Possible corrective actions are outli.ned in the next section. 

Pulsed Valve Atmospheric Pressure Ionization Source. The atmospheric 
pressure ionization source/pulsed valve assembly represents one of the 
most serious problems with the instrument. Although the concept is 
reasonably sound and cou1.d be of significant use in the future, pulsed 
valve API is not at this time an established technology and has not 
been demonstrated as a reliable and reproducible means of generating 
ions and introducing them into the source of a mass spectrometer. In 
particular, uncertainties associated with ion-molecule reactions, ion- 
loss mechanisms, and ion transport through the val-ve orifice, make it 
virtually impossible to predict the performance of the ion source in 
the environment required for chemical agent monitoring. For example, 
it was demonstrated that simply by altering the posi.tion of the 63Ni 
foil (used for i.onization) within the pulsed valve, significantly 
different ionic species were formed. Placement o f  the foil near the 
valve nozzle favored formation of lower molecular weight cluster ions, 
while placement of the foil farther away favored the formation of 
higher weight cluster ions due to the increased number of ion-molecule 
collisions. Other factors including source temperature, source 
pressure, relative humidity, interfering compounds, and containination 
of the 63Ni foi.1. should also have significant effects on the ionization 
characteristi.c:s which would lead to unpredictable instrument response. 
These factors have not been properly addressed. 

Although the major  problems associated with the transport of ions 
through the valve nozzle were apparent1.y overcoine , t h e  bui.1.d-up of 
contami.rinnts on the valve nozzle and poppet c o u l d  eventually lead to 
charging of the  surfaces and reduced ion transmission. To minimize 
this problem would require operation of the valve body at elevated 
temperatures which at this time does not seem to be compatible with 
piezo-el-ectric val.ves . 
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The formation of the water c l u s t e r s  i n  t h e  i o n i z a t i o n  source i s  i n  
i t s e l f  a s e r i o u s  problem t h a t  could be d i f f i c u l t  t o  overcome. These 
c l u s t e r  ions  are formed as the  r e s u l t  of  1) t h e  long r e s idence  time of 
i ons  i n  the. atmospheric p re s su re  s i d e  of  t h e  v a l v e ,  and 2 )  a d d i t i o n a l  
formation of c l u s t e r s  i n  t h e  ion-beam expansion r eg ion  as the  ions  are 
pulsed  through t h e  va lve  nozzle  i n t o  t h e  m a s s  spec t rometer .  Ion 
c l u s t e r s  of  t h e  molecular weight formed i n  t h i s  source c r e a t e  a s e r i o u s  
background i n t e r f e r e n c e  problem t h a t  makes t h e  trace l e v e l  d e t e c t i o n  of  
chemical agent  v i r t u a l l y  impossible .  Add i t iona l ly ,  t h e s e  c l u s t e r  ions  
c o n s t i t u t e  a l a r g e  p o r t i o n  of  t he  ion  currentr which may tend t o  reduce 
t h e  number of  a n a l y t e  ions generated and t r ansmi t t ed  through the  pulsed 
v a l v e .  E f f o r t s  t o  reduce c l u s t e r i n g  have thus  far been i n e f f e c t i v e  and 
it i s  l i k e l y  t h a t  s i g n i f i c a n t  r e sea rch  and des ign  changes w i l l  be 
r equ i r ed  t o  minimize t h i s  problem. 

Ion Opt ics :  Source and Transmission. The  des ign  of t h e  i o n  e x t r a c t i o n  
o p t i c s  and ion  t ransmiss ion  l enses  i s  very  b a s i c .  Discussion with 
Aerospace Corporat ion ind ica t ed  t h a t  no s i g n i f i c a n t  e f f o r t  w a s  made t o  
opt imize the  e x t r a c t i o n  and t ransmiss ion  e f f i c i e n c i e s .  

RF Mass Analyzer - Bennett  Tube. From the  s p e c t r a  publ i shed  i n  the  
r e p o r t s  by S-Cubed, I n c . ,  it i s  obvious t h a t  the  r e s o l u t i o n  o f  t h e  mass 
ana lyze r  i s  q u i t e  poor .  This  r e s u l t s  i n  peaks t h a t  a r e  5-10 amu wide 
a t  h a l f  h e i g h t  i n  the  mass reg ion  of  i n t e r e s t ,  Combined wi th  the  
problems o f  c l u s t e r  formation,  i t  i s  impossible  t o  s e p a r a t e  the  peaks 
due t o  t h e  s imulant  (DMMP) ions from those  due t o  t h e  w a t e r  c l u s t e r s .  
Even i n  t h e  absence o f  t h e  water c l u s t e r s  problem, r e s o l u t i o n  as poor 
as t h a t  demonstrated f o r  t he  Bennett  t ube ,  makes the  instrument  h ighly  
s u s c e p t i b l e  t o  ma t r ix  i n t e r f e r e n c e s  t h a t  could r e s u l t  i n  f a l s e  p o s i t i v e  
r ead ings .  To minimize t h i s  problem, a mass r e s o l u t i o n  o f  a t  l ea s t  u n i t  
m a s s  (Resolution-200 a t  m a s s  200,  m a s s  of t h e  peak d iv ided  by t h e  peak 
width a t  1 / 2  h e i g h t )  i s  necessary.  

API  RF  Mass Analvzer - Poss ib le  Correc t ive  Act ions .  I n  o rde r  t o  
opt imize the  performance o f  t he  e x i s t i n g  APT KF mass ana lyze r ,  the  
fo l lowing  c o r r e c t i v e  a c t i o n s  a r e  recommended. 

1. The r e s o l u t i o n  o f  t he  mass f i l t e r  must be increased  from 30 t o  a t  
l ea s t  u n i t  mass (200 at mass 200) .  According t o  t h e  t h e o r e t i c a l  
c a l c u l a t i o n s  given i n  the  Aerospace r e p o r t ,  t h i s  i s  no t  poss ib l e  
wi th  an RF inass f i l t e r  (Bennett  t u b e ) .  Therefore ,  t he  mass f i l t e r  
must be rep laced  wi th  a h igher  performance mass f i l t e r  such as a 
quadrupole o r  t i m e - o f - f l i g h t .  Both o f  t hese  mass spectrometers  
are rugged and r e l i a b l e  f o r  long term ope ra t ion .  I n  a d d i t i o n ,  the  
pumping requirements and support  e l e c t r o n i c s  a r e  comparable t o  
those  needed f o r  t he  S-Cubed, I n c .  A P I  RF mass ana lyze r .  

To  f u r t h e r  i nc rease  s e l e c t i v i t y  i f  necessary ,  a t r i p l e -quadrupo le  
(MS-MS) mass ana lyzer  could be used.  This  a l lows R s’ingle 
c h a r a c t e r i s t i c  t o  be s e l e c t e d  from a complex mat r ix  by the  f i r s t  
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2. 

MS stage and fragmented in the second stage for positive identifi- 
cation. SCIEX Corporation, for instance, has demonstrated the 
usefulness of such an arrangement for detection of chemical agents 
in the presence of  battlefield contaminants, [ (7) and earlier 
discussion]. 

The overall sensitivity of the spectrometer must be increased by a 
factor of approximately 100 if the detection limit for VX is to be 
reached. An improved lensing system for optimum ion extraction 
and transmission could be designed using existing computer 
programs. This would result in reduced ion loss in the source, 
better ion transmission, and ultimately an increase in sensi- 
tivity. However, it is highly unlikely that this alone would 
achieve the required sensitivity due to the presence of background 
ions generated in the source. Redesign o f  the ionization source 
to minimize cluster ion formation and unwanted background signals 
is therefore necessary. 

3 .  Due to the lack of prior research in the area of pulsed valve A P I  
sources, it is very difficult to identify corrective actions that 
will have a significant chance of minimizing cluster ion formation 
while maintaining high efficiency formati-on of chemical agent 
ions. Some possible changes in design and operating parameters 
include : 

a. Operation of the valve at reduced pressures 
(1 torr) to decrease the number of i.on-molecule 
in t e r ac t i 011s t h n  t €avo r c lus t e r f o r ina  t i. o 11 . 

h .  Operation of the valve at an elevated temperature 
to increase cluster decomposition. 

c. Keduction of the residence time of ions in the high 
pressure side of the valve through the use of two 
pulsed valves in series. By pulsing a volume of 
gas from the first valve (atmospheric pressure) 
into the second valve (where it is ionized) a few 
milliseconds prior to introducing the ions into the 
spectrometer, the residence time of t:he ions would 
be decreased in the ionization region of the valve, 
thus reducing the number of ion mol.ecule reactions 
and decreasing cluster formation. 

d. Placement of the 63Ni ionizing foil in the nozzle 
of the pulsed valve. This would a l s o  decrease the 
time avai-lable for cluster ion formation. 

e. The addition of a neutral buffer gas, such as 
argon, to the molecular beam could result in enough 
collisions to break-up clusters. 

f. Electric fields in the molecular beam region could 
also be used to break-up cluster i-ons; however, 
this could resu1.t in an undesirah1.e i.ncrease in the 
kinetic energy spread o f  the ions, causing a loss 
of mass resolution. 
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g. An adjustable skimmer nozzle should be used and 
optimized for decreased cluster transmission. 

Because of the wide range of  parameters that must be investigated 
and optimized, an iterative approach must: be used which will 
require extensive research time. It is quite possible that even 
with significant additional effort, the problems with the pulsed 
valve API source cannot be minimized to the degree necessary. 
Therefore, it is recommended that if API mass spectrometry is to 
be evaluated further, a more conventional API source and mass 
filter should be used. 

Estimated Time and Costs for Optirnizing>k 
the Current API Mass Analyzer 

1. Replacement of  the Bennett tube with a quadrupole mass 
filter . 

Estimated Time: 4-6  months 
Estimated Cost: $85,000 

2 .  Optimization of ion optics. 

Estimated Time: 3 months 
Estimated Cost: $30,000 

3 .  Optimization of pulsed valve ion source. 

Estimated Time: 6-8 months 
Estimated Cost: $200,000 

4 .  Testing and evaluation of optimized system 

Estimated Time: 2-4 months 
Estimated Cost: $45,000 

Estimated time start-finish: 12-16 months 
Total estimated cost: $350,000 

*This optimization study is aimed at m e  the performance of 
the existing API mass analyzer but does not guarantee that the 
required performance criteria could be met. The serious nature of 
the problems in the ion source do not favor complete success. 

API RE' Mass Analyzer: Final Recommendation. The APIMS mass analyzer 
constructed by S-Cubed, Inc. suffers from numerous problems which 
prevent it from meeting the required performance specifications. 
Although the overall system performance could almost certainly be 
improved through alterations in the basic design, it may be very 
difficult, if not impossible, to reach the performance level necessary 
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for the proposed applications. Since the likelihood o f  success i s  
questionable and the costs of optimization are substantial, it is 
recommended that further work on the current API mass analyzer be 
discontinued. 

SECTION VI: TRANSPORT LINE TECHNOLOGY 

Consideration of a Central Monitoritx Facjlity. Since one of the best: 
approaches to the monitoring of the agent vapors appears to be the use 
of a very expensive instrument (TAGA 6 0 0 0 ) ,  it is necessary to assess 
the degree to which samples can be transported to such a device for 
analysis. Using the TAGA 6000 as the detection device, it has been 
reported that GA and VX can be transported at least twenty feet without 
significant l o s s  ( 7 ) ,  although this work was done at much higher levels 
than the TWA or ASC concentrations. It is likely that if VX is to be 
transported to a central monitor, it must be done either in the liquid 
phase or after conversion to the G-analog. There are advantages and 
disadvantages to either approach. The use of the liquid film collector 
for VX (described earlier) would almost certainly increase the likeli- 
hood of  presenting a representative sample to the detector, while at 
the same time effecting a concentration step. However, the sample 
would be presented in the liquid phase - a significant divergence from 
the normal inlet system for the TAGA 6000, but appropriate for the SIMS 
technique. Conversion to the G-analog would allow presentation in the 
gas phase, but the conversion efficiency would be suspect and the 
filters would require maintenance. 

Perhaps a more severe restraint on the use of a central monitor is 
the requirement for sample time coverage. The sample tiiiie Coverage, t, 
in % is given by the inverse of the number of points to be saiiipled (N): 

t = 1/N 

Thus, for 80% sample time coverage only one point can be s a m p l e d .  The 
time between samples (T), is given by: 

T = rt/N, 

where rt is the response time of the monitoring instrumen%. For an 
instrument monitoring 10 samp1.e points sequentially with a response 
time of 30 seconds, the sample time coverage would be 10% and the time 
between samples at a given point would be 5 minutes. Thus, i.t appears 
that an additional compromise is needed if the monitoring 
instrumentation is to be located centrally. 

An alternative to the sequential monitoring of a large number of 
sample points is the use of priority sampling via a "stream selector 
method . " This method would be simple and rapid, sacrificing 
selectivity. The signal generated using this method would be used to 
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develop a p r i o r i t y  f o r  t h e  c e n t r a l  monitor .  Thus, t h e  more expensive 
monitor would se rve  a confirmatory purpose,  r a t h e r  than  a rou t ine  
monitor ing purpose.  Such a system would have t h e  advantages o f :  

1. Much g r e a t e r  sample t i m e  coverage 
2 .  Independent measurement methodology 
3 .  Decreased r e l i a n c e  on t h e  c e n t r a l  moni tor ,  extending i t s  

maintenance i n t e r v a l .  

The s t ream s e l e c t o r  method could c o n s i s t  of a l a r g e  so rben t  tube 
connected d i r e c t l y  t o  an FPD, w i th  t h e  only s e l e c t i v i t y  coming from the  
r a t e  a t  which the  tube i s  hea ted .  Given the  r e l a t i v e l y  simp1.e na ture  
of t h e  chroinatograms, such an approach should be s u f f i c i e n t  f o r  the  
i d e n t i f i c a t i o n  o f  t he  appropr i a t e  stream t o  monitor .  Other p o s s i -  
b i l i t i e s  e x i s t ,  inc luding  the  use of any of  t h e  preconcent ra t ion  
techniques covered ear l ie r  wi th  the  FPD as t h e  d e t e c t i o n  technique.  

Recommendation. T e s t  sample t r a n s p o r t  a t  t h e  levels necessary  f o r  
d e t e c t i o n  a t  t h e  TWA, p a r t i c u l a r l y  f o r  VX. 

VX monitorinp. us inp  2-diethylaminoethanethiol (DEAT) . Because of  t h e  
l o w  v o l a t i l i t y  and h igh  degree of  a d s o r p t i v i t y  of VX,  any a n a l y t i c a l  
method f o r  t h i s  compound must t ake  i n t o  account  t he  p o s s i b i l i t y  of  
sampling and sample t r a n s f e r  l o s s e s .  These problems e x i s t  i n  the  
bubbler  system, where it  i s  d i f f i c u l t  t o  g e t  t h e  VX i n t o  t h e  s o l u t i o n ,  
as w e l l  as i n  the  so rben t  sampling t u b e s ,  where a small conversion 
f i l t e r  i s  used t o  produce the  G-analog a t  the  sample en t r ance .  Even i n  
a d i r e c t  measuring dev ice ,  such as IMS o r  APIMS, it may be d i f f i c u l t  t o  
q u a n t i t a t i v e l y  d e l i v e r  t he  VX t o  the  i o n i z a t i o n  r eg ion .  A s  a p o s s i b l e  
s o l u t i o n  t o  t h i s  problem, it may be useEul t o  cons ider  monitoring f o r  
DEAT as wel l  as VX.  DEAT i s  known t o  be an  impuri ty  i n  VX and is  
always p re sen t  a t  some l e v e l  (u sua l ly  about 10 % ) .  Very l i t t l e  d a t a  i s  
a v a i l a b l e  on t h i s  coinpound. However, t he  d a t a  which i s  a v a i l a b l e  
allowed t h e  c a l c u l a t i o n  of vapor p re s su re  and h e a t  o f  vapor i za t ion .  
The vapor p re s su re  c a l c u l a t e d  i s  2 . 8  mm a t  25OC. This  compares wi th  
2 . 9  and 0 .0007 mm f o r  GB and VX r e s p e c t i v e l y .  'The l a t e n t  h e a t  of 
v a p o r i z a t i o n  i s  68 c a l / g ,  comparable t o  t h a t  of t h e  agen t s .  It  must be 
emphasized t h a t  t hese  c a l c u l a t i o n s  are t h e  r e s u l t  of t he  use  o f  d a t a  of 
unknown q u a l i t y ,  and a r e  t h e r e f o r e  somewhat suspec t .  The va lues  
obta ined  do ,  however, seem reasonable .  Thus, t he  v o l a t i l i t y  of! DEAT i s  
s u b s t a n t i a l l y  g r e a t e r  than t h a t  of VX,  and similar t o  t h a t  o f  CB.  
While t h e  l eve l  of t h i s  compound would be 10  % of t h a t  of  VX, t he  gas 
phase concen t r a t ion  w i l l  always be t h r e e  o rde r s  o f  magnitude h ighe r .  
This  has  been shown t o  be t h e  case  ( 1 2 ) .  Monitoring the  atmosphere f o r  
DEAT could  t h e r e f o r e  be considered as an e a r l y  warning s i g n a l  f o r  t he  
presence o f  VX. P rope r t i e s  bear ing  on t h e  d e t e c t i o n  of t h i s  compound 
inc lude  good chromatographic behavior  and t h e  presence o f  s u l f u r  i n  t h e  
molecule .  I t  is  q u i t e  l i k e l y  t h a t  t h i s  compound can be measured us ing  
t h e  ACAMS i n  t h e  GB mode wi th  a s u l f u r  f i l t e r  on the  FPD. While t h e  
presence o f  t h i s  compound does n o t  n e c e s s a r i l y  confirm t h e  presence o f  
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VX, it would indicate a high probability of contamination. In 
addition, a system capable of monitoring DEAT would also be capable of 
monitoring diisopropyl aminoethanethiol, which is the result of the 
conversion of VX to the G-analog. While no data exists as yet on the 
fate of this compound after conversion, if the compound i s  released 
from the filter it would have analytical significance. Furthermore, 
the simultaneous measurement of DEAT and the G-analog would provide 
additional confirmatory evidence in the current monitoring system for 
VX. Since the chromatography of the two compounds is similar, addition 
of a sulfur filter to the ACAMS should be the only instrumental 
alteration. 
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