
~Z\u $~p;«_-^ ^ 72 - 11 

STUK-YTO-TR77 

Application of CWC analytical 
procedures for Safeguards; 
Analysis of phosphorus-containing 
organic chemical signatures from 
environmental samples 

Final report on Task FIN A844 on the Finnish 
Support Programme to IAEA Safeguards 

M. Rautio, H. Björk, V. Häkkinen, O. Kostiainen, 
M-L. Koitunen, P. Lehtonen, M. Mesilaakso, M. Söderström 
MARCH 1995 



STUK-YTO-TR77 
MARCH 1995 

Application of CWC analytical 
procedures for Safeguards; 
Analysis of phosphorus-containing 
organic chemical signatures from 
environmental samples 

Final report on Task FIN A844 on the Finnish 
Support Programme to IAEA Safeguards 

M. Rautio, H. Björk, Y. Häkkinen, O. Kostiainen, 
M-L. Kuitunen, P. Lehtonen, M. Mesilaaks'o, M. Söderström 
Finnish Institute for Verification of the 
Chemical Weapons Convention 

In the Finnish Centre for Radiation and Nuclear Safety 
the study was supervised by 
Matti Tarvainen 

This itudy was conducted at request of 
the Finnish Centre for Radiation and Nuclear Safety 

FINNISH CENTRE FOR RADIATION AND NUCLEAR SAFETY 
P.O.BOX 14, FIN-00881 HELSINKI, FINLAND 
Tel.+358-0-759881 
Fax +358-0-75988382 



ISBN 951-712-032-X 
ISSN 0785-9325 
Painatuskeskus Oy 
Helsinki 1995 



STUK-YTO-TR 77 
FINNISH CENTRE FOR RADIATION 

AND NUCLEAR SAFETY 

RAUTIO. Marjatta. BJÖRK. Heikki. HÄKKINEN. Vesa. KOSTIAINEN. Olli. KUITUNEN. Marja-
Leena. LEHTONEN. Pekka. MES'LAAKSO. Markku. SÖDERSTRÖM. Martin (Finnish Institute }\,r 
Verification of the Chemicul Weapons Convention). Application of CWC analytical procedures for 
Safeguards; Analysis of phosphorus-containing organic chemical signatures from environmental 
samples. Final report on Task FIN AH44 on the Finnish Support Programme to IAEA Safeguards. 
STUK-YTO-TR 77. Helsinki 1995. 31 p+ App. 17p. 

ISBN 951-712-037-X 
ISSN 0785-9325 

Keywords: environmental monitoring, safeguards, reprocessing, organic signatures 

ABSTRACT 

Solvent extraction can be used for the recovery of U and Pu from irradiated fuel. The most potential 
organic chemical signatures are extractants and solvents used in reprocessing plants. The PUREX 
process is widely used in reprocessing. It uses tri-n-butyl phosphate (TBP) as extractant in an organic 
solvent for U and Pu from irradiated fuel and U from its ores. TBP is a strong extractant for tetra and 
hexavalem actinides from nitric acid media. Stable complexes are formed between actinide nitrate and 
TBP which are soluble in the organic phase. Sample containing TBP and some radiolysis products 
can indicate that TBP is used for reprocessing nuclear fuel. The TBP will decompose in the PUREX 
process to mono- and dibutyl phosphates (MBP and DBP). TBP, DBP and MBP have been analysed 
from air, water, soil, and sediment samples according to slightly modified procedures presented in 
Recommended Operating Procedures for Sampling and Analysis in the Verification of Chemical 
Disarmament, 1994 Edition. The limits of detection for the phosphates have been determined for air, 
water and soil samples. 

3 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-YTO-TR 77 

PREFACE 

The study presented in this paper belongs to the Finnish Support Programme to IAEA Safeguards 
implementation (FINSP). 

We thank Mr. Matti Tarvainen and Harri Toivonen, Finnish Centre for Radiation and Nuclear Safety, 
for encouraging attitude and helpful suggestions. 

4 



FINNISH CENTRE FOR RADIATION 
STl'K-YTO-TR 77 AND NUCLEAR SAFETY 

CONTENTS 

1 INTRODUCTION 7 
1.1 Physico-chemical properties 7 

2 SCREENING FOR SAMPLING 9 

3 SAMPLING 10 
3.1 Background samples 10 
3.2 Preservation of samples and their integrity 11 
3.3 Sampling equipment 11 

4 SAMPLE PREPARATION 12 

5 ANALYSIS 13 
5.1 Gas chromatography 13 

5.1.1 Introduction 13 
5.1.2 Sample introduction techniques 14 
5.1.3 Columns 15 
5.1.4 Detectors and detection lim.ts 16 

5.2 Mass spectrometry 17 
5.2.1 Introduction 17 
5.2.2 Instrumentation 17 
5.2.3 Ionisation methods 18 

5.2.3.1 Electron impact (EI) ionisation 18 
5.2.3.2 Chemical ionisation (CI) 18 
5.2.3.3 Thermospray ionisation (TS) 18 
5.2.3.4 Atmospheric pressure chemical ionisation (APCI) 18 

5.2.4 Identification of compounds 19 
5.2.4.1 Low resolution (LR) MS 19 
5.2.4.2 MS/MS technique 19 
5.2.4.3 High resolution MS 20 

5.2.5 Detection limits 20 
5.3 Infrared spectrometry 20 

5.3.1 Introduction 20 
5.3.2 Instrumentation 21 
5.3.3 Identification of compounds 22 
5.3.4 On-and off-site use 22 
5.3.5 Detection and identification limits 23 
5.3.6 Conclusions 23 

5.4 Nuclear magnetic resonance spectrometry 23 
5.4.1 Introduction 23 
5.4.2 Pulsed NMR Spectrometer 24 
5.4.3 Sample preparation 24 
5.4.4 NMR spectrometry in structural analysis 24 
5.4.5 Detection limits (3-71 25 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STl/K YTO-TR 11 

5.5 On-site analysis 25 
5.6 Inspection equipment 28 
5.7 Off-site analysis 28 

6 CONCLUSIONS 30 

REFERENCES 31 

APPENDIX: Report on the analysis of mono-, di, and tri-n-butyl phosphates 

in the IAEA environmental samples 32 

1 Summary 32 

2 Introduction 32 

3 Sample preparation 32 
3.1 Air samples 32 

3.1.1 Preliminary tests 32 
Tenax tubes 32 
Charcoal samples 34 

3.1.2 Sample preparation 34 
Tenax tubes 34 
Charcoa' tubes 34 

3.2 Water, soil, and sediment samples 34 
3.2.1 Recovery tests 34 
3.2.2 Sample preparation 35 

Preparation of water sample 35 
3.3 Blind tests 35 

4 Gas chromatography 35 

5 Mass spectrometry 45 
5.1 Analysis methods 45 

Operation parameters 46 
5.2 Detection limit and performance control of the GC/MS instrument 46 
5.3 Results of MS analysis 4 7 

6 Results 48 

7 Conclusions 48 

8 References 49 

6 



STUK-YTO TR ̂ 7 
FINNISH CENTRE FOR RADIATION 

AND NUCLEAR SAFETY 

1 INTRODUCTION 

The IAEA is considering methods to strengthen 
safeguards implementation and to make it more 
efficient and effective. Environmental monitoring 
is being considered as a possible method to detect 
the presence of undeclared nuclear activities. En
vironmental samples collected at the sites of in
terest could be rapidly screened for the presence 
of organic signatures of nuclear activities [1]. 

The presence of certain organic chemicals may 
be an indication of a covert nuclear programme 
based on spent iuel reprocessing. The nature of 
the process can be revealed by taking samples 
within the facility or from the surrounding envi
ronment. These samples can be analysed either in 
an off-sire laboratory with sophisticated analyti
cal instruments or on-site with transportable in
struments. If on-site analysis gives an indication 
of a signature chemical, samples should be trans
ported to off-site laboratories for confirmatory 
analysis. On-site analysis could be used to select 
the best samples for off-site analysis. 

The present report reviews and evaluates the suit
ability for IAEA of procedures that have been 
developed for the verification of the Chemical 
Weapons Convention CWC). Chemicals that could 
be used as signature chemicals include organo-
phosphatcs and organophosphonates, amines, 
amides and miscellaneous solvents [1 ]. 

1.1 Physico-chemical properties 

The physico-chemical properties of the signature 
chemicals [ I ] vary widely and, accordingly, af
fect the types of samples to be collected as well as 
sample preparation and analytical methods. 

For example, tri-n-butylphosphate (TOP), used in 
the PUREX process, is partially hydrolysed in the 
extraction process to di-n-butylphosphatc (DBP) 
and mono-w-butylphosphatc (MBP). On complete 
hydrolysis, TBP produces phosphoric acid, which 
is found all over *he world. TBP is not a very 
good signature chemical as it is widely used in 
the chemical industry. Butylphosphonatcs pro
duce butylphosphonic acid as the ultimate hydrol
ysis product, which is stable and a much better 
signature than phosphoric acid. 

Tri-n-butylphosphatc is the least soluble in water 
of the three phosphates, 1 ml dissolves in 165 ml 
of water. Solubility increases with the decrease in 
the number of butyl groups. The density of TBP 
is 0.976 at 25 °C. TBP is reasonably volatile here-
as DBP and MBP can be analysed with gas chro
matography only after derivatisation. MBP and 
DBP have very low vapor pressures which means 
that after release into the atmosphere they tend to 
deposit on surfaces. 
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Table L Organophosphorus compounds used in reprocessing. 

Organophosphorus Compounds 

Tri-n-butyl phosphate (TBP) [126-73-8] 

Di-n-butyl phosphate (DBP) 

Mono-n-butyl phosphate 

Di-n-butyl n-butylphosphonate [78-46-6] 

Dt-n-amyl f-butylphosphonate (DABP) 

Di-n-amyl n-amylphosphonate (DAAP) 

Di-n-butyl phenylphosphonate (DNBPP) 

Di-f-butyl phenylphosphonate (DTBPP) 

Di-n-hexyl phenylphosphonate (DNHPP) 

0 

CAo-f-ocA 
OCA 

0 

HO- f~ OCA 
OCA 

o 
i t 

Hrr f -ocA 
OH 

o 
1» 

CA-f~oCA 
OCA 

o 
I I 

CA-J-OCA. 
OCA, 

0 
I I 

QIV^OCA, 
OQAi 

o 

C A - ^ O C A 
OCA 

o 

C A - f - o C A 
OCA 

0 
I I 

CA- f -OGA j 
OCAJ 

8 



STL'K-YTO-TR 77 
FINNISH CENTRE FOR RADIATION 

AND NLCLhAK SAhbTY 

2 SCREENING FOR SAMPLING 

In the implementation of the Chemical Weapons 
Convention (CWC), a three-tier approach to the 
analytical activities has been discussed. The first 
tier is screening for best sampling pc.. ;.<. the sec
ond tier is on-site analysis and the third tier off-
site analysis. 

Screening for chemicals relevant to the Conven
tion can be performed with various techniques. 
For example, hand-held detectors arc generally 
designed to monitor the safety of the inspectors. 
They have been developed for chemical warfare 
agents. Most of the detectors detect organophos-
phorus chemicals (nerve agents) and organosul-
fur compounds (sulfur mustards). The detectors 

are basede.g. on ion-mobility spectrometry (IMS) 
or flame photometry (FP). IMS detectors can be 
programmed to respond to different chemicals, 
some instruments are equipped with a computer 
to facilitate identification of many chemicals (e.g. 
M90). A flame photometric detector is more sen
sitive but less selective as it responds all chemi
cals containing phosphorus and sulfur. These de
tectors measure chemicals in vapor phase and 
therefore their sensitivity is not very good for the 
relatively non-volatile signature chemicals. A pre
liminary test showed a detection limit of 0.01 mg/ 
m'. The detector responses should be tested for 
the signature chemicals. 
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3 SAMPLING 

The physico-chemical properties of the butylphos-
phates presented abo\ c indicate that the possibil
ity of finding MBP or DBP in air samples is rath
er low. Therefore, finding TBP alone docs not 
mean that MBP and DBP have not been formed 
in the extraction process. 

Tcnax and charcoal arc widely used in air sam
pling. Both can be used in analysis where the ad
sorbed chemicals are released from the adsorbent 
using thermal desorption. TBP can be analysed 
by thermal desorption with gas chromatography 
(GC. sec Section 5.1). DBP and MBP require 
dcrivatisution for GC analysis and, accordingly, 
cannot be analysed by thermal desorption. Air 
samples arc good if TBP alone needs to be deter
mined. Detection of TBP in air samples can be 
used as a trigger to collect samples for off-site 
laboratory analysis. 

Water is a good sample matrix as all phosphates 
dissolve easily in water. On the other hand, they 
tend to hydrolysc in water and yield phosphoric 
acid. Use of solid phase extraction cartridges in 
the sampling of water prevents further hydrolysis 
after sample collection. 

The enrichment of the phosphates in sediment and 
accordingly, the usability of sediment samples for 
verification purposes needs further research due 
to the high water solubility of the phosphates. 

Based on the physico-chemical properties of the 
phosphates, wipe samples collected inside cr out
side of the facility may turn advantageous for ver
ification. Soil seems to be a good sample matrix 
as well. 

When samples arc collected for analysis, the sam
ple size must be large enough to allow division to 

STTK YTO-TR 77 

subsamples required for confirmatory analyses as 
well as for on-site analysis. In the CWC. division 
of the sample into it least 8 subsamples has been 
considered: 1 for on-site analysis. 1 for the in
spected State Party. 2 samples each for two off-
site laboratories and 2 to be retained if the analyt
ical results require further certification. 

Wipe samples and material samples such as rub
ber, paint and cloth should not be divided to sub-
samples but should be extracted on-site and the 
extract divided into subsamplcs. 

Air samples should be collected with a battery 
driven pump with a manifold for 8 parallel sam
pling tubes. 

Only the top cm of soil should be collected and 
the whole sample passed through a sieve (1.7 mm 
mesh). The samples should be stirred for homoge-
nisation and divided into 8 subsamplcs using a 
method which allows identical subsamples to be 
collected (e.g. ASTM E 300-92. further modified 
by Lawrence Livermore National Laboratory, 
"cone-and-auarter" procedure). 

3.1 Background samples 

Collection of background samples for environmen
tal samples is important for reference purposes 
(2). The size of the collected background sample 
should allow identified blanks, unidentified blanks 
and spiked blanks to be distributed to possibly 
three off-site laboratories. In addition to serving 
as a reference, identified blanks allow recovery 
tests to be performed in the laboratories. Uniden
tified blanks arc important in revealing possible 
cross-contamination in the laboratory. Spiked 
blanks will allow the body sending samples to 
verify the performance of the laboratory. Rccom-
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mended Operating Procedures i ROPs) should be 
available lor sampling as improvisation may be 
required. Standard Operating Procedures (SOPs) 
may not be flexible enough. 

3.2 Preservation of samples and 
their integrity 

In order to preserve the samples and their integri
ty it is advisable not to add anything but 0.1 % of 
diehloromethanc to water «nd soil samples to stop 
bacterial growth. Solid phase extraction can be 
uscd for water samples. 

Sample identification and integrity during sample 
collection, on-site preparation and possible trans
port to off-site locations should be maintained by 
i.a. instant photographs, labels, tamper-indicat
ing seals, chain-of-custody forms, access limited 
to on-site laboratory and sample storage area, and 

by keeping all records on-site during joint custo
dy. If samples will be transponoi to off-site labo
ratories, chain-of custody procedures will need to 
be applic ! in the laboratories as well. 

33 Sampling equipment 

Sampling equipment must be prccleaned and 
sealed in impermeable materials, eg. heat scaled 
in mylar bags. Sample bottles and other primary 
containers must be purchased preclcaned from a 
vendor that is certified for production of prc-
clcaned containers according to ISO 9000 series 
or equivalent. All batches of equipment must be 
statistically sampled and tested and certified that 
it meets the established criteria and does not re
lease TBP. a common plasticizcr. Adsorbent tubes 
must be cleaned and certified before deployment 
for each inspection. 

II 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-YTO-TR 77 

4 SAMPLE PREPARATION 

Sample preparation procedures will depend on the 
analytical method, type of instrument and its op
erating conditions, type of sample, targeted com
pounds and time available. The restrictions for 
sample preparation for on-site analysis are more 
stringent with respect to available time, equipment 
and solvents than for off-site analysis. 

Sample preparation procedures for off-site labo
ratories for the CWC have been developed and 
tested in five international interlaboratory com
parison tests [3-7]. The most recent test, the first 
trial proficiency test showed that the procedures 
are efficient. The procedures have been developed 
with the view to allowing all chemicals relevant 
to the Convention to be analysed. Accordingly, 
some of the procedures contain many sample prep
aration steps. 

The procedures will need to be modified for on-
site analysis in order to reduce the amount and 
weight of solvents, reagents and equipment. At 
present, three different procedures have been pro
posed and they need to be tested and validated in 
order to allow the best methods to be selected for 
use during on-site inspections. 

Bulk samples of any IAEA signature chemicals 
are easily analysed using Fourier transform in
frared spectrometry (see Section 5.3.) with mini
mum sample preparation provided that the refer
ence spectra are recorded in the database of the 
instrument. 

For on-site analysis of the signature chemicals in 
environmental samples, methods are required 
which separate the target analytes from the back
ground, i.e. methods based on gas chromatograph
ic separation. The analytes must be extracted from 
the sample matrix. Volatile analytes can be ex
tracted v,ith organic solvents, concentrated and 

analysed directly whereas non-volatile analytes 
must be extracted with water or other polar «••nl-
vent, the solvent evaporated and the analytes de-
rivatised before GC-based analysis. Methods 
based on liquid chromatographic separation are 
not yet available for on-site use. 

Validation of sample preparation methods for all 
signature chemicals is a rather time-consuming 
task. On the other hand, validation of sample prep
aration procedures for phosphates and phospho-
nates included in Table I will be a relatively 
straight-forward task. 

Fully substituted phosphates and phosphonatcs 
can be analysed directly using thermal desorption 
and dynamic headspace connected to the injector 
of the GC. Phosphates and phosphonates contain
ing free hydroxyl groups cannot be analysed with 
these techniques due to their non-volatility. Air 
samples collected in Tenax tubes can be prepared 
by simple methanol extraction under gravity and 
methy lation of the extract 

Charcoal is too strong an adsoroent for the phos
phates and requires sonication for 60 minutes and 
the recoveries are still lower than for Tenax air 
samples. 

Water samples can be prepared using solid phase 
cartridges. Two different cartridges are required: 
C-18 for TBP and an anion exchange cartridge 
for DBP and MBP. TBP requires elution and di
rect injection whereas for DBP and MBP the elu-
ate has to be evaporated to dryness with subse
quent denvatisation. Liquid-liquid extraction and 
direct analysis is not possible. 

Soil and sediment samples will require further 
methods development. 
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5 ANALYSIS 

The most important analytical methods used in 
off-site laboratories for the analysis of chemicals 
relevant to the CWC include gas chromatogra
phy - mass spectrometry (GC-MS), gas chroma
tography - Fourier transform infrared spectrome
try (GC-FTTR), nuclear magnetic resonance spec
trometry (NMR) and gas chromatography (GC) 
with selective detectors. In recent years the role 
of liquid chromatography - mass spectrometry (LC 
- MS) has increased significantly because it sim
plifies sample preparation procedures for non
volatile chemicals. Of the techniques presented 
above, GC, GC-MS and FTTR are suitable for 
on-site analysis. GC-FTTR is not yet ruggedised 
and portable enough. The requirement common 
to all analytical instruments is that identification 
data on the relevant chemicals must be included 
in the instrument database to allow quick identifi
cation. 

5.1 Gas chromatography 

5.1.1 Introduction 

Gas chromatography is a separation technique 
based on the distribution of compounds between 

a mobile gas phase and an immobile stationary 
phase in a small diameter capillary column. Gas 
chromatography can be used to analyze all com
pounds that can be vaporized and do not decom
pose at the temperatures used in an instrument. 
Compounds are eluted with carrier gas to a detec
tor, which produces a signal, proportional to the 
amount of compounds in the carrier gas. 

The major success ofthe application of modern 
GC is first due to the high efficiencies of separa
tion which can be achieved with capillary columns, 
secondly to the high sensitivity ofthe detection of 
even very small amounts of separated compounds 
in complex mixtures. GC analyses of mixtures of 
volatile organic compounds are superior to other 
methods with regard to precision and accuracy. 
The analysis times are usually short. Reliable 
analytical results are obtained especially if the 
compounds tu be determined are known and are 
available in high purity for the calibration mea
surements. The various steps in GC analyses are 
easy to automate from sample introduction to sep
aration, detection and the evaluation of the data 
obtained. In Figure 1. is presented elementary parts 
of GC instrument. 

Figure I. Elementary parts of GC instrument. 1. Carrier gas supply; 2. injector for split or splitless 
sample introduction; 3. column; 4. detector; 5. gas supply for flame ionization detector, a) air, b) 
hydrogen, c) make-up gas (nitrogen). 

13 
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5.1.2 Sample introduction techniques 

Injection techniques play an important role in chro
matographic separation. The most commonly used 
injection techniques for liquid samples are: split, 
splitlcss and on-column injections. Nearly every 
standard capillary injector is capable of split and 
splitless injection. On-column injection requires 
a dedicated injector. 

Split injection is very simple and the most com
mon of the capillary injection techniques. The 
highest resolution and system efficiencies are ob
tained with this method. A small amount of the 
carrier gas enters the column and a much larger 
amount leaves the injector via a split valve. There
fore, split injections are used for highly concen
trated samples with typical per component con
centration of 0.1 -10 ug/ul. The split technique pro
vides good separation efficiency for most volatile 
compounds, but discrimination against high boil
ing compounds is evident. Split technique is the 
choice when the most volatile gaseous compounds 
are anlyzed and when head-space analyses are 
performed without extra sample trapping. 

Splitless and on-column injections are used for 
trace analyses. In splitless technique during the 
injection the flow through the injector is the same 
as through the column. During this time the most 
of the analytcs enter into the column. After about 
one minute the split valve is opened and gas purg
es the injector of any remaining sample. On-col
umn injection is not a vaporization technique. The 
sample is deposited directly into the column with 
a syringe. Both injection techniques can be regard
ed as the most useful techniques for trace analy
sis. On-column injection has some advantages over 
other techniques, especially in the analysis of ther-
molabilc compounds and compounds with adsorp-
tive properties. Moreover, it allows the injection 
of relative large "oIumes(> lOul), reducing de
tection limits. For environmental samples such as 
soil and plant extracts, however, on-column in
jection may lead to rapid contamination of the 
analytical column. In addition, an autosamplcr 
cannot always be used with the on-column tech
nique. 

In head space analysis compounds that are so 
volatile that they have a suitable high vapour pres

sure above the liquid or solid sample matrix can 
be selectively introduced into GC column by trans
fer of a gaseous sample taken from the head space 
of a sealed sample vial. Only volatile sample com
pounds enter the column. Uninteresting liquid and 
solid sample components remain in the sealed vial. 
There are two basic forms of the head space meth
od. 

In static headspace analysis the sample (vapour) 
to be analysed is taken from a sealed container, in 
which astate of equilibrium is maintained between 
the condensed (solid or liquid) and the gas phase. 
The sample is transferred to the GC by gas-tight 
syringe, or introduced directly into the injector 
using i n on-line system. The relative concentra
tion of volatile compounds depends on their par
tial pressure above the sample at the given tem
perature and on its activity coefficient in the sam
ple matrix. 

In dynamic head space (purge anc »rap) analysis 
the sample is stripped from the gas phase sur
rounding the condensed phase by a continuous 
flow of an inert gas. The volatile compounds in 
the gaseous effluent can, if necessary, be concen
trated before GC analysis. Trapping and concen
tration of the analyte can be done by a) liquid 
absorption, b) solid adsorption or c) cryogenic 
techniques. The dynamic method is mostly used 
when the concentration of volatiles is low or when 
the compounds are less volatile, i.e. to increase 
the sensitivity. The choice of suitable adsorbent 
materials and their quality, e.g. disturbing impu
rities, breakthrough problems and incomplete de-
sorption are matters which make the dynamic 
headspce technique laborious and timcconsuming. 

In air sampling, a preconcentration step is often 
necessary to raise the concentration of monitored 
compounds above the sensitivity level of the de
tecting instrument. Sampling with Tenax TA res
in and thermal desoption of compounds for GC 
analysis provides an effective method for analy
sis of volatile organic compounds. In this method 
an air sample is collected in adsorbent tube packed 
with solid adsorbent (50-200 mg). The samples 
are analyzed with thermal desoprtion and cold trap 
unit. In Fig 2 is presented a schematic view of 
this kind of unit This method is about 100 times 
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more sensitive than solvent desorption because the should provide maximal information in a single 
whole sample is analyzed at once without sample GC run. Mass spectrometry is often the best choice 
dilution. for the detector. 

The sample tube is connected to the heating block 
and the thermally desorbed compounds arc trans
ferred to the cold trap under carrier gas stream. 
When the desorption is complete the cold trap is 
rapidly heated to the preselected temperature md 
the compounds are eluted to the analytical col
umn. 

Thermal desorption has significant advantages 
over solvent extraction: 1) the whole sample can 
be analyzed at once with maximal sensitivity; 2) 
the method is very rapid; 3) it eliminates the sam
ple handling and preparation and interfering sol
vent peaks, allowing better recovery of volatile 
compounds and 4) the sampling tubes can be re
used after desorption. One disadvantage of ther
mal de^orption method is the "one-shot" nature 
of the alysis. If the analytical equipment is not 
correctly adjusted, the entire process of sampling 
and measurements is meaningless. Therefore, at 
least duplicate samples should always be collect
ed for confirmation of the analysis. Also, the meth
od chosen for identification of the compounds 

This method does not cover the analysis of com
pounds requiring derivatization before GC analy
sis such as mono- and dibutyl phosphonatcs. Also 
both static and dynamic hcadspacc techniques 
have only limited use for the analysis of IAEA 
compounds because most of these are not vola
tile enough. 

5.1.3 Columns 

The most critical parameters of a capillary col
umn are resolution, support inertness, retention 
reproducibility, thermal stability, and bleed. To 
provide fast, re'iable, and accurate analysis, it is 
important that the stationary phase, inner diame
ter of column, film thickness, and length of col
umn be chosen with a view to the particular ap
plication. An indication of the suitability of a col
umn may be obtained from a general rule: low 
polarity compounds are separated on an apolar 
column and high polarity compounds on a polar 
column. 

purge 

split flou 

sample syringe 

gun septum 

liner (glas tube) 

heating block 

GC column 

ionization volume 
of MS 

Sample introduction by split/splitless injection 

Figure 2. A schematic view of thermal desorption unit. 
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Table II. Organophosphorus compounds used in reprocessing 

Polarity 

low 

intermediate 

high 

Name 

SE-54 

OV-1701 

Amine 

Structure 

5% Phenyl, 1 % vinyl methylpolysiloxane 

7% Phenyl 7% cyanopropyl methylpolysiloxane 

Polyethyleneglycol treated with KOH 

The IAEA compounds differ greatly from each 
other in their chemical and physical properties and 
thus the selection of the stationary phase is al
ways a compromise between resolution and anal
ysis time, if all of these compounds are to be ana
lyzed at once. The most suitable stationary phas
es for the separation of these compounds are list
ed in Table H, along with their structures, and 
polarities. 

The non-polar phases tend to have better charac
teristics in terms of resistance to oxygen, higher 
efficiencies, and greater maximum temperatures. 
SE-54 and OV-170I phases can be regarded as 
good choice for the analysis of IAEA compounds. 
A polar Amine column can be used in only limit
ed applications for the analysis of most polar com
pounds such as amines especially at low concen
tration level. The other column parameters suit
able for this kind of analysis are: length 15-30m, 
inner diameter 0.2 - 0.35 mm, and film thickness 
0.25 - 0.35 urn. 

5.1.4 Detectors and detection limits 

Critical properties of detectors are sensitivity, se
lectivity, linearity of response, reproducibility, and 
reliability of operation. In addition to a mass spec
trometer and infrared spectrometer following de
tectors ar - useful for IAEA compounds: 

Flame ionization detector (FID) is currently the 
most popular universal detector, having both wide 
linear range and great reliability. FID gives sig
nal for near all organic compounds. The detec
tion limit is about 0.5 ng. 

Despite the great separation power of capillary 
columns, the analysis of trace compounds in some 

matrices may be difficult if only universal detec
tors are used. Many selective detectors are avail
able for monitoring IAEA compounds containing 
heteroatoms. Chromatograms are in most cases 
simplified with these detectors and the sensitivity 
of analysis is increased. 

Nitrogen-phosphorus detector (NPD) is very sen
sitive and selective towards compounds contain
ing phosphorus and/or nitrogen, reaching detec
tion limits of 0.5-5 pg and 10- lOOpg, respective-

iy-

The flame photometric detector (FPD) is the most 
widely used detector for sulfur-containing com
pounds. Besides sulfur it is selective for phospho
rous, which makes it a suitable detector for this 
kind of analysis. Detection limits are about 5-50 
pg of phosphorus/sec and about 50-500 pg of sul
fur/sec. Two channel detectors operating simul
taneously in S- and P-mode are also commercial
ly available. 

Nowadays the most attractive selective detector 
is atomic emission detector (AED) because this 
detector is capable of detecting selectively any 
element which elute from a gas chromatographic 
column at pg-level. With this detector is also pos
sible to calculate approximate empirical formula 
for unknown compounds. 

With these detectors the identification based on 
the retention behavior of monitored compound and 
the risk of false positive identification is possible 
if some other compound has the same retention 
behavior. Therefore, the identification obtained 
with these detectors must be confirmed with mass 
spectrometer or infrared spectrometer. 
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5.2 Mass spectrometry 

5.2.1 Introduction 

Mass spectrometry (MS) is a powerful technique 
in identifying and monitoring known compounds 
as well as in elucidating structures of unknown 
agents 

In MS analysis the compounds of interest are 
changed into charged ions (ionised), which are, 
depending of the technique used, charged mole
cules or smaller fragments of the molecules. These 
charged species are analyzed using electric and/ 
or magnetic "elds according to their mass-to-
charge (m/z) u ios. In most cases the charge of 
the different species formed during the ionisation 
process is 1, which means that the observed mass-
to-charge ratios are directly the masses of the ions 
produced from each investigated compound dur
ing the ionisation process. 

In constant conditions each chemical compound 
produces a characteristic pattern of ions called a 
mass spectrum, which is one of the most reliable 
means for identifying a known compound. 

In many cases a mass spectrum of a compound 
contains characteristic ions produced particular
ly by that compound. Such ions can be used for 
monitoring of small amounts of interesting com
pounds in complex matrices. 

Structure elucidation of unknown compounds can 
be supported by MS. Molecular weight informa
tion, elemental structure of different species, and 
fragmentation patterns of molecules, which can 
be obtained using different MS techniques, are 
important information in solving a structure of an 

unknown compound. However, MS alone cannot 
give an unambiguous answer and also other spec-
trometric techniques (IR, NMR) are needed for a 
reliable result. 

5.2.2 Instrumentation 

A modem MS instrument consists of the follow
ing main parts: sample introduction unit, ion 
source, mass analyser, detector, pumping unit, and 
a computer for controlling the whole system. Fig
ure 3 shows a schematic presentation of a mass 
spectrometer. 

Sample introduction unit is normally a gas chro-
matograph (GC) for volatile organic samples, a 
liquid chromatograph (LC) for aqueous liquids 
containing non-volatile polar compounds, or a 
solid probe for inserting solid, high boiling vola
tile organic samples. Introduction of aqueous liq
uids requires different types of ion sources and 
ionisation processes. 

Mass analyzer separates different masses (m/z) 
from each other. This separation is carried out in 
a magnetic field (a magnetic sector analyzer) or 
using a quadrupole analyzer where die separation 
is based on electric fields. 

Detector, which produces an electrical signal from 
each ion is either an electron or photo multiplier 
tube. 

All MS instruments require efficient pumping sys
tem to maintain the high vacuum (approximately 
10-7 mbar) needed for MS operation. Rotary 
pumps together with turbo molecular or diffusion 
pumps are normally used. 

Sanple Icn source Mass analyzer Detector 
introdjcticn 

Data handling systati 

a£ 

Figure 3. Schematic presentation of a GC/MS instrument. 
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The MS instruments are controlled with special
ized software designed for each type of instru
ments. These softwares are run on different types 
of computers. Data acquisition, handling, and re
porting principles are similar to all MS systems. 
The control software contains normally commer
cial MS libraries, which are very useful in identi
fying known compounds. Modern software sys
tems allow also an easy creation of user libiaries 
of compounds of special interest. 

5.2.3 Ionisation methods 

Ionisation of compounds to be investigated using 
MS can be carried cut with different techniques. 
The choice of the method depends on the chemi
cal and physical properties of the compounds and 
also on the analytical task. 1 he number of differ
ent ionisation methods is large and the following 
four are normally used when the sample introduc
tion is carried out with a chromatograph (separa
tion of different sample components before loni-
sation) on-line coupled to MS instrument. This is 
the most common procedure in analytical chem
istry. 

5.2.3.1 Electron impact (El) ionisation 

In E! the compounds are bombarded in the ion 
source with electrons having a known energy (usu
ally 70 eV). The collision of a molecule with an 
electron ionizes the molecuie and the internal en
ergy brought into to molecule by the collision caus
es the molecule to decompose into smaller frag
ments, which may be charged or neutral. This frag
mentation depends on the structure of the mole
cule. A great number of molecules fragment in EI 
ionisation to such extent, that the molecular ion 
can not be seen. EI is the most common ionisation 
method and the obtained fragmentation gives lots 
of information for the identification of molecules. 
The commercial MS libraries consist of mass spec
tra produced by EI. 

5.2.3.2 Chemical ionisation (CI) 

In CI the ionisation of molecules is produced by 
collisions with reactive ions, wiiich are being 
"ormed from reagent gas molecules, when they 
collide with electrons and with „ach other in the 

ion source. The amount of reagent gas introduced 
in the ion source is much larger than the amount 
of the substance being investigated. Thus the elec
trons interact mainly with the reagent gas mole
cules producing reagent gas ions, which collide 
with neutral reagent gas molecules forming reac
tive ions. These can give protons (H+) to mole
cules of interest (M) to form quasimolecular ions 
(MH+). Depending on the reagent gas selected 
for CI, various adduct ions (eg. MNH4+ using 
ammonia) also are formed. Quasimolecular ions 
contain only a little excess of internal energy, and 
therefore they fragment much less than molecular 
ions in EI ionization. CI mass spectra are simple 
containing mainly quasimolecular ions. The most 
common reagent gases used in CI arc methane, 
isobutane, and ammonia. 

5.2.3.3 Thermospray ionisation (TS) 

Non-volatile polar compounds present in aque
ous matrices are difficult to analyze using MS with 
EI or CI ionisation without laborious sample prep
aration and derivatization of the compounds of 
interest. Liquid chromatography provides, how-
e, er, an excellent technique to introduce such sam
ples into MS, when suitable ionisation technique 
is available. One of these techniques is TS. In TS 
aqueous liquid, in which a small amount of vola
tile electrolyte (often ammonium acetate) has been 
added prior the analysis, is introduced into the 
ion source through an electrically heated narrow 
steel capillary. The liquid expands in the heated 
capillary and comes out with a great velocity form
ing an aerosole of very small droplets. During this 
procedure the electrolyte molecules interact with 
the neutral molecules being investigated to form 
protonated molecular ions or other adduct ions, 
which are transferred into the mass analyzer and 
measured. TS ionisation produces simple mass 
spectra comparable to CI. 

5.2.3.4 Atmospheric pressure chemical ionisation 
(APCI) 

Under suitable atmospheric conditions, a stream 
of solvent containing the compounds of interest 
can be nebulised into a stream of small droplets, 
some of which carry an excess of positive and 
some an excess of negative electric charge. The 
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Figure 4. El spectrum (A) and CI(C4H10) spectrum (B) of tri-n-butyl phosphate 
(molecular mass - 266). 

spray of droplets is passed along a tube which is 
usually heated. As the droplets proceed along the 
tube, solvent evaporates to yield smaller droplets 
with increased electric field. At some point, mu
tual repulsion between like charges causes charged 
particles (ions) leave the surface of the droplet 
(ion evaporation). These ions can be detected by 
the MS. Additional ionisation occurs by collision 
between the ions and other neutral species, which 
is comparable to CI. Polar solvents containing 
already someelectrolyteproducebetter sensitivity. 

Methods 2, 3, and 4 require each user to create 
own libraries for identification purposes. 

5.2.4 Identification of compounds 

5.2.4.J Low resolution (LR) MS 

The mass spectrometer i s tuned to give a unit mass 
resolution (resolution 1000 means that masses 
1000 and 1001 or 100.0 and 100.1 can be sepa
rated). A compound is identified according to its 
mass spectrum. The most characteristic mass spec
trum used for identification is obtained with EI 
ionisation. It can be used with GC or solid probe 
introduction. A representative EI spectrum can 
normally be obtained from 100 pg to 1 ng of sam
ple compound 

CI spectra are used to confirm the molecular 
weight of the compounds being investigated. Sam
ple introduction techniques are the same as with 
EI. For unambiguous identification of chemical 
weapons related compounds both EI and CI spec
trum are required. 

To increase the sensitivity of MS measurement, 
selected ion monitoring (SIM) technique can be 

Figure 5. Cl(C4H10)-MS/MS(parent ion MH+) 
spectrum of tri-n-butyl phosphate. 

used. In SIM technique, only the most character
istic ions of compounds of interest are monitored. 
The ions can be produced using EI or CI ionisa
tion. SIM technique improves remarkably the sig
nal-to-noise (S/N) ratios of the selected ions com
pared to S/N ratios of ions obtained in full scan
ning of mass spectra, and the sensitivity of the 
measurement is increased easily 100-fold. How
ever, the information of the total EI spectrum is 
lost. 

The use of TS and APCI in identification is sim
ilar to CI, because these techniques produce only 
a small amount of fragment ions. 

5.2.4.2 MS/MS technique 

Identification of a compound in a very complex 
matrix with interference from other substances can 
be carried out with MS/MS technique. The tech
nique requires an instrument with two mass ana
lyzers in series with a collision chamber in be
tween. The first analyzer is used to select the quasi-
molecular ion or adduct ion (parent ions) of inter
est produced by CI, TS or APCI. This ion is in
troduced into the collision chamber remaining 
suitable collision gas, eg. argon. The collisions 
between the parent ion of interest and the gas 
molecules fragment the parent ions to produce 
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Table III. Detection limits 

MS technique 

CI. El LRMS 

CI LRMS/MS 

CI LRMS/MS 

El HRMS 

TSMS 

APCI MS 

of different MS tec 

Scan mode 

Full scan 

SIM 

Full scan 

SRM* 

Full scan 

SIM 

Full sr=» 

SIM 

Full scan 

hniques. 

Detection limit 

01 - 1 ng 

1-10pg 

01 -10ng 

10 pg 

10 ng 

100 pg 

100 ng 

1 ng 

100 pg 

* Selective Reaction Monitoring 

daughter ions, which are analyzed by the second 5.2.5 Detection limits 
mass analyzer. With MS/MS technique it is pos
sible to obtain clean, characteristic spectra from 
small amounts of compounds in complex matri
ces, which can not be analyzed with normal GC7 
EIMS. 

5.2.4.3 High resolution MS 

For unknown compounds important information 
on the elemental structure of ions can be obtained 
using high resolution MS. High resolution can be 
obtained with magnetic sector instruments and 
modern ion traps. The instrument is tuned for ex
ample to a resolution of 10000 (masses 100.00 
and 100.01 can be separated). With modern in
struments the calculations of possible elemental 
combinations of observed ions are calculated au
tomatically using the operation software of the 
instrument. A skilled operator is required for high 
resolution (HR) MS to be able to exclude the ir
relevant elemental compositions proposed by the 
automatic calculation. The sensitivity of HRMS 
is approximately 5% of that of LRMS. 

HRMS with SIM technique is very useful espe
cially in complex matrices with lots of interfering 
compounds. By selecting accurate masses of ions 
of interest, almost all interfering ions can be ex
cluded. Also the sensitivity is increased compared 
to full scan HRMS. 

All ionisation techniques are possible to use with 
HRMS, although with CI the calibration of the 
instrument is difficult. 

Detection limits in MS vary with different MS 
techniques, instruments, and compounds to be 
analysed. Table HI gives some practical values 
of detection limits in routine MS analysis with 
normal instrumental operation conditions. 

By optimising a single target analysis, the above 
detection limits can be improved from 10 to 100-
fold. 

5.3 Infrared spectrometry 

5.3.1 Introduction 

Fourier transform infrared (FT1R) spectrometry 
is based on the fact that vibrating bond in mole
cule absorb infrared (IR) radiation. The wave
length of the absorbed radiation is inversely pro
portional to the frequency of the vibration. 

In infrared spectrometry different types of bonds 
i.e. functional groups of a molecule can be analy
sed. IR is thus a complementary technique to mass 
spectrometry easily giving information on func
tionalities of the compound. Using both techniques 
more reliable identifications can be obtained. 

Normally the frequency is presented as wavenum-
bers (unit: 1 cm-1). Intensity can be presented as 
percent transmitted radiation (transmittance mode, 
T%) or as absorbance (absorbance mode, A = 1/ 
log T). 
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Table TV. Some functional groups and their characteristic frequencies. Also the relative strength of 
the ubsorbance is shown. 

Functional group 

p=o 

F=0=C 

P=OH 

F=C 

CH3 

CH2 

CH 

C=0 

c=o=c 

C=CI 

NR3 

O-Si-C 

Frequency region (cm1) 

1350=1250 (* 

1250=1110 (** 

1050=990 (*»* 

2700=2560 

not useful (*** 

1450=1425(**** 

2962,2872 10 

2962,2853 10 

2890 10 (*** 

3070,3030 (**** 

1725=1705 (*** 

1150=1060 (*** 

730=660 (*** 

1150=1020(**• 

1110=1080 (*** 

Relative strength 

Strang 

very strong 

very strong 

broad and shallow 

weak 

medium 

strong 

strong 

strong 

weak 

very strong 

very strong 

strong 

medium 

very strong 

(•free (** hydrogen bonded (*** aliphatic (""aromatic 
Some functional groups and their characteristic 
frequencies are shown in Table IV. The strength 
of the absorbance is dependent on the polarity of 
the bond. Very polar bonds like P=0 are strong 
absorbers and therefore quite easily detected even 
in small quantities. 

5.3.2 Instrumentation 

An FTIR spectrometer (Figure 6) consists of the 
following main parts: source, interferometer, sam
ple holder, and detector. The infrared source emits 
continuous range heat radiation which is directed 
to the interferometer. The interferometer gener
ates an interference pattern which can be later 
analysed using Fourier transform. After the inter
ferometer the IR beam is passed through the sam
ple to the detector. 

Using the interferometer in the spectrometer has 
some advantages over a prism or grating system. 
The measurement is faster and normally more sen-
sitive. 

O IR Source 

Detector 
¥ 

Interferometer Sample 
Figure 6. Schematic diagram of the structure of 
an FTIR spectrometer. 

A gas chromatograph-FTIR instrument consists 
of three parts: gas chromatograph (GC), spectrom
eter and an interface unit. It must be possible to 
connect the GC column to the interface unit out
side of the GC. The FTIR spectrometer must ca
pable of producing a IR beam to the interface unit. 
Normally the spectrometer is connected to a com
puter. 

There are three commercial types of GC-FTIR 
interface commercially available. The most com-
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mon and the simplest type is so called light-pipe 
interface, where the compounds eluting from the 
GC column are passed through a tube illuminated 
by IR radiation (Figure 7). In the other two inter
faces, matrix isolation and cryodeposition, die 
compounds separated by the GC are collected 
using cold trapping techniques. 

In the light-pipe system the analysed compounds 
are measured in gas phase when they are passing 
through the hot light-pipe. The sensitivity of the 
system is lower than that of the two other meth
ods because the measuring time of a chromato
graphic peak is quite short. Also there is some 
noise in die spectra coining from the heat of the 
light-pipe. 

In die matrix isolation system the trapping sur
face is cooled to about 10 K. Argon gas is mixed 
to the GC effluent, so mat each molecule is isolat
ed in an argon matrix. The absorption peaks are 
very sharp and very much information can be 
obtained from the spectrum. 

In cryodeposition the compounds are directly de
posited on a surface which is cooled to about 77 
K. Spectra resemble those measured in condensed 
phase (liquid or solid). 

Both matrix isolation and cryodeposition are 10 
to 100 more sensitive than the light-pipe system 
so they are better suited for trace analysis. 

5.3.3 Identification of compounds 

Infrared spectrometry is suitable for nearly all 
compounds in vapor, liquid or solid states. Only 
molecules like nitrogen or oxygen are invisible in 
IR. 

When the IR spectrometer is connected to a gas 
chromatograph the analysable compounds are re
stricted to those eluting through die GC column 
as such or after derivatisation (normally methyla-
tion or silylation). 

The identification of compounds is mostly based 
on comparison with previously recorded library 
spectra. The spectra are quite difficult (usually 
impossible) to interpret fully. Much information 
on the identity of functional groups, however, can 

Light 
p i p e 

• Detec 
i 

~ir^ 
tor 

I I GC eclumn 

Infrar edV 
beam <r 

Figure 7. Schematic diagram of the light-pipe 
GC-FTIR interface. 

be obtained. Most of the commercial spectral li
braries are in condensed phase. Vapor phase li
braries are small. The user can build own librar
ies from spectra of reference compound. 

Using library search very accurate identifications 
can be made. It is often possible to identify differ
ent isomers of a compound because they have dif
ferent arrangement of atoms. For example differ
ent butyl groups (n-butyi, isobutyl, and sec-bu
tyl) have each different vibration pattern. 

In IR it is not very easy to differentiate between 
homologous long chain hydrocarbons i.e. chain 
containing more than six to eight carbons. The 
lengths of the chains can better be determined us
ing mass spectrometry. 

5.3.4 On-and off-site use 

A plain IR spectrometer is easy to take to an in
spection. Without a GC no separation is avail
able before analysis. Gaseous, liquid and solid 
samples can be analysed quite easily if they are 
not very complex mixtures. 

A complete GC-FTIR system may be difficult to 
take out on an on-site inspection unless it is in
stalled in a vehicle used on an inspection. 

The light-pipe system is the only GC-FTIR type 
possible on an on-site inspection. The other two 
can only be used in a research laboratory. 
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5.3.5 Detection and identification limits 

The detection limit in GC-FTIR is very depend
able on the compound. Very polar bonds absorb 
strongly and cause the compound to have a low 
limit of detection. Detection limits range normal
ly from mid-picograms to low-nanograms. The 
identification limits however are typically in nan
ogram range. 

Typically the detection and identification 'imits 
have been much higher than those in mass spec
trometry. With the new sensitive GC-FTIR sys
tems the difference has grown smaller. With the 
cryodeposition system the identification limit for 
some phosphorus compounds has been reported 
to be at mid-picograms level. 

5.3.6 Conclusions 

(1) Usually only FTIR spectrometer without GC 
can be used on a on-site inspection. If a GC-
FTIR is needed then a compact light-p'pc sys
tem can be used mounted in a vehicle. 

(2) In an off-site laboratory all forms of GC-FTIR 
instruments can be used. Most sensitive 
instruments are matrix isolation and cryo
deposition instruments. 

(3) Using FTIR without GC separation samples 
of bulk materials and other quite pure samples 
can be quickly analysed (less than five min
utes). Most environmental samples require the 
use of GC-FTIR. 

(4) Identification in FTTR is mostly based on com
parison with previously recorded spectra. 

(5) FTIR is especially suitable for analysis of 
different phosphate and phosphonatc esters: 
ester groups can be differentiated and the 
phosphorus-oxygen compounds absorb 
strongly. 

(6) Long chain hydrocarbons are difficult to dis
tinguish from each other. Mass spectrometry 
is usually needed before the identification can 
be made. 

(7) GC-FTIR systems are less sensitive than GC-
MS systems. The information obtained from 
the IR spectra, however, is complementary to 
the MS information giving information on the 
functionalities of the compound. Using both 
GC-MS and GC-FTIR it is possible to obtain 
unambiguous identification results. 

5.4 Nuclear magnetic resonance 
spectrometry 

5.4.1 Introduction 

Nuclear magnetic resonance (NMR) spectrome
try (12) together with mass spectrometry (MS) 
belong to the most important analytical methods 
used in structural analysis of organic compounds. 
NMR spectrometry is applicable to all compounds 
dissolving in sufficient amount in the deuteratcd 
solvents. Non-deuterated solvents can be used if 
: ".mall amount of the corresponding deuterated 
solvent is added to the sample to provide lock 
conditions, if the experiment is performci un
locked, or if a lock nucleus other than deuterium 
is used. The nuclei ('H, " O present in almost all 
organic compounds arc easily observable. In ad
dition, many other nuclei ("P, "F. wSi, ~Se,...) 
can be routinely observed, but for example oxy
gen ( l70) is impractical. 

The power of NMR is in many pulse sequences 
which are available to obtain one-, two-, and three-
dimensional ( D. :D. and 'D) spectra of multiple 
nuclei (e.g. 'H, "C, "N) providing molecular in
formation on through-bond, relayed and/or 
through-space interactions of atoms. Structures 
from small and simple molecules to peptides and 
proteins can be determined by NMR spectrome
try. 

The greatest disadvantages in NMR spectrome
try is the lack of separation technique (non-selec
tivity) causing overlap of signals, and the poor 
sensitivity - several orders of magnitude compared 
to gas chromatography-mass spectrometry (GC-
MS) if absolute amounts of compounds are con
sidered. However, in concentration units the rou
tine GC-MS injections arc approximately equal 
to some detection limits in NMR. 

NMR has many applications. Dynamic NMR 
(DNMR) provides information on intermolecular 
exchange processes, reactions and equilibration 
processes, and intramoleular processes like inver
sion at an atom (N, P), ring inversion, rotation 
about chemical bond, valence and keto-cnol tau-
tomerism. Also applications of NMR exist in bio
chemistry (e.g. in vivo experiments), medicine (e.g. 
NMR tomography, NMR microscopy) and mate
rial science (e.g. solid state NMR of polymers). 
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In the following the application of NMR spec
trometry in structural analysis of organic mole
cules is described. The pulsed NMR. sample prep
aration, the basic NMR experiments with the 
structural information obtained, and the detection 
limits arc briefly discussed. 

5.4.2 Pulsed NMR Spectrometer 

Basic units in a pulsed N'MR spectrometer are 
the superconducting cryomagnet. a radiofrequcn-
cv (r.f.) transmitter, receiver, and a computer. 
Magnetic flux densities (BO) range from 2.35 to 
17.62 T with proton ('H) frequencies from 100 to 
750 MHz. The transmitter consists of an oscilla
tor which generates r.f. pulses being capable to 
exile the nuclei. After pulse the decaying cxita 
lion I relaxation) induces in the receiver coil volt
ages to build up an interfcrogram which is the 
NMR spectrum in analog form. Signal-to-noisc 
ratio is enhanced by co-adding the intcrferograms 
after repetitive pulses. The analog signal is put to 
digital form to be further processed (Fourier trans
formation) to a spectrum which consists of reso
nances at certain frequencies and intensities. The 
term chemical shift separates the resonances of 
nuclei which posses specific intramolecular envi
ronment. 

5.4 _3 Sample preparation 

NMR spectrum is always a sum of resonances 
from the solvent, chemical shift reference sub
stance. Jid the substance to be investigated. NMR 
spectrometry therefore suits best for relatively pure 
compounds or where the matrix background is low. 
Pure synthetic compounds arc easy samples, but 
environmental samples (e.g. water from soil con
taining humus) may be very difficult because of 
strong interfering background. An NMR experi
ment docs not destroy the sample which can be 
used later in other analytical techniques. Practi
cally all NMR experiments can be performed from 
one sample. No dcrivatisation of sample compo
nent i arc needed. Sample preparation is simple. 
The substance is dissolved into 0.8 irl of dcutcr-
atcd solvent (e.g. CDCn). small amount of an in
ternal chemical shift reference substance (e.g. tct-
ramcthylsilanc) is added, and the sample is fil
tered into a 5 mm ct.d. NMR tube made of glass. 

The tube is scaled by a plastic cap or can be scaled 
by flame (ampoule) if toxic materials arc studied 

5.4.4 NMR spectrometry in structural 
analysis 

One-dimensional NMR spectrum provider data 
in the form of chemical shifts (5[ppm|) of reso
nances, coupling constants (J[Hzj). and resonance 
intensities/areas. The chemical shift gives infor
mation on the local molecular environment (neigh
bours) of a nucleus, coupling constants it's inter
action with other magnetic nuclei, and the inten
sity/area the number of nuclei. Because the reso
nance intensity/area is directly proportional to the 
number of nuclei NMÄ spectrometry suits well 
for quantitative work. In the following the infor
mation obtained from routine NMR experiments 
are briefly discussed. 

• 'H NMR spectrum provides information on 
the number and type (e.g. aliphatic, aromatic) 
ot protons in the molecule, and can. in form 
of couplings, reveal other magnetic atoms (e.g. 
!H. "P and "F) 1-4 bonds from a hydrogen 
atom. 

• "C{ 'H} NMR spectrum provides information 
on type (e.g. methyl, carbony.j and number 
of carbons in the molecule, and can. in form 
of couplings, reveal other magnetic atoms (e.g. 
"P and "F) 1-4 bonds from a carbon atom. 
Notation {'H} means that the protons arc 
experimentally irradiated (decoupled) so that 
their interaction with "C is removed. How
ever, interaction with other magnetic nuclei 
remain. 

• "F NMR spectrum provides information on 
number and type (e.g. bond C-F, P-F) of fluo
rine atoms in the molecule, and can. in form 
of couplings, reveal other magnetic atoms (e.g. 
'H and "P) 1 -4 bonds from a fluorine atom. 

• "P{ 'H} NMR spectrum provides information 
on type (e.g. P in alkylphosphonatc. in phos
phoric acid ester) and number of phosphorus 
atoms in the molecule, and can, in form of 
couplings, reveal other magnetic atoms (e.g. 
"P and "F) 1-4 bonds from a phosphorus 
atom. Notation | 'H} means that the protons 
are experimentally irradiated (decoupled) so 
that their interaction with 13C is removed. 
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However, interaction with other magnetic 
nuclei remain. 

• i;P NMR spectrum provides information on 
type leg. P in alkylphosphonatc. in phospho
rs acid ester) and number of phosphorus at
oms in the molecule, and can. in form of cou
plings, reveal other magnetic atoms (e.g. H. 
" P and "Ft 1-4 bonds from a phosphorus 
atom. 
Two-dimensional homonuclcar correlation 
spectrum (H H COS Y) prov ides information 
on spin-coupled prou ns or even networks of 
protons. 

• Two-dimensional heteronneIcar correlation 
spectrum (CH-COSY) provides information 
on spin-coupled carbon and proton one bond 
apart. About 1-10 mg of sample is needed. 

• Two-dimensional inverse proton-carbon cor
relation spectrum (HMQC) provides informa
tion on spin-coupled carbon and proton one 
bond apart and provides better sensitivity than 
CH-COSY because the more sensitive 
nucleus. 1H is observed. 

• Two-dimensional long-range hctcronuclcar 
correlation spectrum (CH-COSY) provides 
information on spin-coupled carbon and pro
ton I -3 bonds apart. About 1-10 mg of sample 
is pecded. 

• Two-dimensional NOESY (nuclear O'cr-
liauscr and exchange spectroscopy) spectrum 
provides information on through-space 
coupled protons. 

All spectra listed above can be routinely but sep
arately acquired and the -D experiments form ba
sic set of experiments where structural elucida
tion is performed. Many variants of the :D exper
iments exist. The experiments mentioned above 
would take about 1 -2 days from about 10 mg of a 
compound of about 400 daltons on a 400 MHz 
instrument. The three-dimensional techniques ap
ply be ,i to macromolcculcs. peptides and proteins. 

A known compound is best identified by compar
ing the spectrum to a library spectrum or to a spec
trum of an authentic compound (see Fig. 8. page 
26). The sample conditions must correspond in 
solvent and pH. If the compound is unknown, the 
spectra listed above or some of them arc observed 
and the data is compared with data obtained from 
mass spectrometry and/or infrared spectrometry. 

5.4.5 Detection limits [3-7] 

The detection limit depend on the magnetic flux 
density and it's homogeneity, the number of puls
es, the pulse length, the observed nucleus and its 
relaxation rate, the NMR tube diameter, and sam
ple matrix. On a 400 MHz instrument (B0=9.4() 
T) by an overnight experiment the approximate 
detection limits are I -10 ppm when observing! H 
or *F. and 10 ppm when observing P. and 100 
ppm when observing ' XT. 

When small quantities arc to be identified by 
NMR. the following should be taken not of: 

• sample should be as concentrated as possible 
- evaporate excess solvent 

• blank sample i. desired and must be prepared 
in a similar way as the sample 

• non-deutcrated solvent is changed to corre
sponding dcutcrated solvent 

• the NMR sample, tuning of the instrument, 
and adjustment of magnetic field homogene
ity should be made carefully - perform a trial 
experiment to check lincshapc and lincwidth 

• sample pH affects chemical shifts, but also 
the lincwidth especially on phosphorus of 
alkylphosphonatc monocstcrs and alky I-
phosphon'c acids - high pH ̂ ives narrow line 

• the experiment time may be long, from an hour 
to 20 hours 

5.5 On-site analysis 

In the Chemical Weapons Convention, the role of 
on-site analysis depends on the inspected site. In 
inspections to chemical weapons storage and de
struction sites the role is to confirm the declara
tions. In the inspections to chemical industry the 
role is to confirm the absence of chemical war
fare agents and their immediate precursors, i.e. 
undeclared illcga. activity. If the analytical result 
is ambiguous, confirmatory analysis should be 
performed in at least two off-site laboratories. 

In chemical weapons storage and destruction sites, 
identification of the declared agent is easily done 
with infrared spectrometry. A skilled operator can 
identify agents from the IR spectra even in cases 
where the agents arc partially degraded or con-
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Figure 8 (left; above). 'H,3'P, 3IP{'H},'9F and UC{'H} NMR spectra of nerve agent Sarin from a 
multinuclear NMR spectrum library. Sample concentration is 12.8 mg/ml, and solvent CDClr 

tain additional chemicals without the separation 
of the chemicals. If the spectrum cannot be inter
preted, confirmatory analysis can be done in des
ignated laboratories. 

In chemical industry, on-site analysis will be per
formed with techniques which offer reasonable 
sensitivity and specificity. The preferred technique 
is gas chromatography - mass spectrometry (GC-
MS) using electron impact for ionisation. Gas 
chromatography allows separation of the compo
nents in a mixture and mass spectrometry allows 
identification of the separated components if the 
spectra of the components are in the database of 

the instrument. Clearly, successful analysis will 
require a mass spectral database containing all 
chemicals relevant to the Convention. This ap
proach has been selected to preserve confidential
ity of the analysis. It is not necessary to identify 
chemicals the industry is producing and using for 
legitimate purposes. It is necessary to be able to 
identify only chemicals which are not allowed to 
be produced. Gas chromatography alone would 
give false positives with coinciding retention data 
without spectral identification data, and would 
necessitate many samples to be taken to designat
ed laboratories. 
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In the CWC. the use of on-site analysis is pre
ferred due to several reasons. On-site results can 
influence the further course of the inspection and 
guide further sampling. On-site analysis also pro
tects confidential business information as only 
chemicals relevant to the Convention (included in 
the database of the instruments) are identified. It 
reduces the need to transport the samples and re
duces the problem of degradation. 

Reliable analysis is of utmost importance in the 
field a;, well as in off-site laboratories. Therefore 
sampling, sample preparation and analysis must 
be performed to meet the highest quality standards. 
Quality assurance/quality control is important and 
needs to be meticulously followed at all stages of 
the analysis. Documentation of quality requires 
inspection time. The inspectors will need to be
come accredited according to ISO Guide 25 or 
equivalent standards following the accreditation 
rules for mobile laboratories in The Netherlands. 

5.6 Inspection equipment 

The inspections will be done all over the world in 
widely different climatic conditions. The equip
ment will be required to operate-effectively in these 
environmental conditions after transport to inspec
tion sites, both by air and by using ground trans
port. 

Some equipment must be able to operate over a 
temperature range from -25 to +45 °C while it is 
foreseen that some analytical equipment will be 
used only at temperatures above the freezing point 
at a high relative humidity. 

Equipment must meet operational performance 
criteria after undergoing simulated transportation 
test regimes such as vibration test equivalent to 
400 km of transport, low pressure tests which sim-
ulate military cargo aircraft and commercial air
craft flight profiles, drop test which simulates a 
fall from a fork lift, exposure to heavy rainfall at 
high wind velocity, and sand blowing at high wind 
speed. All equipment must meet the IATA regula
tions. 

After the Preparatory Commission of the Organ
isation for the Prohibition of Chemical Weapons 

was established in the Hague early 1993 and the 
Provisional Technical Secretariat started the work 
towards implementation of the Convention, nu
merous Expert Group and Task Force meetings 
have been devoted to the issue of inspection equip
ment. The Expert Groups have discusst d and 
agreed on common evaluation criteria for all in
spection equipment, as well as their operational 
requirements and technical specifications. The 
reports can be made available by the Provisional 
Technical Secretariat [8]. 

5.7 Off-site analysis 

The CWC will require a network of designated 
laboratories for the confirmatory analysis of sam
ples collected during inspections in cases where 
on-site analysis leaves some ambiguity in the re
sults or in cases of alleged use and challenge in
spections. In an alleged use case, on-site analysis 
may not be advantageous due to low concentra
tions of agents left in the environment at a time 
when the inspectors are able to arrive on-site. 
Samples collected during challenge inspections 
may require highly reliable analysis. 

It is essential for the credibility of the Convention 
that the samples will be analysed by laboratories 
known to perform according to the highest stan
dards. To ensure high standard, the laboratories 
must have established an internationally recogn
ised quality assurance (QA) system. The quality 
assurance system is a prerequisite for laborato
ries to obtain accreditation by an internationally 
recognised accreditation body for the tasks for 
which they are seeking accreditation. The prefer
able international norms are European Norm EN 
45001 and Iso Guide 25. 

The accreditation means that the laboratory has 
been tested by internal and external audits to doc
ument carefully all analytical activities. The lab
oratory uses certified reference standards and fol
lows SOPs for instrument calibration and ROPs 
for analytical procedures. 

The most important step in the accreditation as a 
designated laboratory under the CWC will be to 
regularly participate and perform successfully in 
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interlaboratory laboratory performance tests (pro
ficiency tests). These tests will be open to all lab
oratories in Member States seeking designation. 

In the laboratory performance test, identical sam
ples will be sent to all laboratories. The Technical 
Secretariat will either prepare the samples or ask 
a Member State to prepare them (contract or free 
of charge). Two weeks are available for analysis 
and full reporting. The evaluation of the test re
sults is the responsibility of the Secretariat but 
may be contracted out or provided by a Member 
State in a fully transparent way. The Secretariat 
will send the evaluation report to the laboratories 
for comments. After the comments, the Secretar
iat will score the results according to agreed-upon 
criteria. 

In CWC, verification analysis in designated labo
ratories aims at unambiguous identification of 
treaty-related compounds and is primarily quali
tative. Therefore, performance criteria developed 
by international bodies cannot be applied as such 
as they are based on quantitative results. 

The laboratories will have to carry out analysis 
and reporting within the preset time limit (2 
weeks). Identification has to be based on the re
sults from two different spectrometric techniques 
(EIMS, CIMS, IR, NMR) identifying the same 
chemical. All analytical data supporting identifi
cation will have to be annexed to the report. The 
laboratories will have to indicate on which basis 
the identification was made. Sample preparation 
and analytical methods will have to be described 
in detail or by referencing to published SOPs or 
ROPs. Deviations from ROPs must be described 
in detail. Identified chemicals must be reported 
with sufficient structural information (CAS num
ber, IUPAC name, structural formula). Only chem
icals relevant to the Convention will be reported. 
False positives must not occur. 

If the above-mentioned criteria are met, the re
sults of the laboratories will be scored. The scor
ing rules will need to be agreed upon. If the labo
ratory fails to return the report, it should be pre
cluded from participating in further (two) tests 
for an agreed period of time (1 yeai). 
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6 CONCLUSIONS 

Many of the procedures developed for the Chem
ical Weapons Convention can be applied for the 
IAEA verification as well. At present, many of 
the procedures have not yet been fully developed. 
Validation of the sample preparation methods re
quires quite some time as well as recording of the 
reference data on all chemicals that will be used 
as signature chemicals. Analytical methods and 
instruments exist for on-site and off-site analysis. 

Analytical procedures should be finally tested and 
validated in interlaboratory comparison tests. In
spectors will need to be trained in the use of on-
site methods with the selected instruments. A lab
oratory network should be established from ac
credited laboratories using laboratory performance 
tests with sample matrices containing signature 
chemicals. 
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APPENDIX 

Report on the analysis of mono-, 4i, and tri-n-butyl 
phosphates in the IAEA environmental samples 

1 Summary 
Four charcoal tubes, two Tenax tubes, one water 
sample, on? soil sample, and two sediment sam-
ples.were received at the Verification Institute on 
the third of November, 1994. Tri-n-butyl phos
phate, din-butyl phosphate, and mono-H-butyl 
phosphate were monitored. The samples were 
analyzed by gas chromatography (GC) using a 
nitrogen-phosphorus detector (NPD and by gas 
chromatography - mass spectrometry (GC/MS) 
in selected ion monitoring (SIM) mode. Tri-w-bu-
tyl phosphate was found in one of the Tenax tube 
samples. Din-butyl phosphate and mono-n-butyl 
phosphate were not detected in any of the sam
ples Detection limits were determined for all 
monitored compounds. 

2 Introduction 
Tri-rt-butyl phosphate (TBP) is a strong and highly 
selective extractant used in the reprocessing pro
cedure for uranium and plutonium. The PUREX 
process, which uses TBP as the extractant in an 
organic diluent is the most important industrial 
procedure used today. The degradation products 
of TBP are di-n-butyl phosphate (DBP), and 
mono-n-butyl phosphate (MBP). According to A. 
McMahon et al. TBP, DBP, and MBP are the most 
important key signature compounds by which 
reprocessing of uranium and plutonium can be 
detected. 

The samples arrived at the laboratory on the third 
of November, 1994. They were firmly packed in 
a metal container. After recoding and registering 
the samples were stored in a locked refrigerator 
(+4 °C). 

Recovery tests were made using the Recommend
ed Operating Procedures (Ed.- M. Rautio) for 
sample preparation and analysis developed for the 
Chemical Weapons Convention. The methods were 
slightly modified for the monitored compounds. 

The solvent extraction technique was selected for 
the Tenax and charcoal tube samples as di-n-bu-
tyl phosphate and mono-n-butyl phosphate can
not be analyzed using the thermodesorption tech
nique. 

The samples were analyzed using a monitoring 
type analysis method to detect the target com
pounds. The samples were first screened by GC-
NPD and GC/MS using the selective ion moni
toring mode (SIM). The positive screening results 
were confirmed by GC/MS in scan mode. 

3 Sample preparation 

3.1 Air samples 

3.1.1 Preliminary tests 

Before the analysis of the samples the break
through volume (BTV) and desorptioi: efficiency 
of the sample tubes for the monitored compounds 
were determined. 

Tenax tubes 

Tenax tubes can be desorbed by an appropriate 
solvent or by thermal desorption and cold trap
ping. The latter method is about 100 time. more 
sensitive than solvent desorption because the whole 
sample is analyzed at once without sample dilu
tion. Owing to the "one-shot" nature of thermal 
desorption analysis, at least three parallel sam
ples must be collected for confirmation analyses. 
MBP and DBP cannot be analyzed with GC with
out deri vatization, which is not possible using ther
modesorption. For this reason solvent desorption 
was selected for sample treatment instead of ther
mal desorption. 

During the collection of air samples the less vola
tile compounds to be monitored will likely con-
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Table A I. The fallowing information and analysis requests were attached to the samples. 

SAL 

8871-01-04 

8871-02-04 

8871-03-01 

8871-03-06 

8871-04-04 

8871-05-03 

8871-06-01 

8871-06-05 

8871-07-03 

8871-08-03 

Type 

soil 

charcoal tube 

tenax tube 

charcoal tube 

water 

sediment 

tenax tube 

charcoal tube 

sediment 

charcoal tube 

Analysis requested 

Tributyl phosphate or 
related organic 
compounds by GC-
MS; 

same as above 

same as above 

same as above 

same as above 

same as above 

same as above 

same as above 

same as above 

same as above 

Remarks 

removal of organic 
compounds by 
extraction 

heat and purge 

heat and purge 

heat and purge 

extraction 

extraction 

heat and purge 

heat and purge 

extraction 

heat and purge 

centrate nearer the entry than the exit end of the 
tube. During desorption the solvent must there
fore flow in the reverse direction to that of sample 
collection. The desorption efficiency was tested 
at the concentration level of 5 ng by spiking a 
standard solution containing all three monitored 
compounds onto Tenax resin (150 mg) packed 
into a pasteur pipette. The Tenax bed was then 
desorbed by pipetting the solvent under gravity 
so that the monitored compounds passed through 
the whole resin bed. 2 ml of extract was collected. 
The samples were methylated with diazomethane 
before GC analysis. The desorption efficiency of 
acetone, methanol, and acetone-methanol (1:1) 
was tested. TBP was desorbed in equal quantity 
by all three solvents, whereas methanol was clearly 
the best solvent for MBP and DBP. Three paral
lel samples desorbed by methanol gave the fol
lowing recoveries: MBP 105 +/-5.DBP107+/ 
- 4 and TBP 85 +/- 2 %. 

The breakthrough volume can be defined as the 
volume of air passed through the sorbent bed be
fore the investigated compounds begin to elute 
from the sample tube. The breakthrough volume 
sets a limit to the sampling time and sampled air 

volume. Beyond the BTV sample collection is no 
longer quantitative. A rough BTV was determined 
by monitoring the effluent from the sampling tube 
by a directly attached backup tube which was 
periodically changed and analyzed. A standard 
solution of monitored compounds (5 ng/ul) was 
injected onto the adsorbent bed (150 mg) of the 
first tube and the backup tube was connected with 
a short tygon tube to the first tube. The flow of 
air through the tube was adjusted to about 150 
ml/min with the help of a personal air sampling 
pump. The backup tube was exchanged and anal
ysed by GC-NPD after 0.5, 20.5, 35.5, 55.5, 
106.5, and 132.5 I of air was drawn through the 
first tube. No spiked compounds were detected in 
the second tubes. The first tube was finally ana
lyzed, and the recoveries of spiked compounds 
were for MBP, DBP, and TBP 104.0, 95.1, and 
89.2 %, respectively. This rough test indicates that 
the breakthrough volumes of the monitored com
pounds are at least 1321 at the test temperature of 
23 °C. During the sampling it must be kept in 
mind that the BTV is approximately doubled for 
each 10°C decrease in temperature. High ambi
ent humidity and sample vapour concentration, 
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when below 100 ppm. have no adverse effect on 
the BTV. When the unknown effects of co-ad
sorbed compounds are taken into account, the 
maximum safe sampling volume can be estimat
ed to be the half of the BTV. 

Charcoal samples 

The BTV in charcoal is normally at least twice as 
large as that of Tenax. Therefore only desorption 
efficiency was determined by spiking the charcoal 
tube with the monitored compounds at the con
centration level of 5 ng. About 51 of air was drawn 
through the tube before desorption. The collec
tion zone was removed from the tube into a glass 
vial, and 2ml of solvent was added. After sonica-
tion or shaking for a period of time the mixture 
was centrifuged for 3 min at 2000 G, the super-
nant removed, and derivatized with diazomethane. 
Methanol-dichloromethane (1:1) was found to be 
a better solvent for TBP than methanol, while 
methanol was clearly better for MBP and DBP. 
Acidic methanol turned out to be the best solvent 
but during the sonication procedure the spiked 
compounds decomposed to some extent, and there
fore methanol was chosen for desorption. Sonica
tion proved to be better for desorption than shak
ing. By increasing the desorption time from 15 
min to 60 min the recoveries also increased. The 
recoveries of MBP, DBP, and TBP after sonica
tion of 60 min with methanol were 14,46, and 26 
%, respectively. More tests will be needed to find 
out a better solvent or solvent mixture for char
coal samples. 

3.1.2 Sample preparation 

Tenax tubes 

Both Tenax sample tubes were desorbed by pi
petting methanol into the sample tubes in such a 
way that the elution direction was opposite to the 
collection direction. 2 ml effluent was collected 
into a volumetric flask under gravity. 1 ml was 
methylated with diazomcthane and concentrated 
to 1:10 under a gentle stream of nitrogen. 

34 

Charcoal tubes 

The collection zone was removed from the tube 
and placed in a 4 ml glass vial. 2 ml of methanol 
was added and the mixture was sonicated for 60 
min and centrifuged for 5 min at 2000 G before 
derivatization with diazomethane. The extract was 
concentrated to 1:10 under a gentle stream of ni
trogen. 

3.2 Water, soil, and sediment samples 

3.2.1 Recovery tests 

The recovery of the monitored compounds was 
tested by spiking with reference compounds. Only 
water sample was spiked because the water con
tent of the soil and sediment samples was esti
mated to be ca. 40 %, which was considered to 
mean spiking of water. 

20 ig of each monitored compound was spiked in 
20 ml of tap water. A 100-mg C18 cartridge was 
preconditioned by eluting 1 ml of high purity meth
anol and 2 ml of distilled water through the car
tridge. The spiked water was pushed slowly 
through the adsorbent bed. The bed was eluted 
with 2 ml of high purity acetone and the eluate 
was methylated with diazomethane. 

The derivatized eluate was analyzed and the re
coveries of spiking compounds were for mono-, 
di-, and tributyl phosphate 0, 14, and 54 %, re
spectively. 

Another 20 ml of t*p water was spiked with 20 ig 
of each monitored compound. Cations were re
moved using a SCX cation exchange cartridge. A 
100-mg cartridge was preconditioned by eluting 
1 ml of high purity methanol and 2 ml of distilled 
water through the cartridge. The water was 
pushed slowly through the adsorbent bed and evap
orated to dryness on a rotary evaporator at 50 °C 
and 35 mbar. The evaporation residue was 
dissolved in 2 ml of high purity methanol and 
methylated with diazomethanc. 

The derivatized eluate was analyzed and the re
coveries of spiking compounds were for mono-, 
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at 2000 G. The supernatant was filtered 
through a filter paper which was (as before) 
to a fixed volume of 20 ml. This filtered wa
ter extract was evaporated to dryness on a 
rotary evaporator at 50 °C and 35 mbar. The 
evaporation residue was dissolved in 2 ml of 
high purity methanol and methylated with 
diazomethane. 

di-, and tributylphosphate 117. 112, and 9 9r, re
spectively. 

3.2.2 Sample preparation 

Preparation of water sample 

For extraction of TBP a 100-mg CI8 cartridge 
was preconditioned by eluting 1 ml of high purity 
methanol and 2 ml of distilled water through the 
cartridge. 100 ml of the water sample was pushed 
slowly through the adsorbent bed. The bed was 
eluted with 2 ml of high purity acetone and the 
eluate was methylated with diazomethane. 

For extraction of DBP and MBP a 100-mg SCX 
cartridge was preconditioned by eluting 1 ml of 
high purity methanol and 2 ml of distilled water 
through the cartridge. 20 ml of the water sample 
was pushed slowly through the adsorbent bed and 
evaporated to dryness on a rotary evaporator at 
50 °C and 35 mbar. The evaporation residue 
was dissolved in 2 ml of high purity methanol and 
methylated with diazomethane. 

Preparation of soil sample and sediment samples 
1. Extraction with dichloromethane 

For extraction of TBP 10 ml of high purity 
dichloromethane was added into a 50-ml glass 
bottle containing ca. 20 g of soil or sediment, 
which had been dried in open vessels at room 
temperature for three days . The sample was 
extracted twice using an ultrasonic bath for 
10 min each times. After sonication, the mix
ture was centrifuged for 3 min at 2000 G. 
The supernatant was filtered through a fil
ter paper, which was flushed with dichloro
methane to give a fixed volume of 20 ml. 
The extract was dried with ca. 5 g of anhy
drous sodium sulfate after which it was me
thylated. 

2. Extraction with water 
For extraction of DBP and MBP 10-ml of re
distilled water was added into 50 ml glass 
bottle containing another ca. 20 g portion of 
of soil or sediment. The sample was extracted 
twice using an ultrasonic bath for 10 min each 
time. The mixture was centrifuged for 5 min 

3. Extraction with methanol 
For extraction of TBP, DBP, and MBP a third 
ca. 20-g portion of dried soil or sediment 
sample was extracted with high purity metha
nol the same way as described above (extrac
tion with dichloromethane). 

3.3 Blind tests 

The sample preparation procedures were carried 
out without samples, using the same solvents, same 
reagents, and similar glassware to investigate the 
background generated during the procedure. 

4 Gas chromatography 
All extracts were analyzed with a Micromat 412 
GC (HNU-Nordion, Finland). The GC was 
equipped with a CTC-A200S autosampler (CTC 
Automatics, Switzerland) and a nitrogen-phospho
rus detector (NPD) (HNU-Nordion, Finland). A 
sample volume of 1 ul was injected by splitless 
(45 seconds) injection. The injector and detector 
temperatures were 250 °C and the carrier gas (he
lium) flow rate was 2 ml/min. A NB-54 column 
(for air samples) and an HP-PAS-1701 column 
(for soil, sediment and water samples) were used 
(25 m x 0.32 mm i.d., film thickness 0.25 im), 
they were connected with a pressfit connector to 
a retention gap (5 - 2 m x 0.32 mm i.d., deactivat
ed fused silica capillary). The oven temperature 
programme was as follows: 40 °C (1 min), in
creasing 10 °C/min to 250 °C (5 - 10 min). 

The detection limit of the monitored compounds 
was about 20 pg/il. Absolute retention times were 
used for identification and the external standard 
technique for quantitation. A calibration curve was 
prepared by injecting 1 ul of methanol solution 
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containing 0.2. 0.5. and 2 ng/ul of each of the 
monitored compounds. A small peak close to the 
detection limit was found in all concentrated ex
tracts of Tenax and charcoal tube (also in blind) 
samples. In one Tenax tube extract the concentra
tion of TBP was clearly above this level. None of 

the monitored compounds were detected above the 
detection limit of 20 pg/|il in the extracts of wa
ter, soil and sediment samples. The amount of TBP 
in Tenax tube (8871 -06-01) was 340 ng. The chro-
matograms (GC) of all extracts are presented in 
Figures A1 - A10. 
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Figure AI. GC-NPD chromatogram of standard solution (0.5 ng/ul). 

2000 

1500 
W 

• < w > 

9 1000 
h 
t 

500 

-

1 

-

-

0 

^ 
^'*'n 

5 0E'04 1 0E*O5 

,--''' ̂ ' 

1 5E 

Calibration 

r = 0 958535 

^ ^ 

^ ^ 

-05 2.0E*05 
Area 

^.^'^ 

2 5E*05 3 CE-05 

,.'"'' 

3 5E-05 

Figure A2. Calibration curve of tributylphosphate. 
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Figure A3. Chromatograms recorded with GC-NPD: a) blind test of Tenax sample; b) methylated 
and concentrated methanol extract of Tenax sample 8871-03-01. 
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Figure A4. GC-NPD chromatograms ofTenax sample 8871-06-04: a) methanol extract: 

b) methylated and concentrated methanol extract. 

38 



STi'K-YTO-TR 
FINNISH CENTRE FOR RADIATION 

AND M CLEAR SAFETY 

APPENDIX 

10E»Q3 • 

S0E*O2 

80E*C2 

70E*O2 -

60E»02 

5 06*02 -

! 40E*02 -

30E*02 

20E*02 -z-

ioe*o3 

tt 0S*02 -

60E»02 -

4 0E+02 -

20E*02 -"" 

! 

1 

j 
* 
* 

1 

- 2 3 4 5 6 7 

i 

r — 

r..~ - -

1 2 3 4 5 6 7 

a) 

_ . . . _ _ _ - • 

. . _-.-.— 
l 

8 9 10 11 12 13 14 15 16 17 *8 19 20 21 22 23 ' 
TIME [mm| 

b) 

i 

8 9 10 11 12 13 14 '5 16 17 18 19 20 21 22 
TIME [tiun] 

Figure AS. GC-NPD chromatograms of methylated and concentrated methanol extract of Charcoal 
sample: a) M71-03-04: h) 8871-03-06. 
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Figure A6. GC-NPD chwmatograms of methylated and concentrated methanol extract of Charcoal 
sample: a) 8871-06-05; tr) 8871-08-03. 
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Figure A7. NPD chromatograms of water sample 8871-04-04. a) Water was passed through SPE 
CI8 cartridge, which was then eluted with acetone and methylated; b) water evaporated to dryness, 
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Figure AS. NPD chromatograms of the methylated dichloromethane extracts of soil and sediment 
samples, a) Soil sample 8871-01-04; b) sediment sample 8871-05-03; c) sediment sample 8871-07-
03. 
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Figure A9. NPD chromatograms of the methylated water extracts of soil and sediment samples, 
a) Soil sample 8871-01-04; b) sediment sample 8871-05-03; c) sediment sample 8871-07-03. 
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Figure AIO. NPD chromatograms of the methylated methanol extracts of soil and sediment sam
ples, a) Soil sample 8871-01-04; b) sediment sample 8871-05-03; c) sediment sample 8871-07-03. 
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5 Mass spectrometry 
5.1 Analysis methods 

The analyses were carried out on a GC-MS in
strument (Finnigan MAT TSQ 45 A) using elec
tron ionization - selected ion monitoring (EI-S1M) 
and EI-MS (scanning) modes. Din-butyl phos
phate and mono-n-butyl phosphate were identi
fied as methyl esters. 

APPENDIX 
Samples were first monitored by the EI-SIM mode 
using the following ions: 

Compound Ions 

1. Dimethyl «-butyl phosphate 109,127, 153 

2. Methyl di-fi-butyl phosphate 113,139,169 

3. Tri-n-butyl phosphate 99,155,211 

Positive monitoring results were confirmed by 
producing whole mass spectra (Figure Al 1.) by 
the EI-MS in scan mode from ten fold concentrat
ed samples, if possible. 
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Figure All. Reference EI spectra of monitored compounds. 
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Operation parameters 

Operation parameters applied in the GC/MS analysis were: 

Ion source temperature 120 °C 

Electron energy 70 eV 

Emission current 0.3 m A 

Resolution 1000 

Cycle time in SIM monitoring 1.1s 

Scan range (time) 40-300 m/z (1.0 s) 

Column: Phase NB 54, length 25 m, i.d. 0.32 mm, phase thickness 0.25 \an. 

Temperature program 40°C(lmin) - 10°C/min - 220°C(1 min) 

Sample injection Splitless 
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Figure A12. Summarized total ion chromatogram (TIC) and "SIM spectra" ofdimetyhyl n-butyl 
phosphate (A) and methyl di-n-butyl phosphate (B) obtained by the EI-SIM method from a standard 
sample at the concentration level 20 pg/fd. 

5.2 Detection limit and performance (Figure A12.). The sensitivity oftheGC-MS was 
control of the GC/MS instrument continuously controlled by a standard solution. 

Signal to noise ratio of > 3:1 was demanded for 
The detection li mit for the applied EI-SIM mode the acceptance of the performance of the instru-
was 20 pg/ul for all monitored compounds ment. 
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5.3 Results of MS analysis External standard method was used for quantita

tion, which was carried out by MS-SIM mode. 
Tri-n-butyl phosphate was identified in one Ten- The amount of TBP determined in the Tenax tube 
ax sample (8871-06-01). The MS data obtained (8871-06-01) was 350 ng. 
are presented in Figures Al 3 and A14. 
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Figure A13. Summarized ion chromatogram (A) and "SIM spectrum" of tri-n-butyl phosphate 
obtained from the Tenax sample (887J-06-01). 
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Table AIL Detection limits of TBP, DBP 
samples. 

Air sample of 100 I in Tenax 

Air sample of 1001 in charcoal 

Water sample 

6 Results 
The GC-NPD analyses indicated that the methy-

. lated methanol extract of one of the Tenax sam
ples (8871 -06-01) contained TBP. The final iden
tification of the TBP was made using GC/MS in 
scan and SIM modes. The total amount of TBP in 
the Tenax tube sample was determined by GC-
NPD to be 340 ng and by GC/MS(SIM) to be 
350 ng. No indications of di-n-butyl phosphate or 
mono-n-butyl phosphate could be found. 

The four charcoal samples were extracted with 
methanol. No monitored compounds were detect
ed above the detection limit. 

The detection limit of the monitored compounds 
in Tenax air samples is about 5 ng/tube, when 
solvent extraction is used. If only TBP has to be 
monitored and the thermal desorption and cold 
trapping method is used for sample treatment the 
detection limit is about 100 times lower. On the 
other hand MBP and DBP cannot be analyzed with 
this method. In charcoal air samples with solvent 
extraction the detection limit is 50-80 % worse 
than in Tenax air samples with solvent extraction. 

A portion of water sample was extracted with solid 
phase extraction using acetone to elute the sor-
bent. An another portion of water was evaporated 
to dryness and the residue dissolved in methanol. 
On the basis of the recovery test the detection limit 
for MBP and DBP in water sample is approxi
mately 2 ug/1 and for TBP 4 ug/1. 
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in GC/MS or GC/NPD analysis of different 

TBP 50 ng nv3 (methanol desorption) 
DBP 50 ng nr3 (methanol desorption) 
MBP 50 ng m3 (methanol desorption) 
TBP 0.5 ng nrv3 (thermal desorption) 

TBP 190 ng m3 (methanol desorption) 
DBP 110 ng nr3 (methanol desorption) 
MBP 360 ng m3(methanol desorption) 

TBPf/4g/l 
DBP^4g/l 
MBP/£g/ l 

The soil and sediment samples were extracted with 
dichloromethane, methanol, and water. The re
coveries of TBP, DBP, and MBP from soil and 
sediment were not investigated. Our investigations 
have shown that, after extensive methods devel
opment, the recoveries of similar types of com
pounds in soil (methylphosphonic acids) are50%. 
Therefore, considering the sensitivity of the in
strumental method, the detection limits of the com
pounds can be estimated to be 40 ug/kg assuming 
100 % recovery without sample concentration. 

The recoveries of TBP, DBP, and MBP from soil 
and sediment were not investigated. Our investi
gations have shown that, after extensive methods 
development, the recoveries of similar types of 
compounds in soil (methylphosphonic acids) are 
> 50 %. Therefore, considering the sensitivity of 
the instrumental method, the detection limits of 
the compounds can be estimated to be 40 ug/kg 
assuming 100 % recovery without sample con
centration. 

7 Conclusions 
In the water, soil, and sediment samples none of 
the target compounds were detected but all sam
ples contained phosphoric acid at quite high con
centration level. Phosphoric acid may occur nat
urally in water and soil samples. 

In all extracts of the Tenax and charcoal tube sam
ples (also in the blind samples) TBP was found at 
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a concentration level very close to the detection 
limit which was for both GC-NPD and GC/ 
MS(SIM) about 20 pg/ul. The origin of the TBP 
may be plastic caps or septa of vials used in the 
laboratory. In one of the Tenax samples the con
centration of TBP was clearly above the detec
tion level. 

As TBP is a generally used industrial chemical 
and is subsequently widely outspread in the envi
ronment it is not as good a signature chemical as 
e.g. any of the chemical warfare agents the find
ing of which is always a signal for the need of 
closer investigations. According to the Merck In
dex (Ed. S. Budavari) TBP is used among other 
uses as a plasticizer for cellulose esters, lacquers, 
plastics, and vinyl resins. Consequently the find
ing of trace levels of TBP in the samples is not by 
itself an indication of reprocessing of U and Pu. 
If TBP is found together with DBP, MBP, and 
some radioactive nuclides it is a possible indica
tion of reprocessing activity and the plant might 
have to be thoroughly inspected. The results of 
the monitoring of TBP, DBP, and MBP must be 
evaluated together with the other inspection data 
before any conclusions of possible illegal activity 
can be drawn. As TBP is such a commonly used 
chemical a limit for acceptable TBP amount 
should be defined. 

APPENDIX 
The sampling, sample preparation, and analysis 
equipment must be clean and solvents nvst be 
carefully selected and purified to ensure tha. they 
do not contain TBP. To determine the natural oc
currence of TBP in the background blank sam
ples should always be collected and delivered to 
the laboratory. 
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