
SoRI-EAS-85-735 

DEVELOPMENT OF ANALYTICAL METHODS FOR 
AMBIENT MONITORING AND SOURCE TESTING 

FOR TOXIC ORGANIC COMPOUNDS 

Literature Review 

Interim Report 

by 

Ruby H. James 
Robert E. Adams 

Michael M. Thomason 
and 

H. Kenneth Dillon 

SOUTHERN RESEARCH INSTITUTE 
2000 Ninth Avenue South 

P.O. Box 55305 
Birmingham, AL 35255-5305 

Contract A3-123-32 

to 

Mr. Joe Pantalone 
Project Officer 

California Air Resources Board 
1102 Q Street 
P.O. Box 2815 

Sacremento, CA 95812 



ABSTRACT 

A comprehensive literature review of the sampling and analysis methods for 
toxic organic pollutants in air has been completed. The purpose of this review 
was to provide guidance to the California Air Resources Board (CARB) in the 
selection of sampling and analysis methodologies for selected toxic organic 
pollutants in air. Sampling and analysis methods for 38 compounds or classes 
of compounds were reviewed. 

Discussions on sampling strategies, sampling methods, analytical methods, 
determination of detection limits, quality-control and quality-assurance pro
cedures, and validation criteria have been incorporated into the review. A 
summary of the physical and chemical properties of the compounds of interest 
also has been included. Methodology developed by the EPA, NIOSH, CARB, other 
government agencies, and the private sector served as a resource for the 
review. 
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I. INTRODUCTION AND SUMMARY 

During Phase I of this project, a comprehensive literature review of the 
published sampling and analysis methods for toxic organic pollutants in air was 
completed. The purpose of this review was to provide guidance to the Califor
nia Air Resources Board in the selection of sampling and analysis methodologies 
for selected toxic organic pollutants in air. Methodology developed by the 
EPA, NIOSH, and other government agencies and by the private sector was incor
porated into the review. 

The review has allowed the compounds of interest to the California Air 
Resources Board to be separated into three categories. These categories are: 

l. Compounds for which sampling and analysis methods appear to be ade
quate at the ppb and sub-ppb levels. The methods may or may not be 
completely validated. 

2. Compounds for which methods are available but require further sam
pling or analysis development to obtain reliable results at the ppb 
or sub-ppb levels. 

3. Compounds for which sampling and analysis methods are inadequate or 
nonexistent. 

Section II of this report (Recommendations) briefly summarizes the methods 
available for each compound or group of compounds of interest. This section 
also outlines in detail what we believe should be the priorities given for 
sampling and analysis methods development in Phase Il of this contract. 

Section [II of this report gives a detailed summary of sampling st-rate
gies, sampling methods, and analytical methods available for the determination 
of toxic organic pollutants in air. Concentration procedures for different 
sampling methods have been included. A detailed discussion of chromatographic 
columns and detectors available for use in air-pollution analysis is also 
included. Quality-control and quality-assurance procedures, methods for calcu
lating detection limits, and validation criteria required in air sampling and 
analysis are also presented in this section. Section IV summarizes the physi
cal and chemical properties of the compounds of interest. 

A detailed review of the sampling and analysis methods available for each 
specific compound or class of compounds listed in the statement of work is 
presented in Section V. The compounds have also been grouped into similar 
classes wherever possible. The individual discussions include a list of appli
cable references and a table summarizing the sampling and analysis methods 
available. The tables include the principle of each method, potential inter
ferences, analytical detection limits, minimum detectable amounts in air, and 
accuracy and precision data whenever available. 
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II. RECOMMENOATIONS 

A. Recommendations for Individu~Compounds 
or Compound Classes 

The purpose of this literature review was to identify sampling and analy
sis methods for ambient-air monitoring and source testing for selected toxic 
organic compounds. This review has allowed the compounds of interest to GARB 
to be separated in three categories. They are: 

Categ0ry 1 ·-Compounds for which sampling and analysis methods appear to be 
adequate at the ppb and sub-ppb levels. The methods may or 
may not be completely validated. 

Category 2--Compounds for which methods are available but require further 
sampling or analysis development to obtain reliable results at 
the ppb or sub-ppb levels. 

Category 3--Compounds for which sampling and analysis methods are inade
quate or nonexistent. 

This review has resulted in the categorization of the compounds of interest 
based upon existing methods in the literature. We have separated the compounds 
into three categories, but these separations may be modified as requirements of 
the progrmn change 

Table 1 lists the compounds and classes of compounds selected for study 1.n 
the order of importance given by GARB in the statement of work for this con
tract. The sampling and analysis category into which each compound has been 
placed is also given in the table. 

Most of the level 1-A compounds have methodologies which we consider as 
adequate. However, most of the methods have not been completely validated, 
including the EPA methods. For benzene, EPA Methods TOl and T02 are appli
cable. Both methods allow for detection of benzene in the sub-µg/m3 range in 
a1.r. The precision of EPA Method TOl is 20% RSD; for EPA Method T02 it is 37% 
RSD. Collection in a cryogenic trap has better precision than Methods TOl and 
T02 but has a higher detection limit. The detection limit for the cryogenic 
trapping technique is ~1 µg/m3. 

Carbon tetrachloride, chloroform, ethylene dichloride, and ethylene 
dibromide can be determined using EPA Method TOl. The detection limit for 
each compound in Method TOI is limited by its breakthrough volume on Tenax-GC. 
Carbon tetrachloride and chloroform both have breakthrough volumes of 8 L/g at 
38 °C. Ethylene dichloride has a breakthrough volume of 10 L/g at 38 °C, and 
ethylene dibromide has a breakthrough volume of >400 L/g at 20 °C. Detection 
limits of 0.1 to 5 µg/m3 are achievable with this method, depending on the gas
chromatographic detector chosen. EPA Method T02 should also be applicable to 
these compounds. All four compounds have breakthrough volumes of >200 L/g of 
sorbent. The sorbent in this method is carbon molecular sieve (CMS). Detection 
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TABLE 1. AIR RESOURCES BOARD PRIORITY LIST OF THE 
TOXIC COMPOUNDS IN ALPHABETICAL ORDER 

Level Compound Sampling and analysis categorya 

1-A Benzene 1 
Carbon Tetrachloride 1 
Chloroform 1 
Ethylene Dibromide 1 
Ethylene Dichloride 1 
Formaldehyde 2 
Polychlorinated Biphenyls 1 
Polychlorodibenzo-p-dioxins, Furans 2 
Polynuclear AromatTc Hydrocarbons 1 
Vinyl Chloride 2 

1-B Ethylene Oxide 2 
Methyl Chloroform 1 
Methylene Chloride 2 
Perchloroethylene 1 
Trichloroethylene 1 

2 Acetaldehyde 2 
Acrolein 2 
Acrylonitrile 2 
Allyl Chloride 2 
Benzyl Chloride 2 
Chlorobenzene 1 
Chloroprene 2 
Cresol 2 
Dialkyl Nitrosamines 3 
p-Dichlorobenzene 1 
T,4-Dioxane 2 
Epichlorohydrin 3 
Glycol Ethers 3 
Hexachlorocyclopentadiene 2 
Maleic Anhydrides 3 
Methylbromide 2 
Nitrobenzene 2 
Nitrosomorpholine 3 
Phenol 2 
Phosgene 3 
Propylene Oxide 2 
Vinylidene Chloride 2 
Xylene 1 

a1 = Compounds for which sampling and analysis methods appear to be 
adequate. 

2 = Compounds for which methods are available but require further sampling 
or analysis development to obtain reliable results at ppb and sub-ppb 
levels. 

3 = Compounds for which methods are inadequate or nonexistent. 
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limits in the sub-µg/m 3 range are obtainable. However, this method has not 
been specifically evaluated for ethylene dibromide determinations. 

The methods for monitoring PCBs at the ppb and sub-ppb levels appear 
to be well developed. The use of a solid sorbent tube (Tenax-GC or XAD-2) to 
collect low-molecular-weight PCBs behind a PUF plug in a high-volume sampler 
wi 11 provide an adequate sample. Gas chromatography with electron-capture 
detection provides low limits of detection. In some instances GC/MS may be 
needed if interferences occur 1n the PCB analysis. 

The detection of ppb and suh-ppb levels of PAHs may be accomplished 
using high-volume samplers containing glass-fiber or PUF filters. After sample 
collection the filters are extracted with an appropriate solvent and analyzed. 
Analysis techniques using GC/MS, HPLC/UV, and HPLC/fluorescence are well devel
oped. However, the use of indicator compounds needs further investigation. 

Sampling methods for polychlorodibenzo-p-dioxins (PCDDs) and furans 
(PCDFs) in ambient ai.r need futher investigation. Analysis methods for PCDDs 
and PCDFs are well documented i.n the literature. The methodology for the 
detection of low levels of PCDDs and PCOFs is an active area of research. 
Ch!anup and concentration procedures to reach sub-ppb levels in air samples 
require further study and val idat i.on. Sampling methods similar to those for 
PCBs may be effective but must be validated. The volatility and solubility in 
nonpolar solvents of PCDDs and PCDFs decrease as the molecular weight of the 
eompounds increases. Collection, extraction, and cleanup methods may be 
slightly di.ffer~nt from one isomer group to another. This class of compounds 
will require much additional work. 

A method based on adsorption of vinyl chloride onto carbon molecular 
sieve (CMS) or charcoal followed by thermal desorption and analysis by gas 
chromatography appears to be the method of choice. EPA Method T02 uses this 
method for the analysis of vinyl chloride but has not been completely vali
dated. The breakthrough volume of vinyl chloride is =80 L/g at 37 °C. Detec
tion limits as low as 0.03 µg/m3 in air have been reported using GC/MS as the 
detection method. Sampling methods using Tedlar bags have also been shown to 
be applicable in air sampling at low-ppb levels. 

EPA Method T05 i.s presently the best method for the analysis of formal
dehyde in ambient air. This method is based on the derivat izat ion of formal·
dehyde with 2,4-dinitrophenylhydrazine (DNPH) and analysis by high-performance 
liquid chromatography. Air samples are collected through a midget impinger 
containing DNPH reagent. The detection limit of the method is i.n the 1- to 
2-µg/m3 range. EPA Method T05 is not completely validated. DNPH-impregnated 
solid-sorbent samplers offer a possible alternative to the midget impingers, 
but more research needs to be performed. 

Level 1-B compounds--methyl chloroform, perchloroethylene, and 
trichloroethylene--may be analyzed by using EPA Methods TOl and T02. The 
detection limit for each compound using EPA Method TOl is limited by a com
pound's breakthrough volume on Tenax-GC. At 38 °C, methyl chloroform has a 
breakthrough v<)lume of 6 L/g, perchloroethylene a breakthrough volume of 
80 L/g, and trichloroethylene a breakthrough volume of 20 L/g. Detection 
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limits in the sub-µg/m 3 range are obtainable. EPA Method T02 should also be 
applicable to those compounds. All three compounds have breakthrough volumes 
of )200 L/g of CMS. Detection limits in the sub-µg/m3 range are obtainable. 
However, this method has not been specifically evaluated for perchloroethylene 
and trichloroethylene. 

EPA Method T02 is the best analytical method available for low levels of 
methylene chloride in air. Methylene chloride has a breakthrough volume of 
80 L/g at 25 °Con CMS. Detection limits of 0.01 to 0.2 µg/m3 in air are 
obtainable, depending on the gas-chromatographic detector chosen. Methods 
based on adsorption of methylene chloride onto Tenax-GC are limited by its low 
breakthrough volume of 0.5 L/g at 20 °C. More work needs to be done on sam
pling methods for methylene chloride. 

The major obstacles to overcome in sampling and analysis methods for 
ethylene oxide are imposed by its volatility and reactivity. The volatil
ity of ethylene oxide limits both the selection of suitable sorbents and the 
total volume of air that may be sampled without loss of ethylene oxide. The 
reactivity of ethylene oxide further limits the selection of a sorbent. 
Adsorption of ethylene oxide onto activated carbon. desorption with carbon 
disulfide, and determination using GC/FID is currently the best method avail
able for the analysis of ethylene oxide. However, the detection limit of the 
method is in the low-ppm range. Further work will be necessary to lower the 
detection limit to the ppb range. 

Sampling and analysis methods for level 2 compounds in general are not 
well defined as the methods for levels 1-A and 1-B compounds. Most of the 
applicable methods have not bl~en validated for the ppb and sub-ppb ranges. 
several instances available methods are inadequate or nonexistent. 

as 

In 

At the present time EPA Method 
acetaldehyde and acrolein. This is 

T05 is the best method for the analysis 
the same method as described above 

of 

for formaldehyde. The detection limit of the method is in the 1- to 2-µg/m3 
range for acetaldehyde and acrolein. DNPH-impregnated sol id-sorbent samples 
oEfer a possible alternative to the midget im?ingers, but more research needs 
to be performed. 

EPA Method T02 has been shown to be applicable for the analysis of low 
levels of acrylonitrile and allyl chloride in air. Acrylonitrile and 
allyl chloride have breakthrough volumes of )200 L/g on CMS at ambient tempera
tures. Detection limits in the sub-µg/m3 range are obtainable. Methods based 
on adsorption onto Tenax-GC are limited because of their low breakthrough 
volumes (<5 L/g) on Tenax-GC. EPA Method T03 has also been shown to be appli
cable for the collection and analysis of acrylonitrile and allyl chloride. 
Method T03 yields better recovery data than Method T02, but the detection limit 
for Method T03 is higher. EPA Method T03 uses a 1-L sample size. 

Sampling and analysis methods for low-level determinations of benzyl 
chloride need to be investigated further. EPA Method TOl has been applied to 
the analysis of benzyl chloride, but no validation study has been performed. 
Benzyl chloride's breakthrough volume and detection limit using EPA Method TOl 
need to be determined. EPA Method T03 is also applicable for the sampling of 
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benzyl chloride. However, Method T03 will have a higher detection limit than 
Method TOI because of the 1-L sample volume used. 

Chlorobenzene and p-dichlorobenzene can be effectively sampled 1n 
ambient air using EPA Method TOl. Both compounds have breakthrough volumes of 
)200 L/g on Tenax-GC. Detection limits are dependent on the gas
chromatographic detector used, and sub-µg/m3 detection limits are attainable. 

At the present time NIOSH Method S112 is the only validated method avail
able for chloroprene. However, the detection limit of the method is in the 
mg/m 3 range. EPA Methods TOI, T02, and T03 should be applicable for the analy
sis of chloroprene. At the present time the applicability of these methods has 
not been documented. 

The applicability of a sampling method for phenol and cresols 
using Tenax-GC has been demonstrated in the literature. GC/MS was used as the 
analysis technique. This method shows promise for the analysis of ppb and sub
ppb levels of phenol and cresols in air, but further studies need to be 
conducted. 

The collection of 1,4-dioxane on charcoal followed by heat desorption 
is a promising analysis method. The dioxane is desorbed from the charcoal and 
trapped in a liquid-nitrogen-cooled trap prior to introduction into the GC/MS 
for identification and quantification. This method needs to be studied in 
detail and validated. 

A method for the determination of hexachlorocyclopentadiene in air has 
been published by NIOSH. In this method a known volume of air is drawn through 
a sorbent tube to trap the hexachlorocyclopentadiene present. The tube is then 
extracted with hexane, and an aliquot of the extract is analyzed by GC/ECD. 
The breaktl1rough volume of hexachlorocyclopentadiene on Porapak Twas found to 
be )100 L/g. Detection limits in the low-µg/m3 range are attainable. For 
lower limits more work needs to be performed. 

Sampling methods for the determination of methyl bromide need to be 
investigated further. The feasibility of using SKC carbon as an absorbent for 
methyl bromide has been demonstrated. The breakthrough volume of methyl 
bromide at 37.8 °C was found to be 25 L/g. EPA Method T02 using CMS also needs 
to be evaluated. GC/ECD or GC/MS are the analysis methods of choice. 

EPA Method TOl has been evaluated for the sampling and analysis of 
nitrobenzene. However, the breakthrough volume of nitrobenzene on Tenax-GC 
needs to be evaluated further. Detection limits in the sub-µg/m3 range are 
attainable. EPA Method T03 is also applicable for the analysis of nitro
benzene. The 1-L sample volume limits the detection limit attainable. 

Further work needs to be performed on sampling and analysis methods for 
propylene oxide. Methods based on adsorption onto charcoal or Porapak N 
followed by heat desorption into a cryogenic trap and analysis by GC need to be 
studied and validated. 
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Methods based on adsorption of vinylidine chloride onto CMS or char-
coal followed by thermal desorption and analysis by gas chromatography appear 
to be the methods of choice. EPA Method T02 uses this method for the analysis 
of vinylidine chloride but has not been completely validated. The breakthrough 
volume of vinylidine chloride is )100 L/g at 37 °C. Detection limits as low as 
0.01 µg/m 3 in air have been reported using GC/MS as the detection method. 

Xylenes can be effectively sampled in ambient air using EPA Method 
TOl. Xylenes have breakthrough volumes of ~200 L/g on Tenax-GC. Detection 
limits are dependent on the gas-chromatographic detector used, and sub-µg/m 3 
detection limits are attainable. EPA Method T03 is also applicable for the 
analysis of xylenes, but the 1-L sample size raises the minimum detection limit 
as compared to EPA Method TOl. 

Sampling and analysis methods for the determination of µg/m3 levels of 
dialkyl nitrosamines and nitrosomorpholine in air have been reported in 
the literature. However, reproducibility of results has been a major problem. 
At the present time, no acceptable method for the determination of nitrosamines 
and nitrosomorpholine is available. 

The sampling and analysis of epichlorohydrin at the mg/m3 level is 
generally based on adsorption techniques followed by solvent extraction and gas 
chromatography. Analysis methods using GC have involved FID, ECD, and MS 
detection. Further work needs to be done to lower the detection limits into 
µg/m 3 and sub-µg/m 3 levels. Thermal-desorption techniques need to be 
evaluated. 

Various sampling and analysis methods have been used for glycol ethers 
ranging from sorbent-tube collection using sampling pumps to passive collection 
,..,ith diffusion monitors and dosimeters. The samples were usually analyzed by 
GC/FID. Detection limits were in the 200-µg/m3 to 40-mg/m3 ranges. More work 
needs to be performed to extend the limits of detection into the sub-µg/m3 
range. 

At the present time no routine, validated analysis method exists for 
maleic anhydride. Maleic anhydride hydrolizes immediately to maleic acid 
when in contact with water. This can cause problems when analyzing for maleic 
anhydride. Collection of maleic anhydride on Tenax-GC followed by thermal 
desorption and analysis by GC has been reported in the literature. Further 
evaluation of methods for maleic anhydride is needed. 

Several sampling and analysis methods for phosgene are available 1n 
the literature. NIOSH Method P&CAM 219 is a colorimetric method that is sensi
tive to ~200 µg/m 3 in air. GC employing an ECO has also been used to detect 
phosgene in air at a level of 4 µg/m3. Infrared spectrometry has also been 
applied to the analysis of phosgene in air at the 100-µg/m3 level. None of the 
above methods have been validated, and work needs to be done to extend the 
detection limits to the sub-µg/m3 range. 

Table 2 lists the compounds in the priority that we suggest sampling and 
analysis method development be conducted. The Priority 1 compounds have sam
pling and analysis methods that we consider adequate. Protocols need to be 
written for these compounds in a format suitable for use by GARB. These proto-

7 



TABLE 2. SOUTHERN RESEARCH INSTITUTE PRIORITY 
LIST OF THE TOXIC COMPOUNDS 

Priority 1a 

Benzene 
Carbon Tetrachloride 
Chloroform 
Ethylene Dichloride 
Ethylene Dibromide 
Polynuclear Aromatic Hydrocarbons 
Polychlorinated Biphenyls 

Priority 2 

Polychlorinated Dibenzo-p-dioxins 
Polychlorinated Dibenzof~rans 
Formaldehyde 

Priority 3 

Acetonitrile 
Allyl Chloride 
Chloroprene 
Cresol 
1,4-Dioxane 
Hexachlorocyclopentadiene 
Benzyl Chloride 

Priority 4 

Nitrosomorpholine 
Dialkyl Nitrosamines 
Glycol Ethers 

Methyl Chloroform 
Perchloroethylene 
Trichloroethylene 
Chlorobenzene 
p-Dichlorobenzene 
Xylenes 

Vinyl Chloride 
Ethylene Oxide 
Methylene Chloride 

Methyl Bromide 
Nitrobenzene 
Phenol 
Acetaldehyde 
Propylene Oxide 
Vinylidene Chloride 
Acrolein 

Epichlorohydrin 
Maleic Anhydride 
Phosgene 

apriority 1 protocols will be prepared throughout Phase II of the contract. 

8 



cols will be prepared during Phase II of this contract. Short studies on 
breakthrough volumes will also be required for some of the compounds once the 
smnpling-tube designs are determined. Levels 1-A and 1-B compounds for which 
methods are available but require further work to obtain reliable results at 
the ppb and sub-ppb levels (Category 2 compounds in Table 1) have been given 
Priority 2. Level 2 compounds in Category 2 have been given Priority 3. Pri
ority 4 compounds are those compounds for which sampling and analysis methods 
are inadequate or nonexistent (Category 3 compounds in Table 1) for ppb or sub
ppb levels. Priorities may be modified as requirements of the program for CARB 
change. 

R. Indicator Compounds 

Indicator compounds may be used to identify the presence of a class of 
compounds and also to obtain semiquantitative data for a class of compounds 
based on a 1imited number of standards. Indicators may be especially useful 
when compounds can be grouped according to a common molecular structure. C'1lo
rinated dibenzo-p- dioxins, chlorinated dibenzofurans, and chlorinated 
biphenyls are three classes of compounds which may be detected and determined 
in a sample by the use of a limited number of chlorinated congt~ners. Also, 
indicator compounds are useful in methods development and validation. 

The PCDD and PCDF isomers most often found in the environment are the 
tetrachloro- through octachloro-isomers. The mono-, di-, and trichloro isomers 
are not found as often but may be present in some samples. Generally, the octa 
isomer is at the highest concentration, and the furan is at a higher concentra
tion than the dioxin. The more toxic tetra and penta isomers may be several 
orders of magnitude lower in concentration than the higher-molecular- weight 
congeners. 

2,3,7,8-TCDD has been the isomer most studied in herbicides such as 
2,4,5-T and 2,4-D or in the mixture of the two, agent orange (1,2). Many PCDD 
and PCDF isomers are associated with combustion processes which have a source 
of hydrocarbons and chlorine (3-5). Fires in PCB transformers and capacitors 
gen,~rate a large number of PCDDs-and PCDFs (6). All isomers of PCBs may be 
found in different Aroclor mixtures. However, the dominant isomer groups are 
the tri- through hexachloro isomers. 

The quantification of PCDDs and PCDFs generally uses isotopically labeled 
internal standards. A response factor can be measured for one congener in each 
isomer group. To measure all eight groups of chlorine-substituted isomers of 
PCDDs and PCDFs, a sdected-ion monitoring GC/MS program is used. An estima
tion of the total concentration of each isomer group in the sample is then 
determined. Response factors are generated relative to a labeled internal 
standard such as 2,3,7,8- 13c 12-TCDD or 2,3,7,8-3/c1 -TCDD. Samples may also be

4
spiked with labeled surrogate dioxin or furan standards to determine method 
recovery. 

PCDD and PCDF standards are limited in commercial availability and are 
expensive. The isomers listed below are available and have been chosen to 
limit exposure to the most toxic compounds, which tend to be substituted at the 
2, 3, 7, and 8 positions. 
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1-Chlorodibenzo-p-dioxin 
2,3-Dichlorodibenzo-p-dioxin 
3,6-Dichlorodibenzof~ran 
1,2,4-Trichlorodibenzo-p-dioxin 
1,2,3,4-Tetrachlorodibenzo-p-dioxin 
2,3,7,8-Tetrachlorodibenzo-p-dioxin 
1,2,7,8-Tetrachlorodibenzof~ran 
1,2,3,4,7-Pentachlorodibenzo-p-dioxin 
1,2,3,8,9-Pentachlorodibenzof~ran 
1,2,3,4,7,8-Hexachlorodibenzo-p-dioxin 
1,2,3,4,8,9-Hexachlorodibenzof~ran 
1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin 
1,2,3,4,6,7,8-Heptachlorodibenzof~ran 
Octachlorodibenzo-p-dioxin 
Octachlorodibenzof~ran 

All of the above PCDD and PCDF isomers are available from Cambridge Isotope 
Laboratories or Foxboro Anal abs and may be available from a number of other 
sources. Of the 215 PCDD and PCDF isomers, only 30 to 50 relatively pure 
isomers are commercially available. Interest in these compounds will eventu
ally result in more standards being prepared. 

The same technique is used for PCB scree::iing except that 10 congener 
groups must be monitored. The screening method for PCBs uses 11 PCB congeners 
(Interlaboratory study of analytical procedures for by-product PCBs in product 
waste, conducted by Battelle-Columbus Laboratories, Contract F-4103 
[8149)-400). 

2-Chlorobiphenyl 
4-Chlorobiphenyl 
2,4-Dichlorobiphenyl 
2,4,5-Trichlorobiphenyl 
2,2' ,4,6-Tetrachlorobiphenyl 
2,2' ,3' ,4,5-Pentachlorobiphenyl 
2,2' ,3,4,5,5'-Hexachlorobiphenyl 
2,2' ,3,4,4' ,S' ,6-Heptachlorobiphenyl 
2,2' ,3,3' ,S,S' ,6,6'-0ctachlorobiphenyl 
2,2' ,3,3' ,4,4' ,5,6,6'-Nonachlorobiphenyl 
Decachlorobiphenyl 

These and many other PCB cong1~ners are available from Foxboro Anal abs, Supelco, 
Chem Service, and other suppliers. SoRI has participated in the interlabora
tory study using these techniques to determine PCBs and has developed a 
GC/MS/SIM method for PCDDs and PCDFs. 

Choosing indicator compounds for PAHs is a much more complex task. PAHs 
vary greatly in molecular weight and volatility and may be substituted with 
many different functional groups. The PAHs of highest current environmental 
interest include unsubstituted PAHs and nitrogen substituted PAHs. We have 
chosen six compounds to represent these PAHs. Three unsubstituted PAHs were 
chosen--naphthalene, fluoranthene, and benzo(a)pyrene. These three cover a 
molecular-weight range from 128 to 252 and would be associated with different 
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parts of a sampler. Naphthalene would break thr,Jugh most filters and be asso
ciated primarily with the sorbent. Fluoranthene may be associated with parti
culate on a filter and on a sorbent. Benzo(a)pyrene would be found mostly with 
the particulate on a filter unless large samples were taken. Three nitrogen
containing PAHs were chosen to represent these compounds, nitrofluorene, amino
phenanthrene, and carbazole. Even though we have chosen six compounds to 
represent PAHs and most samples when analyzed for PAHs wi 11 contain at least 
one of these compounds, we do not feel that indicator compounds can be easily 
used to indicate the presence or absence of this group of compounds. Samples 
may contain high levels of PAHs which are not represented by any indicator 
chosen above or any other indicator selected for a particular analysis. For 
example, some samples may contain large amounts of alkylated PAHs, oxygenated 
PAHs, halogenated PAHs, or sulfur-containing PAHs. To adequately represent all 
groups of PAHs, the number of indicator compounds selected would approach full 
analysis of all PAHs in a sample. 
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III. GENERAL CONSIDERATIONS FOR AIR SAMPLING 
AND ANALYSIS OF ORGANfC CONTAMINANTS 

A. Sampling Strategy 

Daily, people are exposed to hundreds of toxic organic chemicals in an 
infinite number of combinations. Exposure can be from air, drinking water, 
food, and industrial working environments. Many of these toxic chemicals have 
the ability to induce cancerous tumors or cause other health-related problems. 
The consensus among cancer investigators is that 80 to 90% of all human malig
nancies can ultimately be traced to the effect of toxic chemicals in the envi
ronment. The impact of exposure of the general and industrial working popula
tion to carcinogens must be investigated. Exposure levels to toxic organic 
~hemicals must be determined with more frequency and accuracy to assess poten
tial health risks. 

Of the major classes or organic compounds involved in photochemical air 
pollution (smog), carbonyls (such as formaldehyde and acl'!taldehyde) are of 
critical importance as products of photooxidation of gas-phase hydrocarbons and 
as precursors to organic-aerosol formation in urban air (1). Emissions from 
fuel combustion, refineries, gas stat ions, and other industrial soui:-ces al 1 
contribute precursors for smog formation. Exhaust from motor vehicles in gen
eral does not contain unique atmospheric pollutants when compared to other 
sources of pollutants. However., because exhaust emissions from motor vehicles 
occur close to where people live and work, there is a need to develop methods 
for analyzing these emissions and their reaction products in air (I,1_). 

To set air-quality standards adequate to protect public health, regulatory 
agencies need extensive, reliable scientific data on the concentrations of 
toxic organic chemicals in air. Reliable, sensitive, and accurate sampling and 
analysis methods must be found or developed for the analysis of trace toxic 
organic pollutants in air for parts-per-billion (ppb) and sub-ppb concentration 
levels. Judicious selections of methods must be made if the required data are 
to be obtained in an efficient and economical manner. 

Ambient air is a very complex, dynamic system of interacting chemicals. 
The chemicals can be found in the gas phase, in the particulate phase, adsorbed 
on the particulate phase, or in a liquid aerosol. The complex nature of 
organic chemicals in ambient air controls the complexity of the methods and 
procedures needed for the collection, recovery, separation, identification, and 
quantification of these chemicals. Every organic compound has its own unique 
characteristics, hut many compounds are similar because they fall into basic 
classes such as volatiles, aromatics, halogenated compounds, and others. Simi
larities of compounds within a class permit some generalizations and therefore 
simplification of the sampling and analytical methods. However, the number of 
classes of compounds is large enough to make the selection of a suitable sam
pling method difficult. The difficulty of choosing the correct method is 
increased when the compound or compounds of interest undergo change during 
sampling. Reactions can occur from exposure to water (H 20), ozone (0 3), acidic 
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gases, such as nitrogen oxides (NO/N0 2) and sulfur oxides (so 2/so 3), and a host 
of other potentially reactive compounds in the air. Compounds of interest may 
also undergo changes through destruction as a waste in an incinerator or 
through combustion in other devices such as cars and trucks (4). Combustion 
may result in the production of previously unidentified toxic-compounds known 
as products of incomplete combustion (PICs). Survey methods have been devel
oped to sreeen for PICs. 

The selection of the proper sampling-and-analysis method for an analysis 
is dependent on many important interrelated factors. These include the com
pound or compounds of interest, the source type, the level of detection 
required, the degree of selectivity needed, and the purpose of the data col
lected. Other factors which may be as important as the above are cost, the 
accuracy and precision required, need for real-time versus short-term data, 
need for multiple site evaluations, need for on-site analysis or on-site col
lection and off-site analysis, and the number of samples to be analyzed. All 
of the above factors must be carefully considered before the appropriate 
sampling-and-analysis method can be chosen (4). 

Sampling time, sampling rate, and the volume of air to be sampled are also 
factors which must be considered when choosing a sampling method. Environmen
tal conditions can also affect the choice of a sampling method. Temperature 
and humidity can affect the sample capacity of solid sorbents. Wind direction 
and topography can affect the validity of analytical results for source 
sampling. 

Organic compounds found in air are usually present at the ppb to sub-ppb 
levels. Because these compounds are found at such low levels, it is not prac
tical in most cases to perform in situ analyses. There is no widely applicable 
method of detection that can identify compounds accurately at these low levels. 
Therefore, some type of concentration step must be used. There are four basic 
steps that must be completed to successfully analyze trace organic compounds in 
air (5). These steps are: 

• Concentration of the trace compounds to an acceptable level 

• Transfer of the compounds to an analytical system 

• Separation and identification of the compounds of interest 

• The ability to quantify each of the compounds of interest 

In general, three classes of organic compounds are found as normal con
stituents or as environmental contaminants in air. Contaminants in the first 
class are normally gases at room temperature or liquids with high vapor pres
sures. Ethylene oxide and phosgene are examples of this class of contaminants. 
Most sampling methods for very volatile compounds usually make use of cryogenic 
trapping in the sampling process. Cryogenic trapping can be applied in the 
field or can be used in the laboratory to concentrate grab-bag samples. 
Because air contains a large concentration of water, microfog formation or 
plugging of the trap with ice may greatly reduce the collection efficiency of 
the sampling method and cause problems. Problems with grab-bag samples may 
occur from adsorption caused by catalytic reactions on the container wall and 
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modification of the sample by container leakage (6). Cryotrapping and grab
bag technology are being replaced by improved solid-sorbent methods for some 
highly volatile compounds. 

Air contaminants having sufficient volatility to yield measurable vapor 
concentrations at room temperature are the second class of substances. 
Benzene, methylene chloride, chlorobenzene, xylene, and carbon tetrachloride 
are examples of this class of contaminants. Toxic organic substances from this 
class are usually collected by drawing air through a bed of an appropriate 
polymeric adsorbent. Trace enrichment of toxic organic compounds using sorp
tion techniques can be described as the process by which the compounds 0f 
interest are preconcentrated by their selected removal from the bulk-sample 
matrix to reach a concentration level in the final extract to allow for their 
detennination. Sorbents commonly used in air-pollution analysis include char
coal, Tenax-GC, macroreticular porous polymers, polyurethane foams, bonded
phase materials, silica gel, alumina, and ion-exchange resins. For a given 
analysis, the characteristics which determine a sorbent's usefulness are its 
breakthrough volume and sample capacity. The breakthrough volume is usually 
defined as the volume of sample that can be passed through a sorbent bed before 
the compound of interest starts eluting. The larger the breakthrough volume, 
the greater the sample volume that can be sampled. Sample capacity limits the 
concentration range over which a sorbent can be used. At the present time, 
Tenax-GC is the most widely used pol~neric adsorbent. Tenax-GC will effi
ciently adsorb a wide range of organic compounds, is thermally stable up to 
300 °C, and does not retain water efficiently. However, at room temperature, 
compounds with relatively high vapor pressures are not quantitatively adsorbed. 
For these compounds, sorbents such as carbou molecular sieve, charcoal, graph
itized carbou black, or Ambersorb are required. Dual traps containing Tenax-GC 
in the front and a carbon sorbent in the rear may be used for the quantitative 
collection of samples which cover a wide volatility range (_§_). 

The third class of compounds is of intermediate or restricted volatility 
and is generally associated with solid particulates. These compounds are usu
ally collected with impactor systems, electrostatic precipitators, or high
volume filtration samplers. High-volume samplers trap the particulate matter 
on a filter (usually glass-fiber), and the organics are adsorbed onto an adsor
bent. The particles themselves are composed largely of inorganic materials 
from which the organi.c fraction adhering to the particulate is separated by 
solvent extraction. Polychlorinated dibenzodioxins (PCDDs), furans (PCDFs), 
polychlorinated biphenyls (PCBs), and high-molecular-weight polyaromatic hydro
carbons (PAHs) generally fall into this class of compounds (6,7). These com
pounds may have sufficient vapor pressure to require a sorbent-module as back--
11p to particuL3.te sampling systems. 

Several comprehensive sampling procedures are also available. The Modi
fied Method 5 (MM5) sampling train is one method that is often used as a com
prehensive sampling method; the Source Assessment Sampling System (SASS) is 
another method. For volatile organics in incinerator effluents, the Volatile 
Organic Sampling Train (VOST) may be used(~-_!__!). 

The sampling method of choice will depend on several factors including the 
number of compounds to be analyzed simultaneously, the concentration level of 
each constituent, and the number of unattended sampling stations needed. 
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B. Sampling Methods 

Many different sampling methods are availahle for trace organics in air. 
Table 3 summarizes selected sampling methods available for various compound 
classes and applications. Other methods may exist that are accurate and 
reliable, but the methods listed were chosen because they are commonly used and 
becaus,~ rnany of the methods are endorsed by the Environmental Protection Agency 
(EPA) ur other governmental agencies. 

The first five methods listed are grab sampling methods with fixed-v,)lume 
containers. The sample size is physically limited by the size of the con
tainer. The syringe and flow-through bottle methods are short-term grab meth
ods with sampling times limited to several seconds. This short-term sampling 
time eliminates the possibility of obtaining composite samples over an extended 
period. The small sampling size usually precludes detection limits of lower 
than 1 ppm. These methods do have the advantage of being low in cost and easy 
to use (4). 

Evacuated cylinders are used in grab sampling methods and are also volume 
limited. Most of the cylinders used are made of stainless steel. The cylin
ders are easily cleaned by heating them to 150 °C and purging them with an 
ultrahigh-purity gas. The cylinders are then evacuated before use. Sample 
collection is performed at a constant rate of flow over the desired sampling 
time. After sample collection, the cylinders are pressurized to a predeter
mined pressure with high-purity helium or nitrogen. Aliquots of the gas are 
then analyzed appropriately. The major advantage of this method over the 
instantaneous grab method 1s that time-integrated samples can be taken (4). 

EPA Method 3 is also an integrated grab sampling technique. This method 
utilizes Teflon or Tedlar bags as the sample container. Bag samples are col
lected by placing the bag into an airtight rigid container and evacuating the 
o:ontainer. The sample is drawn into the bag as the vacuum inside the container 
creates enough suction to fill the bag. Teflon and Tedlar bags generally have 
larger sample volumes than the other grab methods discussed, but there is no 
provision for concentration of the compounds of interest. Therefore, the 
detection limit is usually in the ppm range, but may be extended to the ppb 
range by concentration techniques. Also, bags are subject to adsorptive losses 
and often have memory effects (4). Concentration of the sample may be achieved 
by placing a cold trap on the beginning of the analytical column. The tempera
ture of the cold trap must be kept at least 50 °C below the boiling point of 
the most volatile compound of interest. Repetitive injections of the sample 
may be made before the final analysis is performed, thus concentrating the 
sample. In theory an unlimited sample may be used. However, problems with ice 
formation inside the column may occur. Breakthrough of the compounds of 
interest will then occur, or the column will become plugged with ice. 

Trace enrichment of organics using sorption techniques can be described as 
the process by which the compounds of interest are concentrated by their selec
tive removal from the sample matrix. Sorbents commonly used are Tenax-GC, 
XAD-2, carbon molecular sieve (CMS), polyurethane foams, and charcoal. Sample 
capacity and breakthrough volume are the characteristics of a sorbent which 
govern its usefulness for a particular problem (.!:2-~). 
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TABLL 5. SUMMARY OF SAMPLING MlfHODS FOR AIR ANALYSIS 

Applicable 
compound 

Sampling method Description Applications type Limitatio11s 

1 • Syringe 

2. Flow-through bottle 

3, Evacuated cylinder 
,-... 

°' 

4. Teflon or Tedlar Bags 
(EPA Method -5) 

5. EPA Method 25 

6, EPA Method T01 

7. EPA Method T02 

Short-term grab samples 

Short-term grab samples 

Integrated grab samples 

Integrated grab samples 

Integrated grab train com
posed of a cold trap followed 
by an evacuated stainless 
steel tank 

Adsorption of trace organics 
onto Tenax-GC and fol lowed by 
thermal desorption 

Adsorption of trace organics 
onto CMS and followed by 
thermal desorption 

Noncombustion sources 

Noncombustion sources 

Noncombustion sources, 
low-moisture combustion 
sources, or amibent samples 

Ambient samples 

Noncombustio11 sources, 
low-moisture combustion 
sources, or ambient 
sanples 

Source or ambie11t 
samples 

Source or ambie11t samples 

Volatiles 

Volatiles 

Volatiles 

Volatiles 

Volatiles 

Volatiles or semi
volatile nonpolar 
organics with 
boiling points in 
the ra11ge of 80 
to 200 °C. 

Volatile, no11polar 
orga11ics with boil inq 
points in the rai1ge 
of -15 to 120 °C 

Small sample size and there
fore detection limit is 1 ppm 
or higher. 

Small sample size and there
fore detection limit is 1 ppm 
or higher. 

Small sample size and there
fore detection limit is 1 ppm 
or higher. 

Limited sample size arid 
adsorption losses ecm occur. 

Sample size is limited and 
the sampling system is 
complex, 

Limited by the breakthrough 
volume of the compounds of 
interest on 1enax-GC. 

Limited by the breakthrough 
volume of the compounds of 
interest on CMS. 

(continued) 



!ABU_ ~ (cm1tinued) 

Applicable 
compound 

Sampling method Description Applications type Limitatior1s 

B. [PA Method T03 Cryogenic trapping of the 
trace organics from the air 

Source or 
samples 

ambient Volatile, nonpolar 
organics having 
boili11g poi11ts of 
-10 to 200 °C 

Limited by ice formation in 
the trap. System is also 
difficult to transport. 

9, EPA Method T04 High-volume polyurethane 
foam sampler 

Source or 
samples 

ambient Nm1volatiles such 
as organochlorine 
pesticides, PCBs, 
dioxins, and f ura11s 

Contamir1atio11 of the system 
by carry-over from previous 
samples is a major source of 
error. 

..... 
-....i 10. EPA Method T05 Dinitrophenylhydrazine 

liquid-impinger sampler 
Source or 
samples 

ambient Aldehydes a,1d ketor1es Co11tamination of the reagent 
with formaldehyde and acetone 
is a major problem. Evapora
tion of tilt! impinqer solutim1. 

11. Adsorption onto 
charcoal (many 
NIOSH methods are 
based on this 
method) 

Adsorption onto charcoal 
followed by extraction with 
an organic solvent (usually 
cs )

2 

Source or 
samples 

ambient Volatile a11d semi
volatile compounds 

Limited by the breakthrough 
volume of the compou11ds of 
interest on charcoa 1. The 
1-ml extraction volume! re
quired limits the detection 
limit of tht! method. 

12. Volatile Organic 
Sampling !rain 
(VOS!) 

Water-cooled sample gas is 
passed through a series of 
three sorbent tubes. The 
first two contain fenax-GC 
and the third charcoal. 

Combustion emission 
sources 

Volatile and semi
volatile compounds 

Sample size is limited to 
20 L per set of Ie11ax-GC 
tubes if very volatile com
pour,ds are of i11terest. 

13. Modified Method 
(MW:,) 

5 Water-cooled sample gas is 
passed through a single sor
bent tube. Sorbent material 
is dependent on the compound 
of interest. 

Combustion emission 
sources 

(continued) 

Semivolatiles, PCBs, 
arid other chlori
natt!d organics 

Limited by breakthrough of 
compounds or, the sorbent 
used. 



TABLE 3 (continued) 

Applicable 
compound 

Sampling method Description Applications type Limitatim1s 

14. High Volume Modified 
Method 5. 

15. Source Assessment 

I-' Sampling System 
co (SASS train) 

16. Impingers 

17. Filters 

Air sample is passed through 
condensers to remove water, 
then through 2 sorbent traps. 
Sorbent material is depend
ent on the compound of 
interest. 

Air sample passes through a 
cold trap followed by an 
XAD-2 sorbent trap •. 

Air sample passes through 
a liquid mediun that traps 
the compounds of interest. 

Air sample is drawn through 
or over a filter that traps 
the compounds of interest 
by some method. Method 
can be by adsorption or 
chemical reaction. 

Combustion emission Semivolatiles, PCBs, Large pumping capacity is 
sou.rces and other chlorinated required because of the 

organics pressure drop throughout the 
sampling train. 

Combustion emission Semivolatiles System is large and complex. 
sources Cold trap is difficult to 

transport. 

Source or ambient Volatile and semi- lvaporation of the impinger 
samples volatiles solution. 

Source or ambient Volatile and semi- High background problems can 
samples volatiles occur. 



Sample capacity 1s defined as the maximum amount of an analyte that a 
sorbent material will retain. In trace analysis at the ppb and sub-ppb levels, 
sample-capacity problems are not usually encountered. In trace organic analy
sis using sorbent-concentration techniques, breakthrough volumes are of criti
cal importance. The breakthrough volume is defined to be the volume of gas, 
containing analyte, which can be sampled before some fraction of the inlet 
analyte concentration reaches the outlet. This fraction has been defined as 
100%, 50%, 5%, or 1% in the literature (6). For this reason widely varying 
breakthrough volumes for a given compound have appeared in the literature. The 
larger the breakthrough volume, the gr.eater the sample volume that can be used, 
and the greater the enrichment factor. Breakthrough volume of an analyte 
depends on the affinity of the analyte for the sorbent, the efficiency of the 
sorbent trap measured in tl1eor.etical plates, and the trapping temperature. 
Within experimental limits, the breakthrough volume of a compound is independ
ent of normal variations in humidity and of concentrations of analytes in air 
below 100 ppm. The specific retention volume of an analyte on a sorbent is an 
excellent approximation of the analyte's breakthrough volume at a given temper
ature. An approximately linear relationship exists between the logarithm of 
the specific retention volume of a substance and column temperature. The 
retention volume of an analyte can be measured at several column temperatures, 
and the value of the breakthrough volume at a given temperature can be obtained 
through extrapolation. 

EPA Method TOI (17) is based on the adsorption of the compound of interest 
onto Tenax-GC. A known volume of air is passed through a sorbent tube contain
ing Tenax-GC. The trace organic compounds are adsorbed onto the sorbent. 
Volatile or semivolatile nonpolar organics with boiling points in the range of 
80 to 200 °C may be sampled using this technique. The detection limit of the 
method is governed by the breakthrough volumes of the compounds of interest. 
In general, ppb and sub-ppb levels can be detected. The collected samples are 
analyzed by thermally desorbing the compounds of interest from the sorbent tube 
into the appropriate analytical detection apparatus. 

The Tenax-GC sorbent is initially purified by Soxhlet extraction overnight 
with pentane and methanol. The sorbent is then dried and thermally conditioned 
in a stream of purified helium at approximately 300 °C for 24 h. After condi
tioning, the sorbent tubes can be stored in sealed culture tubes for several 
weeks before use. The sorbent tubes are reusable and usually only require a 
brief conditioning period at 300 °C after initial preparation. Sampling proce
dures using Tenax-GC sorbent tubes can be automated in a reasonable, cost
effective manner. Multiple sampl,~s are easily taken and transported to the 
analytical laboratory for analysis. 

EPA Method T02 is based on the adsorption of the compounds of interest 
onto CMS. Volatile, nonpolar organics with boiling points in the range of -15 
to 120 °C can be sampled using this method. The same sampling procedure used 
for EPA Method TO 1 is used for EPA Method T02. The same advantages and disad
vantages discussed for EPA Method TOl generally hold true for EPA Method T02 
( 18) . 

Cryogenic preconcentration techniques have been utilized for the analysis 
of trace organics in air. In general, the sampling tube is lowered into liquid 
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ar-gon or ,)x:ygen, and the compounds of interest are trapped from the air. 
Volatile, nonpolar organics having boiling points of -10 to 200 "c can be sam
pled using this method. The cryogenic trap must be maintained at least 50 •c 
below the boiling point of the most volatile compound of interest. There is no 
limitation on the amount of air that can be sampled. Therefore, sub-ppb detec
tion limits can be achieved. Major problems can occur from ice formation in 
the trap. Breakthrough of the compounds of interest may then occur or the trap 
will become plugged. In general, cryogenic traps are hard to maintain and 
transport from the field into the analytical laboratory. EPA Method T03 is 
based on this cryogenic trapping technique (19). 

EPA Method T04 utilizes a high-volume polyurethane foam sampler. Large 
volumes of air are drawn through a polyurethane foam plug. The compounds of 
interest are trapped on the plug. This method is applicable for nonvolatile 
compounds such as pesticides, PCBs, PAHs, dioxins, and furans. The compounds 
of interest are solvent extracted from the polyurethane foam plug. The liquid 
extracts can be concentrated by passing a stream of dry nitrogen over the top 
of the extract. The solvent is evaporated, thus concentrating the sample. 
Care must be taken to minimize the surface area of the glass container because 
of adsorption problems. PAHs, dioxins, and furans are known to abs::>rb onto 
glass surfaces easily. Contamination of the system by carry-over from previous 
samples is the major soul"ce of error in this method (20). 

EPA Method T05 is selective for aldehydes and ketones. Air is passed 
through an impinger sampler containing 10 mL of 2 N HCl/0.05% 2,4-dinitro
phenylhydrazine and 10 mL of isooctane. Aldehydes-and ketones readily form 
stable 2,4-dinitrophenylhydrazones. The compounds of interest are recovered by 
removing the isooctane layer, extracting the aqueous lay~r with 10 mL of 70/30 
hexane/methylene chloride, and combining the organic layers. The organic 
layers are evaporated to dryness and the l"esidue dissolved in methanol. The 
compounds of interest are then determined by reversed-phase HPLC with ultra
violet detection. Several problems can be encountered using this method. 
Dinitrophenylhydrazine is often contaminated with formaldehyde and acetone. 
Also, evaporation of the impinger solution during sampling can be a major 
problem (2!_). 

Sampling methods for trace organics in air using adsorption ont6 charcoal 
arui desorption with an organic solvent have been published. Many NIOSH methods 
(22) are based on this technique. A known volume of air is drawn through a 
charcoal tubt:~ to trap the compounds of interest. The chal"'coal in the tube is 
then transferred to a small graduated test tube and desorbed with an organic 
solvent. An aliquot of the sample is then analyzed using gas chromatography. 
The method is limited by the breakthrough volumes of the compounds of interest 
on charcoal. In general the collection efficiency of carbon sorbents is gener
ally higher than other sorbents such as Tenax-GC. However, carbon sorbents 
have a higher affinity for water, greater catalytic activity, and often suffer 
from incomplete sample recovery. The 1-mL extraction volume l"equired also 
limits the detection levels attainable. Detection limits may be lowered by 
concentrating the sample. Sample-concentration steps can cause significant and 
variable sample losses, especially if the analytes of interest are relatively 
volatile. Also, the extraction solvent must be extremely pure or upon concen
tration the impurities from the solvent may interfere with the analysis. 
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Several sampling methods have been developed for sampling of trace organ
ics from combustion emission sources. The Volatile Organic Sampling Train 
(VOST) has been used for the collection of a wide range of volatile and semi
volatile organic compounds (8-11). A water-cooled sample gas is passed through 
a series of three sorbent tubes. The first two contain Tenax-GC and the third 
contains charcoal. The method is reliable and sensitive to the sub-ppb range. 
However, the method has several limitations. The sample flow rate is limited 
to 1.0 L/min, and the total sample volume :::annot exceed 20 L without changing 
the two Tenax-GC tubes. The frequent changing of the tubes makes the method 
susceptible to contamination. Another drawback to this method for routine use 
is that it is relatively difficult to use and is expensive. A simplified ver
su.111 of the VOST is now under investigation. 

The Modified Method 5 (MMS) sampling train was developed to sample for 
semivolatiles, PCBs, and other chlorinated organics. In the MMS train, a 
water-cooled sample and condensate is passed through a single sorbent module 
pr~ceded by a particulate removal device. The sorbent material is chosen based 
on the compound or compounds of interest. XAD-2 resin, Tenax-GC, and florisil 
are the most commonly used sorbents. The method is limited by the breakthrough 
of the compounds of interest on the sorbent used. In the high-volume MM5 
t-rain, air is passed through condensers to remove the moisture in the air, and 
then the air is passed through two sorbent traps. Flow rates of up to 
0.14 m3/min are achievable. The sorbent type is dependent on the compounds of 
interest. A large pumping capacity is required because of the pressure drop 
through the sampling train (!!:_,~). 

The Source Assessment Sampling System (SASS) was also developed to sample 
semivolatile organics from combustion emission sources. The air sample is 
passed through a particulate-removal device and cold trap followed by an XAD-2 
sorbent trap. The SASS train is complex, large, and cumbersome. Reco1Tery of 
organics from the cold trap can be difficult. The system is constructed of 
stainless steel and is susceptible to corrosion from traces of such acids as 
hydrochloric acid in the sample(!!:_,!), 

Impingers containing a liquid medium have been used to sample organics 
from air. Air samples are passed through a liquid medium that traps the com
pounds of inter.est. Volatile and semivolatile compounds have been sampled 
using impi~gers. Evaporation of the impinger solution can be a major problem 
with this method. 

Many types of filters have been used to sample for trace organic compounds 
1n air. In general, the air sample is allowed to contact or pass through the 
filter. The filter physically traps the compounds of interest or is coated 
with a chemical which reacts with the compounds. The compounds of interest are 
thermally desorbed or solvent extracted from the filter. High background 
problems often are encountered using filters. 

The sampling methods discussed above are the most commonly used methods. 
Other methods may be applicable to a specific problem. The method of choice is 
dependent on the compounds of interest, the source type, the desired level of 
detection, and the primary purpose of the data collected. Cost of analysis, 
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how fast the results are required, and how many samples must be analyzed can 
all affect the sampling method of choice. 

C. Analytical Methods 

Because of the high complexity of trace 0rganic compounds in air, only 
methods based on gas or liquid chromatography offer suitable approaches for the 
accurate identification and quantification of most trace organics in air. 
Chromatography is a general term for separation proc~sses in which the compo
nents of a mixture are repetitively equilibrated between two phases. One of 
the phases is usually stationary, and the other is mobile. In gas chromatog
raphy the mobile phase is a gas and the stationary phase can be a liquid or a 
solid. In liquid chromatography the mobile phase is a liquid and the station
ary phase is solid or a liquid chemically bonded to a solid. 

1. Gas chromatograph~ 

In gas chromatography the stationary phase for trace organic pollutants 1s 

usually a liquid. The liquid stationary phase is confined in the column and 
exists as a thin film that is coated over an inert granular support (packed 
columns) or supported as a thin coating on the inner surface of the column 
(wall-coated open-tubular capillary columns). During the gas-chromatographic 
process, a compound spends a fractional part of its time in the stationary 
1iquid phase and the remainder in the mobile gas phase. Each compound has a 
unique distribution coefficient (Ko) described by the following equation: 

= .f.Q.ll~~ntr_at ion per µ_t.!.i.~9_lume of 1i.4!:!.iu_l!...c!.~KD concentration per unit vofume of gas phase 

Ku is an equilibrium constant and is governed by the compound's interaction 
with the liquid phase and by temperature. During the chromatographic process 
compounds having different Ko values will be separated as they pass through 
the column. However, depending on the column efficiency, band broadening may 
cause the trailing edge of a faster eluting compound to overlap with the lead
ing edge of a slower eluting compound. The efficiency with which two compounds 
•~an be separated is dependent on the Kn values and also on the degree of band 
br.oadening that occurs in the column. Gas-chromatographic separation efficien
cies can be estimated by calculating the number of theoretical plates a column 
possesses. The number of theoretical plates (n) is defined as follows: 

where tr is the time from the point of injection to the peak maximum and 
w _5 is the width of the peak at half height. The same units must be used 
for tr and w Efficiencies of chromatography columns are often0 5 . 
expressed using the height equivalent of a theoretical plate (h), where his 
defined as the length of column occupied by one theoretical plate. 

Both packed columns and capillary columns have been used in environmental 
analysis. Oftentimes in environmental analysis, the sample matrix is very 
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complex and may contain several hundred compounds at the ppb and sub-ppb 
levels. High-resolution capillary columns, especially glass or fused-silica 
capillary columns, offer the analyst several distinct advantages over the more 
conventional packed columns. Capillary columns have much higher resolution for 
the same analysis time or give equal or better resolution in a much shorter 
time. Very inert glass surfaces, which are capable of eluting compounds that 
are either difficult or impossible to chromatograph on stainless steel columns 
(capillary or packed), are another advantag~. 

One of the major advantages of capillary columns over packed columns can 
be seen by examining the van Deemter equation, which permits evaluation of the 
relative importance of a series of parameters on column efficiency. The van 
Deemter equation can be represented by the following equation: 

h = A + B/u + Cu 

where his the height equivalent of a theoretical plate. A includes packing 
and multiflow path factors, B is the longitudinal diffusion term, C is the 
resistance to mass transfer, and u is the average linear velocity of the 
carrier gas. Capillary columns contain no packing; therefore, the A term 
becomes zero and the Golay equation is obtained: 

h = B/u + Cu 
where the terms are defined as above. The mass-transfer term (C) can be 
refined into two terms. The first term is CL, the resistance to mass 
transfer in the liquid phase, and the second is Cg, the resistance to mass 
transfer in the gas phase. In capillary columns with thin, smooth, uniform 
film thickness, the Cg term becomes significant, and the CL term is 
minimized. The Golay equation can then be represented by: 

Another factor that is at least partially responsible for capillary 
columns having much higher efficiencies is their much higher 13 values. The 
phase ratio, 13, is a measure of the "openness of the column." Typically, 
packed columns have 13 values ranging from 5 to 35, while capillary columns have 
v.,i lues from 50 to around 1500. Therefore, much longer capillary columns can be 
used before the pressure drop through the column becomes limiting. Also, the 
liquid phase has less tendency to bead up in capillary columns. This gives 
capillaries a very uniform thin film of stationary phase. Another important 
advantage that is often overlooked is the fact that most packing materials are 
very poor heat conductors. This is particularly important in temperature
programmed modes of analyses. 

Several d(fferences exist in the operation and use of capillary columns 
versus packed columns. Grob and Grob (23) have discussed some of these 
differences in detai 1. The carrier-gasflow through a capillary column is 
approximately 10 times lower than through a packed column. Therefore, band 
broadening caused by dead volumes is very critical in capillary columns. One 
of the most severe limitations of capillary columns is their low sample 
capacity. This limits the amount of solvent which may be injected into the 
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column. Reproducibility of sample introduction for quantitative analysis in 
some cases may be more difficult in capillar-y columns. Because capillary 
column~ may contain 100 to 1000 times less liquid phase than packed columns, 
all processes which may alter the liquid phase are of greatly increased impor
tance. The choice of carrier gas is also of importance. Analysis time is 
reduced by using helium or hydrogen in preference to nitrogen. Also, oxygen 
contamination is generally greater when nitrogen is used. Several excellent 
reviews and books have been published on capillary-column technology (23-26). 

No degree of column excellence can overcome design defects in a chromato
graphic system. Minor defects in design, which are not apparent when using 
packed c,)lumns, may become major problems when capillary columns are used. 
This is especially true in older gas chromatographs. Particular attention must 
be given to the inlet and detector assemblies. Areas of excessive volume and 
dead spaces must be avoided. Fortunately, newer gas chrmnatographs have been 
designed for the efficient use of capillary columns. The introduction of flex
ible fused-silica capillary columns has allowed the routine use of capillary 
columns by laboratar-ies not specializing in capillary GC. 

2. Detectors 

The popularity of gas chromatography as an analytical techniqu•e in many 
areas depends on the fact that almost all compounds of interest in a sample can 
be detected. Detectors in gas chromatography can be classified as either 
universal ar specific (27). A universal detector responds to all substances 
passing through it. A specific or sel,~ctive detector responds primarily to a 
select group of substances or to groups of substances with a minimal response 
to all interfering substances. The specificity factor of a detector is the 
ratio of the detectability of a potentially interfering substance to the detec
tability of a desired substance. Specificity factors of 10,000 to l are con-
s i.de red good. 

GC detectors can be classified as concentration dependent, mass flow 
dependent, or a combination of both. A detector whose ar,~a response is 
inversely proportional to the volume of carrier gas eluting with the sample is 
concentration dependent. In theory, a mass flow rate detector gives an area 
response independent of the volume of carrier gas eluting with the sample. 
However, under normal operating conditions the carrier-gas flow rate cannot be 
changed by more that 25% without reoptimizing the detector. 

Gas chromatography (GC) using packed columns and flame-ionization detec
tors (FID) has been applied extensively for the characterization of pollutants 
having sufficient volatility to be analyzed by gas-phase techniques. For chlo
rinated compounds, conventional packed-column GC with an electron-capture 
detector (ECD) has been widely adopted. GC techniques utilizing selective 
detectors such as photoionization detectors (PID), nitrogen-phosphor.us detec
tors (NPD), flame-photometric detectors (FPO), simultaneous FID and ECD detec·· 
tion, and mass spectrometry have been utilized in air-pollution analysis 
(4-6). 

Thermal-conductivity detectors (TCD) and flame-ionization detectors are 
the two most widely used universal detectors in gas chromatography (E,~). 
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A TCD operates by comparing the thermal conductivity of the components of 
interest to the conductivity of the carrier gas. Every substance has a unique 
thermal conductivity; therefore, the detector can be used on all classes of 
compounds. Because of the different conductivities, accurate quantitation 
usually requires individual calibration factors. The TCD has only moderate 
sample detectability under good chromatographic conditions. The FID has 
replaced the TCD in many aspects of chromatography. (The FID's popularity is 
primarily due to its lower detection limit.) In general, a hydrocarbon will 
exhibit a detection limit 1000 times lower with an Fl0 than with a TCD. In an 
FID an oxidative hydrogen flame burns organic molecules producing ionized 
molecular fragments. The resulting ions are then collected and detected. The 
sensitivity of an FID is nearly uniform to all pure organic compounds composed 
of carbon and hydrogen. Alkanes and aromatics are detectable down to approxi
mately 2 x 10-12 g/sec. The FID is nearly a universal detector. Atoms of 
oxygen, nitrogen, phosphorous, sulfur, or halogens in the structure of organic 
compounds cause significant decreases in sensitivity, depending on the degree 
of substitution. Fixed gases, oxides of nitrogen, H2S, S0 2, cs 2, CO, CO 2, H20, 
and NH give very little or no signal in an FID. An-FID's insensitivity to cs 23
makes this substance an excellent solvent for trace organic analysis. Another 
advantage of an FID is that it is an ideal partner for capillary columns. The 
,fotector is forgiving and generally operates at conditions which are far from 
optimal. An FID is linear over approximately seven orders of magnitude, and 
of all the ionization detectors, the FID has the best record for reliable 
performance. 

An electron-capture detector (ECD) is a specific, selective detector sen
sitive primarily to halogenated hydrocarbons and certain other classes of com
pounds, such as conjugated carbonyls and nitrates, which have the ability to 
accept a negative charge (27,29,30). In an ECO the carrier gas (either N. or 
argon plus 10% methane quenchgas) is ionized by a radioactive source to form 
an electron flow in the detector cavity on the order of 10-B amps. Substances 
which have an affinity for free electrons deplete the standing current as they 
pass through the detector cavity. Because all compounds have different elec
tron affinities, every substance requires individual calibration. An ECD is a 
concentration-dependent detector, and compounds of high electron affinity are 
detectable in the low picogram range. The linearity of an ECD is limited to 
small ranges of concentration and varies greatly with each compound. 

Tritium-based sources were used as the primary ionization source in older 
commercial ECD cells, but nickel-63 sources are now used in today's commercial 
detectors. The primary advantage of nickel-63 is its ability to be heated to 
350 °c. This helps minimize detector contamination during chromatographic 
op,:!ration. An ECD is easily contaminated, which may cause problems with quan
titation. Contamination may occur if substances which elute from the chroma
tographic column are condensed inside the detector cell. The substance may be 
a combination of column bleed, septum bleed, impurities in the carrier gas such 
as oxygen, solvent, and the actual sample. Symptoms which indicate a contami
nated detector include reduced standing current, increased base-line noise or 
drift, reduced sensitivity, and decreased linear dynamic range. To minimize 
contamination problems, an ECD should be operated at a temperature above the GC 
inlet, column, and interface temperatures. It is also advisable to use high-
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temperature, low-bleed stationary phases and, if possible, chemically-bonded 
stationary phases in columns. 

The combination of high-resolution GC and mass spectrometry (GC/MS) is an 
extremely powerful analytical tool for characterizing trace amounts of volatile 
and semivolatile toxic organic pollutants. The advent of microcomputer-based 
data systems for GC/MS has revolutionized the field of trace organic analysis. 
Applications of high-resolution GC/MS for trace organic analysis are appearing 
frequently in literature (~,_!2,~,~-33). The mass spectrometer is a universal 
detector for GC, because any compound that can pass through a GC will be con
verted into ions in the MS. However, the highly specific nature of mass 
spectra also allows the MS to be used as a selective GC detector. The total
ion current (TIC) mode of operation is a measure of the total number of ions 
formed from the mater-ial eluting from a GC column. This current is plotted as 
a function of time. In the TIC mode of operation, the MS is comparable to an 
FID in sensitivity. In the selected-ion monitoring (SIM) mode, the intensities 
of preselected ions are recorded as a function of time. In the SIM mode of 
operation, the MS is comparable in sensitivity to an ECO (33). The SIM mode of 
operation is also very selective. 

The utilization of GC/MS for environmental analysis substantially 
increases the capacity of a laboratory to handle large numbers of samples and 
to identify compounds reliably. By increasing the accuracy and throughput of 
the environmental analysis laboratory, the cost per sample analyzed is lower. 
Several factors contribute to this lower cost: 

• The sample needs to be chromatographed only once. Al 1 of the 
data are stored on a computer and can be retrieved for further 
qualitative and quantitative analysis without having to rerun the 
sample. 

• The identification of a compound is not entirely dependent on 
retention. Therefore, problems due to temperature variability 
and the effects of interfering compounds an'! minimized. 

• GC/MS analysis at very low sample concentrations (i.e., ppb and 
sub-ppb range) gives a more positive identification than GC 
alone. 

• Matrix interferences in many cases may be eliminated or mini
mized. The ability to look at specific ions characteristic of a 
specific compound allows substances to be identified and quanti
fied even if the compounds of interest are not completely 
separated. 

• Multiple compounds can be detected and quantified 1n a single 
sample. 

The photoionization detector (PID) is a selective detector, and its 
response can be greater or less than that of an FID. The selectivity of a PIO 
can be altered by changing the photon source (34). Photoionization is a 
process by which an atom or molecule can absorbenergy. This results in an 
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electron transition from one of the discrete, low energy levels to the higher 
energy continuum of the ion. The energy required for this process is about 5 
to 20 electron volts (eV). The photoionization process has several features 
which make it attractive as a GC detector. One of the most important is that 
detection is dependent on concentration, not on mass flow. Photoionization 
will not generally occur rn1less the incident photon energy is greater than the 
ionization potential of the compound of interest. The ionization potentials of 
the common carrier gases are higher than those of nearly all organic compounds. 
Helium has an ionization potential of 24.6 eV, hydrogen an ionization potential 
of 15.4 eV, and nitrogen an ionization potential of 15.6 eV. Because the pho
toionization process is on the order of 0.001 to 0.1%, the composition of the 
gas coming out of a PID is virtually the same as that going in. This allows a 
second detector to be placed in series. Ionization sources up to 12 eV are 
commercially available. 

Thermionic nitrogen/phosphorus detectors (NPD) utilize the thermionic 
behavior of an alkali-metal salt bead for the detection of nitrogen- or 
phosphorus-containing compounds (27,29). Typical nitrogen and phosphorus 
detectabilities for an NPD in thecombined nitrogen/phosphorus mode are 
=l x 10- 13 g/sec for nitrogen and =5 x 10- 14 g/sec for phosphorus. Optimal 
response can be obtained by adjusting the bead temperature, bead position in 
the detector, and the hydrogen plasma gas flow rate. An NPD has a specificity 
factor for nitrogen of about 40,000 relative to alkanes and about 70,000 for 
phosphorus. This high selectivity for nitrogen and phosphurus makes an NPD 
useful for the trace determination of nitrogen- and phosphorus-containing com
pound,;; in complel{ samples. Most NPD designs show a linear dynamic range over 
four to five orders of magnitude. An NPD has several disadvantages. Compounds 
containing halogens and sulfur also respond in an NPD. The biggest disadvan
tage of an NPD is that the vaporization rate of the alkali salt bead cannot be 
held constant over long periods of time. This results in changes in sensitiv
ity, and frequent calibration is required. 

A flame-photometric detector (FPD) is selective for sulfur- and/or 
phosphorus-containing compounds (27,29,30). In an FPD the eluted species 
passes into a fuel-rich hydrogen andoxygen flame. This fuel-rich flame pro
duces simple molecular species and then el{cites them to a higher electronic 
state. The excited molecules then return to their ground states and emit 
characteristic molecular band spectra. These emissions are then monitored 
using a photomultiplier tube. An FPD is a mass flow rate-dependent detector 
and has a detectability of "'2 x 10- 12 g/sec for phosphorus or sulfur-containing 
compounds. In the phosph,'Jrus mode an FPD has a specificity factor of about 
10,000 relative to hydrocarbons and of about 4 relative to sulfur-containing 
compounds. In the sulfur mode an FPD has a specificity factor of about 10,000 
relative to hydrocarbons and of about 100 to 1000 relative to phosphorus
containing compounds. The FPD is not linear but gives a straight line on a 
log-log plot with a slope of 1.5 to 2.0. This relationship only holds over a 
concentration range of about 500-fold. 

Other detectors which have been used in air-pollution analysis on a 
limited basis include the Hall detector, microwave-plasma-emission detector, 
photoacoustic detector, helium-ionization detector, microcoulometric detector, 
and thermal-energy analyzer. These detectors in general have been applied to 
specific analyses and are not applicable to a large variety of compounds. 
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3. Other analytical techniques 

High-performance liquid chromatography (HPLC) is an excellent complement
ary technique to GC and GC/MS for the trace analysis of the less volatile toxic 
organic pollutants. HPLC with UV and fluorescence detection is being used in 
air-pollution studies for the analysis of high-molecular-weight PAHs. Also, 
HPLC is being used as a cleanup step in the analysis of PCDDs and PCDFs. 
Reversed-phase (RP) HPLC is presently the most popular mode of analysis. 
Approximately 80% of all HPLC separations are carried out using RP-HPLC. 
RP-HPLC is ideally suited for separations of large nonpolar and moderately 
polar compounds. HPLC has expanded into a wide range of scientific and indus
trial applications because of its operational simplicity, high efficiency, and 
ability to analyze simultaneously a broad spectrum of both closely related and 
widely d i.fferent compounds (!!:_,~.~.l__!_). 

Nonvolatile compounds which absorb rndiation in the 200- to 800-nm spec
tral range are amenable to determination by HPLC with a UV detector. Fluores
cence is the immediate emission of light from a molecule after it has absorbed 
radiation. HPLC with fluorescence detect ion is a more spec i fie method of anal
ysis than HPLC with UV detection. This is because fewer fluorescing species 
exist than absorbing ones. Specificity is added because one wavelength is used 
to excite the molecule and another to measure the emission of light. Fluores
cence analysis can determine low-ppb concentrations of many substances includ
ing PAHs, pesticides, and other materials causing environmental problems. 

No one analytical technique is ideal for all organic compounds. There
for<:!, newer techniques, such as mass spectrometry/mass spectrometry (MS/MS), 
Fourier-t1~ansform infrared spectroscopy (FTIR), GC/~'TIR, and liquid 
chromatography/mass spectrometry (LC/MS) need to be evaluated for air-pollution 
analysis. A particularly interesting and potentially powerful analytical tool 
is GC/FTIR/MS, which can provide information that is not available with either 
technique alone. However, at the present time, the cost of analysis with these 
techniques is too high to use them for most routine, high-volume sample 
analysis. 

D. Quality-Assurance and Quality-Control Procedures 

A vital part of a sampling-and-analysis program for toKic organic pollut
ants in air is the provision for procedures that maintain the quality of the 
data obtained throughout the program. The procedures collectively are defined 
as Quality Assurance and Quality Control (QA/QC). The QA/QC program documents 
the quality (i.e., accuracy, precision, completeness, and representativeness) 
of the generated data, maintains the quality of the data within predetermined 
tolerance limits, and provides guidelines for corrective actions when the QA 
data indicate that a particular procedure is out of control. 

QA and QC are complementary activities. QA activities address delegation 
of program responsibilities to individuals, documentation, data review, and 
audits, The objective of QA procedures is to permit an assessment of the reli
ability of the data. QC activities address the sampling procedur<:?s, sample 
integrity, analysis methods, maintenance of facilities, equipment, personnel 
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training, and the production and review of QC data. QA procedures are used 
continuously during sampling and analysis to maintain the quality of data 
within predetermined limits. 

A QA/QC program for air-pollution-measurement systems includes many ele
ments. To address all sampling and analytical possibilities is not practical 
in a review document. Nevertheless, the minimum requirements for the major 
steps relevant to sampling and analysis activities should be defined. Quality 
Assurance Handbook for Air Pollution Measurement Systems (Volumes 1 and 2) is a 
major resource for QA/QC guidelines for specific sampling and analytical 
methods (~,1§_). 

1. QA/QC for sampling 

The purpose of sampling is to collect unbiased samples that are represen
tative of the system being monitored. The sampling program should be planned 
and documented in all details. A sampling plan should in,::lude reasons for 
selecting sampling sites, the number of samples, and specified sampling times. 
Also, the sampling sites should be well defined, and the written procedures 
should be available for sampling methodology, labeling, container preparations, 
field blanks, storage, pretreatment, and transportation to the analytical labo
ratory. Al 1 samples should be documented with a chain-of-custody documt~nt. 

Field blanks and spiked field blanks should be taken to demonstrate matrix 
effects caused by the ti.me and conditions when the samples were collected and 
during the transportation and storage of the samples prior to analysis. 

Reference procedures should be available for all field equipment and 
instruments. Specific sampling procedures should include the following items: 

• flow diagrams which describe the sampling operations 

• description of sampling equipment 

• sampling containers 

• preservation containers 

• holding times 

• identification forms 

The calibration and preventive maintenance of field equipment should be 
documented. Pre-sample and post-sample collection checks should be performed 
by the sample crew for each sampling system. Checks should include a leak 
check on the sampling system and the Ii.quid levels in bubblers. 

In order for air-monitoring data to be useful, they must be of acceptable 
qual i.ty. Major elements of a QA program are the availability of evaluated 
measurement methodology, satisfactory performance in collecting the air
pollution monitoring data, and the documentation of all activities and results. 
The essential activities and other aspects of a QA program are described in 
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details in the Quality-Assurance Handbook for Air Pollution Measurement 
Systems--Volume 1, Principles (35). Included in any program should be the 
following: 

• Review and revision of existing sampling and analytical methods 
for a specific study 

• Preparation of written procedures, if none exist or are 
applicable 

• Documentation of control procedures 

• Review, revision, and documentation of calibration procedures 
for sampling and analysis of specific pollutants 

• Preparation of preventive maintenance procedures if none are 
available 

• Maintenance of chain-of-custody procedures for data collection, 
sample handling, analysis, and reporting 

Prior to the implementation of the sampling-and-analysis program, the 
sampling-and-analysis equipment must be calibrated. The resulting data and 
calculations should be recorded in a logbook. Results from each apparatus and 
for. each sample may be kept in separnte sections of the logbook. Care must be 
taken to properly mark all samples and monitoring devices to ensure positive 
identification throughout the sampling and analysis procedures. 

2. QA/QC for analysis 

For each measurement, regardless of the type of analytical instrumentation 
involved, the precision and accuracy of the determination must be calculated. 
Assessment of the accuracy and precision for each measurement will be based on 
prior knowledge of the measurement system and on method-validation studies 
using replicates, spikes, standards, three- to five-point calibration curves, 
recovery studies, and other requirements as needed. Where appropriate, an 
internal standard (such as anthracene-d 10 or phenanthrene-d 10 for GC/MS) will 
be added to each standard solution or concentrated sample extract immediately 
prior to analysis. 

GC systems should be calibrated by an internal-standard technique. The 
analyst should select one or more internal standards that are similar in ana
lytical behavior to the compounds of interest. The measurement of the internal 
standard must not be affected by method or matrix interferences. Because of 
these limitations, no single internal standard can be suggested that is applic
able to all samples. 

The analyst must prepare a calibration curve with calibration standards at 
a minimum of three concentration levels for each compound of interest. Each 
standard will include a known, constant amount of internal standard. When real 
samples are analyzed, the expected concentrations of the samples should be 
within the defined range of the calibration curve. The calibration curves or 
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relative response factors must be verified on each working day by the measure
ment of one or more calibration standards. If the response for any compound 
varies from the predicted response by more than ±25%, the test must be repeated 
with a fresh calibration standard. Alternatively, a new calibration c~rve must 
be prepared for that compound. 

The GC/MS system should be tuned daily with perfluorotributylamine (PFTBA) 
or other suitable MS tuning standards. Peak shape, resolution, isotopic 
ratios, and absolute intensities are checked against a predetermined set of 
conditions. Also included in these conditions is a calibration of the mass 
axis. The performance of the GC/MS system should be checked with decafluoro
triphenylphosphine (DFTPP) for semivolatile compounds and with bromofluoroben
zene (BFB) for volatile compounds before full-scan mass spectra are obtained on 
environmental samples. The performance cdteria listed in Table 4 should be 
met. If the system-performance criteria are not met, the analyst should retune 
the mass spectrometer and repeat the performance evaluations. 

A series of nine other general-purpose performance tests, which are not 
intended for routine application in a QA program, are described by W. L. Budde 
and .J. W. 'Eichelberger in "Performance Tests for the Evaluation of Computerized 
Gas Chromotography/Mass Spectrometry Equipment and Laboratories" (EPA-600/4-
80-025), April 1980. These performance tests should be applied as needed. 

Liquid-chromatographic systems should be calibrated by an external stan
dard technique. The analyst should prepare a calibration curve with calibra
tion standards or surrogate standards at a minimum of three concentration 
levels for each compound of interest. When real samples are analyzed, the 
expected concentrations of the samples should be within the defined range of 
the calibration curve. As an alternative to a calibration curve, if the ratio 
of an~a or peak-height response to the amount of organic compound injected on 
the HPLC is constant over the working range (<25% relative standard deviation), 
the average ratio can be used to calculate concentrations. The calibration 
curve or area/concentration ratio must be verified on each working day by the 
measurement of one or more calibt·ation standards. If the response for. any 
organic compound varies from the predicted response by more than ±25%, the test 
must be repeated with a fresh calibration standard. Alternatively, a new 
calihration curve must be prepared for the compound or compounds of interest. 

E. Limit of Detection 

The limit of detection is usually defined as the smallest concentration or 
mass which can be detected with a specified level of confidence. It is used in 
two basic ways. First, it 1s a quantitative means to express the lower limit 
of the concentration range over which a specific technique, instrument, and set 
of conditions can be used for the analysis of a particular species. Second, 
the detection limit can be used to decide if an analyte is present in the 
sample (37). Measurements made at the detection limit generally have a high 
relativestandard deviation (25 to 100%). The International Union of Pure and 
Applied Chemistry (IUPAC) adopted a model for limit of detection calculations 
in 1975 (38), and the American Chemical Society (ACS) reaffirmed this standard 
in 1980. EPA published a definition and procedure for determination of the 
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TABLE 4. IONS AND ION-ABUNDANCE CRITERIA OF DECAFLUORO
TRIPHENYLPHOSPHINE (DFTPP) AND 
BROMOFLUOROBENZENE (BFB) 

M/E Ion-abundance criteria 

51 

68 

70 

127 

197 

198 

199 

275 

365 

441 

442 

443 

50 

75 

95 

96 

173 

174 

175 

176 

177 

DFTPP 

30 to 60% of mass 198 

Less than 2% of mass 69 

Less than 2% of mass 69 

40 to 60% of mass 198 

Less than 1% of mass 198 

Base peak, 100% relative abundance 

5 to 9% of mass 198 

10 to 30% of mass 198 

Greater than 1% of mass 198 

Present but less than mass 443 

Greater than 40% of mass 198 

17 to 23% of mass 442 

BFB 

15 to 40% of mass 95 

30 to 60% of mass 95 

Base peak, 100% relative abundance 

5 to 9% of mass 95 

Less than 1% of mass 95 

Greater than 50% of mass 95 

5 to 9% of mass 174 

Greater than 95% but less than 101% 
of mass 174 

5 to 9% of mass 176 
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method-detection limits in 1982 (40). A modification of these procedures has 
been proposed by Riggin (17-19). Comprehensive reviews of methods for 
calculating detection li.mits--;;-an be found in articles by Kaiser (41,42), 
Boumans (43), Glaser et al. (44), Winefordner (45), and several textbooks 
(46,47). This review is intended to give an overview of methods for 
calculating limits of detection. 

The IUPAC and ACS approach to determining detection limits is generalized 
to the extent that it can be applied to most instrumental techniques (38,39). 
The detection limit is based on the relationship between the gross analyte 
signal St, the blank signal Sb, and the variability in the blank Ob, 

-where Kd is a constant. It is recommended that detection be based on a mini
mal value for Kd of 3. Thus, the region for detection of an analyte in the 
gross signal is St ;;, Sb + 3 o. These gui<l.el i.nes also recommend that the 
limit of quantitation be defined as St;;, Sb+ l0o. 

Riggin (17-19) suggests using the intercept (A) of the calibration curve 
as an estimateofthe blank and calculating standard deviations(s) of three 
replicate measurements of the analyte of interest at one to five times the 
expected detection limit (DL). The DL is then calculated from: 

DL = A + 3 .3 s 

This method is similar to the IUPAC and ACS methods us1.!1g a Kd of 3.3. 

The EPA method (40,44) states that a method-detection limit (MDL) can be 
represented as an error -distribution. The MDL is defined as the minimum con
centration of a substance that can be identified, measured, and reported with 
99% confidence that the analyte concentration is greater than zero and deter
mined fr.om the analysis of a sample in a given matrix containing analyte. 

The EPA procedure requires that an estimate be made of the MDL by using a 
concentration value which corresponds to an instrument signal-to-noise ratio of 
2.5 to 5, a concentration value which corresponds to three times the standard 
deviation of replicate instrumental measurements, the concentration that 
corresponds to the region of the standard curve where there is a significant 
change in sensitivity at low analyte concentrations, or the concentration that 
corresponds to known instrumental limitations. A standard is then prepared at 
1 to 5 times the estimated detection limit and a minimum of seven aliquots of 
the sample processed through the analytical procedure. The variance (s2) and 
standard deviation (s) of the replicate measurements are calculated as 
follows: 

2n'E 
n 

X (E X ) 
2 

i=l i i=l ls2 = 
n(n-1) 

s==( s 2) l/2 
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where the Xi for i=l to n are the analytical results obtained from n sample 
n 2 

aliquots. EX· refers to the sum of the x2 values from i=l ton. The MDL is 
i=l 1. 

computed as follows: 

where t(n-l, l-~ = _99 ) is the Student's~ value appropriate for a 99% confi

dence level and a standard deviation estimate with n-1 degrees of freedom and 
s is the standard deviation. 

Many mathematical definitions and possible deviations for the determina
tion of detection limits can be used. When detection-limit data are reported 
or examined, the mathematical definition, the test statistic, the degree of 
confidence, the number of measurements, and calculated standard deviations 
should be specified. lf all of the above information is reported, then it 
would be possible to interconvert between different definitions. 

These methods for calculating detection limits will need to be adapted to 
each analyte, matrix, and instrumental technique. The skill of the analyst 
will be of great importance in the determination of a detection limit. 

F. Validation Criteria 

Validation is the process of determining the suitability of methodology 
for providing useful analytical data. Statements of precision and accuracy are 
often a result of a validation process. Other useful information which may be 
obtained includes limits of detection and the useful range of measurement 
(48). 

The validation process verifies that the methodology is based on sound 
technical principles and that it has been reduced to practice for practical 
measurement purposes. 

General validation of a method depends upon the elucidation of the scien
tific principles upon which the method is based. Methods arise as the result 
of research that often involves both understanding of the measurement tech
niques and skill in their application. While limited in scope, validation at 
the research stage can be comprehensive and have numerous uses. 

The validation of a method for a specific use will result in methods valid 
for a specific application. The ultimate use of analytical methodology is to 
produce compositional information about specific samples. The classical vali
dation process takes a candidate method and uses appropriate QA criteria to 
test the method. The criteria consist of replicate measurements, surrogate 
spikes, comparison with independent methods and methods of known accuracy, the 
use of standard reference materials if available, and where possible, collabo
rative testing. The result is a validated or evaluated method of known preci
sion and bias. The validated method can now be applied to field samples. 

34 



A validated method is not sufficient for the production of valid data. It 
is common knowledge that data obtained by several laboratories on the same test 
sample using the same methodology may show a high degree of variability. It 
should be remembered that the validity of the data will also depend upon the 
validity of the model and the sample. The model represents the pr0blem to be 
s0lved, the samples to be analyzed, the data base, and the way th,2 model will 
be utilized. Similarly, the samples analyzed must be valid if the results 
obtained for them are to be intelligently interpreted. 
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IV. PROPERTIES AND TOXICITIES OF THE COMPOUNDS 
OF INTEREST RELEVANT TO AIR 

SAMPLING AND ANALYSIS 

A summary of the physical and chemical properties for the majority of the 
compounds of interest is given in Table 5. No summary is given f,:n· PAHs, 
PCDDs, PCDFs, PCBs, or dialkyl nitrosoamines because of the ]arge number of 
compounds in each class. 
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TABLE 5. PHYSICAL AMJ CHlM!CAL PROPlRI !ES 

CAS Melting Bai ling Vapor lfi 
registry Molecular Molecular Density, point, point, Vapor density combustion-, 

Name Synonyms No. formula weight g/mL 'c •c pressure (Air = 1) Keel/mo! Solubility References 

Benzene Benzol, 
phene 

phenylhydride, 71-43-2 C6H6 78 .12 0 .8765 5 .5 80 .1 74 .6 mmHg 
at 20 ·c 

2.77 780.96 al, eth, 
88 

ac~, 1,2, 3 

Benzyl 

chloride 

a-Chlorotoluene 100-44-7 C6HfHll 126.59 1.1002 -39 179 .3 NA NA 8 886.4 al, eth, chl 1 ,3 

Chlorobenzene Chlorobenzol, mono-
chloro benzene, 
phenyl chloride 

108-90-7 C6Hfl 112.56 1 .1058 -4~.6 1l2 12 rnotig 
at 25 ·c 

l.9 743 al, eth, bz 1 ,2 ,3 

Cresols Methy lpheno l, hydroxy-

toluene, hydroxymeth-
ylbenzene 

1J19-77-3 HOC H CH
6 4 3 

108 .15 1.03-
1.05 

11-35 191-
20l 

<1 
at 

rnotig 
38 'c 

NA 884 al, eth, 
bz 

ace, 1 ,2 ,3 

.j::--

0 
£:-Dichloro-

benzene 
1 ,4-Dichlorobenzene 2~}21-22-6 1 ,4-Cl£6H4 

147 .01 1.2475 53.1 174 NA NA 672 al, eth, 
bz 

ace, 1 ,2 ,3 

Nitrobenzene Nitrobenzol, 
mirbane 

oil of 98-95-3 C H ND
6 5 2 

12L11 1.2037 5 .7 210.8 0.15 mmHg 
at 20 •c 

4.25 739 .2 al, eth, 
bz 

ace, 1 ,2 ,3 

Phenol Carbolic acid, hydro-

benzene, phenic acid 
108-95-2 C H 0H

6 5
94.11 1.0~76 43 181 .7 0 .35 rnnHg 

at 25 •c 
l.24 729.8 w, el, eth, 

bz, chl 
ace, 1 ,2 ,3 

Xylenes Xylol, dimethylbenzene 1.l l0-20-7 C6H4(CH3) 2 106 .18 0.86-
0.87 

E_-xylene 
-25 .2 

_!!!-xylene 
-47 .9 

.e_-xylene 
13.5 

135-145 Ca. 6 mmHg 
at 20 •c 

l.7 £-Xylene 
1091. 7 

_!!!-xylene 
1088 .4 

.e_-xylene 
1089.1 

al, eth, 
bz 

ace, 1 ,2 

(continued) 



TARI F 5 (cont in11,,rl) 

Name Synonyms 

CAS 
registry 

No. 
Molecular 

formula 
Holec-·lar 

weight 
Density, 

g/ml 

Melting 
point, 
•c 

Boiling 
point, 

•c 
Vapor 

preseure 

Vapor 
density 

(Air : 1) 

b'l 
combustion, 

Kcal/11101 Solubility References 

Carbon tetra-
chloride 

Tetrechlormethane, per-
chloromethane, methane 
tetrachloride 

56-23-5 cc1., 153 .82 1.594D -23 76.5 Ca. 91 
mmHg at 
20 ·c 

5.3 37.3 el, eth, ace, 
bz, chl 

1,2 

Chloroform Trichloromethane 67-66-3 CHC1 3 119.38 1.482 -63.5 61.7 NA 4. 1J 89.2 al, eth, ace, 
bz, liq 

1 ,2 

Ethylene 
Dibromide 

1,2-Dibromoethene 106-93-4 BrCH -cH Br2 2
187 .87 2,1792 9.8 131.3 NA NA 269 el, eth, ace, 

bz 
1,2,J 

Ethylene 
Dichloride 

1 ,2-dichloroethane, 
ethylene chloride 

107-06-2 ClCH 2-CHfl 98.96 1.2351 -35.3 83.5 87 mmHg 
at 25 •c 

J.4 297 al, eth, ace, 
bz 

1 ,2 ,3 

.i:,-
I-' 

Vinyl chloride Chloroe~hylene, VCM, 
chloroethene 

75-01-4 CH27 CHC1 62.50 0 .9106 -153.8 -n.4 2580 lllllllig 
at 20 •c 

2 .2 NA al, eth 1 ,2 

Methyl 
chloroform 

1, 1, 1- Trichloro-
ethane 

71-55-6 OifC1 3 HJ.41 1.H90 -30.4 74.1 100 lllfflHg 
at 20 •c 

4.55 265 el, ath, chl 1,2,J 

Methylene 
chloride 

Dichloromethene, 
methane dichloride 

75-09-2 CHflz 84.93 1 .3266 -95.1 40 340 mmHg 
et 20 •c 

2.9 106.8 al, eth 1,2 

Perchloro-
ethylene 

Tetrachloroethylene, 
ethylene tetrachloride 

127-18-4 Cl C:CC12 2 165.83 1.6227 -19 121 15 .8 mmHg 
at 22 •c 

5.8J 197 el, eth, bz 1,2,J 

Trichloro-
ethylene 

Ethylene trichloride, 
ethenyl trichloride 

79-01-6 ClCH:CC1
2 131.29 1.4642 -73 87 58 mllllg 

at 20 •c 
4.54 229 el, eth, nee, 

chl 
1,2,J 

(continued} 



TABLE 5 (continued) 

Name 

Al lyl chloride 

Synonyms 
---

.i:chloropropene 

CAS 
registry 

No, 

107-05-1 

Molecular 
formula 

CICH CH=CH
2 2 

Molecular 
weight 

76.53 

Density, 
g/ml 

0 ,9}76 

Melting 
point, 
•c 

-134,5 

Boiling 

point, 
·c 

45 

Vapor 
pressure 

Ca, 295 mmHg 
at 20 •c 

Vapor 
density 

(Air = 1) 

2 ,6 

ltl 
combustion, 

Kea 1/mol 

NA 

Solubility 

al, eth, ace, 
bz, lig 

References 

1,2 

Chloroprene 2-Chloro-1 , }-

butadiene 
126-99-8 CHz=CCl-CH=CHz 88,54 0 ,9583 NA 59 .4 NA NA NA eth, see, bz 

Hexachlorocyclo- Perchlorocyclo-

pentadiene pentadiene 
77-47-4 Cfl6 272.75 1 .7019 -9 2l9 at 

7J5 mmHg 

NA NA 5n NA 

HP,thyl bromide Bromomethane 74-8}-9 CH 8r
3

94.94 1 .6755 -93.6 l.6 NA NA 184 at 
20 •c 

al, eth 1,3 

-P-
N 

Vinylidine 

chloride 

Formaldehyde 

~-dichloroethylene 

Hethanal 

75-35-4 

50-00-0 

CH :CC1
2 2 

HCHO 

96.95 

JO.OS 

1.218 

0.815 

-122 .1 

-92 

37 

-21 

NA 

NA 

NA 

NA 

262 

136.42 
25 ·c 

at 

al, eth, ac'?, 
bz, chl 

w, al, eth, 
ace, bz 

1, J,4 

Ethylene 

oxide 

[poxyethane 75-21-8 c H D
2 4

44.05 0 ,8824 -111 1l.2 1095 mlltlg 
at 20 °C 

1 .5 l02 .1 
(20 'c) 

w, al, eth, 
ace, bz 

1 ,2 

Acetaldehyde Acetic aldehyde, ethyl-

aldehyde, ethanol, 

75-07-0 CH/HO 44.05 0. 7834 -121 20.8 NA NA 278.77 
(25 'c) 

w, al, eth, 
ace, bz aldehyde 

1,4 

Acrolein Propenal 107-02-8 CH 2=CHCH□ 56 • □7 0.8410 -86,9 52 ,5-

53.5 
NA NA 389.6 

(20 °c) 
w, al, eth, 
ace 

1 ,4 

N-Nitroso-

morpholine 

Nl(]R 59-89-2 C4H8N202 161.4 NA 29 

(continued) 

139-140 NA NA 606 " 3,5 



l ABLL ', ( continued) 

CAS Melting Boiling Vapor [j-1 

registry Molecular Molecular Density, point, point, Vapor density combustion, 
Name Synonyms No. formula weight g/ml •c ·c pressure (Air= 1) Kcal/mo! Solubility References 

Aery lonitri le Vinyl cyanide, properie- 107-13-1 

nitrile, cyanoethy lene 
ett =CHCN2

53 .06 0.8060 -BL'J> 77 .S 83 mmHG 
at 20 •c 

1.8 at 
BP 

421 al, eth, 
bz 

ace, 1,2 ,3 

1,4-0ioxane Diethy Jene dioxide 123-91-1 C4H802 88.12 1 .0337 11.8 101 27 mmHg 
at 20 ° C 

3 565 w, al, eth, 
ace, bz 

1,2,3 

[pichlorohydrin 1-Chl oro-2, 3-epoxy-
propane, chloromethy 1-
oxilane, y-chloropro-
pyle11e oxide, dl-d-
ep ichlorohydr in 

106-89-8 c H 0CI
3 5

92.53 1.1801 -48 116.5 NA NA NA al, eth, bz 1,4 

.i::-
w 

Glycol ethers Ethylene glycol, mono-

2-ethoxyethar,ol ethylether, ethyl 
cellusolve 

110-80-> H0CH -CH oc H
2 2 2 5 

90 .12 0.9297 NA 135 3 .8 mmHg 
at 20 ·c 
5 .3 mmHg 
at 25 •c 

3.1 NA w, al, eth, at:e 1 ,2 

2-butoxyethano I lthylene gl yea I, mono-

butyl ether, butyl 
ce l lusolve 

111-76-2 H0CH -CH 0C H 118.18
2 2 4 9 

o.9015 NA 171 o.6 mnilg 
at 20 ·c 

4.07 NA w, el, eth 1 ,2 

Haleic anhydride ~-Buteriedioic anhy-

dride, 2 ,'>-furandione 
108-31-6 C4H2D3 98.06 1 .314 60 197-9 <0 .16 mmHg 

at 20 •c 
l.4 332 .10 

at l5 °C 
eth, ace, chl 1 ,2 ,3 

Propylene oxide 1 ,2-lpoxy propane 75-56-9 CHfHCH 2 
58.08 o.859 -112 34.3 NA NA NA w, el, eth 

Phosgene Carbonyl chloride 75-44-S C0C1 
2 

98.92 1 .381 -118 7 .6 1180 mmHg 

at 20 'C 

3.4 NA bz, chl,ea 1 ,2, 3 

8 NA = not available. 



V. DISCUSSION OF COMPOUND CLASS~:S AND INDIVIDUAL COMPOUNDS 

The discussion of compound classes and individual compounds has been 
divided into groups. The compounds have been gr.ouped according to common 
sampling and analysis methods. The five subsections are volatile chlorinated 
:)rgani-::: compounds, volatile aromatic compounds, semivo lat i le and nonvolatile 
compounds, aldehydes, and other compounds. 

A. Sampling and Analysis Methods for Volatile 
Chlorinated Organic Compounds 

The determination of volatile chlorinated organics has received consider
able attention in the literature over the last several years. Sampling methods 
have been developed and ev ..'l.luated which use adsorption of the chlorinated com
pounds of interest onto solid adsorbents. Tenax-GC (l), carbon molecular sieve 
(2), and charcoal (3) have b,~en used. Sampling methods based on cryogenic 
trapping (4), collection in Teflon and Tedlar bags (5-7), and collection in 
glass containers ( 7) have been reported in the l iterat-;;re. The analytical 
methods in use are-based on GC using a variety of detectors. The most fre
quently used detectors include MS, FID and ECD. The following discussion sum
marizes the most commonly used sampling and analysis methods for volatile chlo
rinated organic compounds. Individual discussions for the specific compounds 
of interest are given at the end of the discussion. 

1. Sampling methods 

a. EPA Method TOl 

EPA Method TOl (1) is generally applicable to nonpolar organic compounds 
having boiling points-in the range of approximately 80 to 200 °c. However, the 
method should be validated for all compounds of interest. Ambient air is drawn 
through a cartridge containing 1 to 2 g of Tenax-GC at a constant flow rate 
between 50 and 500 mL/min. Certain volatile organic compounds are trapped on 
the resin while highly volatile organic compounds and most inorganic compounds 
pass through the cartridge. The cartridge is then transferred to the analyti
cal laboratory for analysis. Each compound has a characteristic specific 
retention volume which must not be exceeded when air samples are being taken. 
Specific retention volumes are usually expressed in liters of air per gram of 
adsorbent. Specific retention volumes are a function of temperature, cartridge 
design, sampling parameters, production lot of Tenax-GC, and atmospheric condi
tions. An adequate margin of safety must be included in the sample volume used 
to ensure quantitative and reproducible collection efficiency. Usually the 
specific retention volume is divided by 1.5 to ensure adequate collection. 

Collection of an accurately known volume of air is critical to the accu
racy of the method. The use of mass flow controllers over conventional needle 
valves or critical ori.fices has been recommended. This is especially true f,Jr 
fl.,)w rates less than 100 mL/min. Contamination of the Tenax-GC cartridges with 
the compound or compounds of interest can be a problem at the ppb and sub-pph 
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levels. Extreme care must be taken in the preparation, storage and handling of 
the cartridges to minimize contamination. 

b. EPA Method T02 

EPA Method T02 (2) is generally applicable to nonpolar organic compounds 
having boiling points-in the range of approximately -15 to -120 °C. This 
method has been applied to a limited number of compounds. The method may be 
applicable to a wide range of compounds, but additional validation will be 
required. Ambient air is drawn through a cartridge containing ~o.4 g of carbon 
molecular sieve (CMS) adsorbent at a constant flow rate of 50 to 500 mL/min. 
Volatile organic compounds are trapped on the adsorbent while most major inor
ganic atmospheric compounds either pass through or are only partially retained 
by the CMS. After sampling, the cartridges are returned to the analytical 
laboratory for analysis. Each compound has a specific retention volume in 
liters of air per unit weight of adsorbent. In general, compounds with boiling 
points above 40 °C have specific retention volunH'!S in ex:cess of 100 L per O.4 g 
cartridge of CMS. Compounds like vinyl chloride have a specific retention 
volume of approximately 30 L per cartridge. Therefore, if compounds like vinyl 
chloride are of concern, the maximum safe sampling volume is 20 L. For com
pounds with boiling points of 40 °C or higher, a safe srunpling volume of 100 L 
may be used. 

Collection of an accurately known v-Jlume of air is critical to the accu
racy of the results. Mass flow controllers should be used for flow rates less 
than 100 mL/min. Flow rate through the cartridges should be checked before and 
.::ifter each sample collection. Contamination of the CMS cartridge with the 
compound or compounds of interest often can be a problem at the ppb and sub-ppb 
1.eve ls. Care must be taken in the preparation, storage and hand 1. ing of the 
cartridges to minimize contamination. 

c. EPA Method T03 

EPA Method T03 (3) uses cryogenic preconcentration techniques for the 
sampling of highly volatile organic compounds having boiling points in the 
range of -10 to 200 °C. A collection trap is submerged in either liquid oxygen 
or argon. Liquid argon is preferred to minimize the possibility of explosions. 
The aic sample is then drawn through the collection trap at a constant flow 
rate. After sample collection the trap is switched into the chromatographic 
line for analysis. An important limitation of this technique is the condensa
tion of moisture in the trap. The possibility of ice plugging the trap and 
stopping flow is a problem. Also, any trapped water which is transferred into 
the analytical system may cause problems. If problems with ice formation do 
not occur, the volume of air sampled in theory is limitless. In general, a 
sample volume of 1 to 2 Lis used. 

d. NIOSH methods 

Methods for the determination of volatile chlorinated organics using 
adsorption onto charcoal tubes and desorption witl1 an organic solvent have been 
developed by NIOSH (4). A known volume of air is drawn through a charcoal tube 
t:o trap the compound-or compounds of interest. The charcoal in the tube is 
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then transferred to a small, graduated test tube and desorbed with 1 mL of an 
organic solvent. Carbon disulfide, hexane, benzene, and benzene/methanol are 
some of the solvent systems used. An aliquot of the solvent is then analyzed 
appropriately. 

The sample size is limited by the breakthrough volumes of the compounds of 
interest on charcoal. Breakthrough volumes are a function of temperature, 
tube design, sampling parameters, surface area of the charcoal, and atmospheric 
conditions. Small amounts of water have been found to reduce breakthrough 
v,Jlumes by as much as 50%. Values for breakthrough volumes of individual com
pounds will be given 1.n the individual compound discussions. 

e. Collection in Tedlar and Teflon bags 

Amb.ient air is sampled into evacuated bags at a calibrated and constant 
flow rate (5,6,7). After collection, a measured volume of air is then trans
ferred by syrTnge into the analytical system. CARB Method 103 (6) is based on 
the collection of air samples using Tedlar bagi:;. In this method samples up to 
100 mL are removed from the bag and analyzed by using cryogenic preconcentra
tion techniques discussed earlier. Furtl1er concentration of the bag sample may 
be achieved by removing air from the bags and passing the air through an 
adsorbent like Tenax-GC or CMS. GARB Method A.D.D.L. 001 (5) usc~s this sam
pling technique. Teflon and Tedlar bags oftt!n suffer from adsorption, diffu
sion, and background problems when analyzing for chlorinated organic compounds. 
Care must be taken to minimize this problem, 

2. Analytical methods 

a. EPA Method TOl 

EPA Method TOl (1) is based on the thermal desorption of the compounds of 
interest from Tenax-GC into a GC/MS for analysis. For analysis the Tenax-GC 
cartridge is placed in a heated chamber and purged with an inert gas. The 
desorption temperature is usually 200 to 250 °c. The inert gas desorbs the 
volatile organic compounds from the Tenax-GC onto a cold trap on the front of 
the GC column. The cold trap is held at a temperature below -70 °C. After 
transfer of the organics is completed, the cold trap is removed and the analy-
8is begins. The GC column is temperature programmed, and the components elut
ing from the column are detected and quantified by mass spectrometry. High
resolution capillary columns are recommended because of the complexity of 
ambient-air samples. Compounds having a similar mass spectrum and GC retention 
time compared to the compound of interest will interfere with the analysis. 

An ECD or FID detector may be substituted for the mass spectrometer if the 
required selectivity and sensitivity can be obtained. A detector's suitability 
for a specific analysis must be verified by the analyst prior to analysis. 

b. EPA Method T02 

EPA Method T02 (2) is based on the thermal desorption of the compounds of 
interest from CMS into a GC/MS for analysis. For analysis the CMS cartridge is 

46 



placed in a heated chamber and purged with an inert gas. The desorption tem
perature is usually 200 to 250 °C. The inert gas desorbs the volatile organic 
compounds from the CMS onto a cold trap on the front of the GC column. The 
cold trap is held at a temperature below -70 °C. After transfer of the organ
ics is completed, the cold trap is removed and the analysis begins. The GC 
c,Jlumn is temperature programmed, and the components eluting from the column 
are detected and quantified by mass spectrometry. High-resolution capillary 
columns are recommended because of the complexity of ambient-air samples. Com
pounds having a similar mass spectrum and GC retention time compared to the 
compound of interest will interfere with th~ analysis. 

An ECD or FID detector may be substituted for the mass spectrometer if the 
required selectivity and sensitivity can be obtained. A detector's suitability 
f,Jr a specific analysis must be verified by the analyst prior to analysis. 

c. EPA Method T03 

EPA Method T03 (3) is based on the transfer of a cryogenically preconcen
trated sample iato a GC containing a high-resolution capillary column. With 
the sample valve on the cryogenic trap in the fill position, the column oven 
temperature is lowered to -50 °C. After sample collection is completed, the 
sampling valve is switched so that the carrier gas purges the compounds of 
interest from the trap onto the head of the column. The GC column is tempera
ture programmed, and the eluted peaks are detected and quantified using the 
appropriate detectors. The detector of choice for chlorinated organic com
pounds is an ECD because of its selectivity and sensitivity for chlorinated 
compounds. A FID or PID may be used as appropriate. 

d. NIOSH methods 

NWSH analytical methods (4) are based on packed-column gas chromatog
raphy. Aliquots (1 to 5 µL) of-the extraction sol•,ent are injected into the 
GC. The compounds of interest are detected by an ECD or FID. The detection 
limit is in the ppm range because of the l-mL extraction volume. Only a small 
fraction of the entire sample can be injected into the gas chromatograph. For 
volatile chlorinated organic compounds the detector of choice is an ECO because 
of its selectivity and sensitivity for chlorine-containing compounds. 

e. Analytical methods for air samples collected in bags 

Aliquots of air samples collected in Tedlar or Teflon bags are analyzed 
using gas chromatography (5,7). Both packed and capillary columns have been 
used. Samples from the bags-are injected into a cold trap on the beginning of 
the column and analyzed. The separated compounds are detected and quantified 
using an ECD, FID, or MS as the detector. 

For volatile chlorinated organic compounds, EPA Methods TOl and T02 are 
the methods of choice. These methods are sensitive for volatile chlorinated 
organic compounds. Multiple samples are easily taken and transported to the 
analytical laboratory. The sampling tubes are easily cleaned and are reusable. 
The use of high-resolution capillary columns combined with detection by MS 
offers a highly sensitive and selective method for volatile chlorinated organic 
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compounds. Detailed discussions of the sampling and analysis methods for the 
specific volatile chlorinated organic compounds of interest are given in the 
following pages. 
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CARBON TETRACHLORIDE 

Carbon tetrachloride is a heavy, colorless liquid with a characteristic 
nonirritant odor. Carbon tetrachloride is miscible with many common organic 
liquids and is a powerful solvent for asphalt, chlorinated rubbers, and waxes. 
It has a boi 1ing point of 76. 7 ° C and is unstable upon thermal oxidation (__!_). 

Sampling methods based on adsorption onto solid adsorbents such as Tenax
GC (2) and carbon (3-5), cryogenic trapping (6-8), and collection in bags 
(9-11) and glass (9) have appeared in the literature. The analytical methods 
1n use are based on GC using a variety of detectors. These detectors include 
FID (!!:_-_§_), ECO (_§_-~), and MS ( ~,2). 

The collection of carbon tetrachloride using a CMS sorbent tube followed 
by thermal desorption into a cryogenic trap and analysis by GC/MS using capil
lary columns has been described in a recent EPA document (Method T02) (3). The 
sampling procedure and the analytical method can be automated in a reasonable, 
cost-effective manner. The analytical detection limit is between 1 and 20 ng, 
depending on the mass-spectral conditions chosen. Multiple samples are easily 
taken and are transported easily. The use of high-resolution capillary columns 
combined with detection by MS offers a high degree of specificity for carbon 
tetrachloride. Compounds having a similar mass spectrum and GC retention time 
to carbon tetrachloride will interfere with the method. The analyst must take 
extreme care in the preparation, storage, and handling of the CMS cartridges 
throughout the entire sampling-and-analysis procedure to minimize contamination 
problems. The reproducibility of the method was found to be ±25% on parallel 
tubes, but the method has not been completely validated. 

EPA Method TOl (2) has been used for the analysis of carbon tetrachloride. 
This method uses Tenai-GC as the collection adsorbent. The analysis procedure 
is the same as discussed above for EPA Method T02. The estimated retention 
volume of carbon tetrachloride on Tenax-GC at 100 °F (38 °c) is 8 L/g. This 
low retention volume limits the size of the air sample that may be taken. The 
analytical detection limit is between 1 and 20 ng of carbon tetrachloride, 
depending on the mass-spectral conditions chosen. The same advantages and 
d i.sadvantages discussed for EPA Method T02 generally hold true for EPA Method 
TOl. This method also has not been completely validated. 

Several methods far the determination of carbon tetrachloride using cryo
genic preconcentrat ion techniques ( 6-8) have appeared i.n the literature. ln 
general, the sampling tube is lowered-into liquid argon or oxygen, and the com
pounds of interest are trapped from the air. There is no limitation on the 
amount of air that can be sampled. However, major problems can occur from ice 
forming in the trap and plugging it. Also, there is a potential safety hazard 
when using liquid oxygen. Cryogenic traps are hard to ma.intain and transport 
from the field into the laboratory. The recommended analysis method uses 
GC/FID or GC/ECD for carbon tetrachloride. Detection limits are betwl~en 1 and 
5 ng, depending on the detection method used. The use of capillary columns is 
recommended. Compounds having similar GC retention times will interfere with 
the analysis of carbon tetrachloride. A major limitation of the technique is 
the condensation of moisture in the collection trap. The possibility of ice 
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plugging the trap and stopping flow is of concern. Water which is transferred 
to the capillary column may also result in flow stoppage and may cause decompo
sition of the stationary phase in the column. The overall accuracy and preci
sion of the method has been determined to be ±10% when no icing problems 
occur. 

Methods for the determination of carbon tetrachloride using adsorption 
onto charcoal and desorption with carbon disulfide have been published by NIOSH 
(4,5). A known volume of air is drawn through .::1 charcoal tube to trap the 
carbon tetrachloride present. The chareoal in the tube is then transferred to 
.::1 small, graduated test tube and desorbed with carbon disulfide. An aliquot of 
the desorbed sample is analyzed using GC. The breakthrough volume has been 
determined to be 600 L/g at 25 °C. Small amounts of water have b(~en found to 
reduce this value by as much as 50%. The detection limit is in the ppm range 
due to the 1-mL extraction volume. Only a small fraction of the entire sample 
can be injected into the gas chromatograph. The overall accuracy and precision 
of the method is ±10%. 

Methods using Teflon bags, Tedlar bags, and glass containers for the col
lection of air samples containing carbon tetrachl,:>ride have appeared in the 
literature. Teflon and Tedlar bags often suffer from adsorption, diffusion, 
and background problems when analyzing for carbon tetrachloride. Care must be 
taken to minimize this problem. 

CARB Method 103 (10) uses Tedlar bags for the collection of carbon tetra
chloride. Air is samp.led into a Tedlar bag at a calibrated and controlled flow 
rate. A rueasut·ed volume of the air sample is then transferred by a syringe 
into the GC. Samples up to 100 mL may be analyzed by using cryogenic precon
centration techniques. The method is sensitive down to 0.01 ppb. 

GARB Method A.D.D.L. 001 (11) uses Tedlar bags for the collection of car
bon tetrachloride. A 2-L sample-from thi~ Tedlar bag is then concentrated onto 
a Tenax-GC cartridge and analyzed accoroiing to a procedure adapted from EPA 
Method TOl. The analytical detection limit of the method is 0.1 ppb, which 
corresponds to 1.2 ng of carbon tetrachloride. The overall method-detection 
limit is still being evaluated. 

EPA Method T02 is the best analytical method for the analysis of low 
levels of carbon tetrachloride in air. The method is sensitive and selective 
f,Jr carbon tetrachloride. Multiple samples are easily taken in the field and 
shipped to the analytical laboratory. The sampling tubes are easily cleaned 
and are reusable. The method is limited by the breakthrough vol:1me of carbon 
tetrachloride on CMS. GC/MS is the most selective method of analysis, but 
GC/FID or GC/ECD may be used if no interferences occur. 
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!ABLE 6. GENERAL ANALYIICAL ,-f:JHOD FOR IHL DETLRHINAI I~ or CARBON IEIRACHLORID[ 

Analytical Hinimum8 

Method detection Typical sample detectable Accuracy & 

No. Principle Potential interferences limit volume, L concentration precision References 

A. Collection on CHS A. Compounds having a similar 11ess 1-20 ng, depend 100 0.01-0.2 i.g/m3 ±2s:; at the } 

B. Ther111a 1 desorption spectrum to carbon tetrachloride ing on the ppb level 
into a cryogenic trap end a similar GC retention time. mass-spectral 

C. Determination by capil B. Contamination of CHS cartridge conditions 
lary column GC/HS with the compoood of interest. tions chosen. 

2 A. Collection using a A. Condensation of water in the cryo 1-S ng 1-S i.g/1113 ±1():; if no ice 6,7 
cryogenic trap genic trap may plug the trap. formation 

B. Determineti07 07 capil B. Compounds with similar retention 
lary colUllln GC/rID or times lo carbon tet rach tor ide. 
GC/la> C. Water transferred to the colUOlfl 

fran the trap rway decoorpose the 
stationary pheee. 

} A. Collecti07 07 charcoal A. Compounds with similar. retenti07 D.1-Sngper 17 6 .Sx10 4 µg/m 3b ±1 □:; in the 4,S 
B. Desorption with cs2 
C. Determineti07 by GC/r ID 

times to carbon tetrachloride. 
B. Water vapor reduces adsorbent 

injection ppm range 

Vl 
or GC/la> capacity. 

N 
4 A. Collecti07 on Tenax-GC A. Compounds having similar mess spec 1-20 ng, depend s 0.2 to 4 i.g/m 3 ±2s:; et the 

B. I her111al desorpti07 into trLWll to carbon similar GC retention ing on the ppb level 
a cryogenic trap time. ntess-spectral 

C. Determination by capil B, Contamination of lenax-GC cartridge conditions 
lary colUllln GC/HS with c0111pound of interest. chosen. 

A. Collection in e redler beg A. Compounds having a similar 11ess spec 1-2 ng 2 0.6 1,g/113 NA 
B. Concentret ion of 2-L air trum to carbon tetrachloride and a (0.1 ppb) 

slllllp le onto T enax-GC similar GC retention time. 
C. lher1DOl desorption into a B. Contamination of lenex-GC cartridge 

cryogenic trap with compound of interest 
0. Determination by capillary C. Adsoprtion onto the walls 

column GC/HS of the Iedlar bag. 

a Analytical detection limit, ng 1000 L 1 1,1;1 
Minimum detectable concentration (~) = X x --- unless otherwise noted. 

Typical s11111ple volUllle, L 1 m3 1000 ng 

blhis is the lower limit of the validated range es given in reference S end is not necessarily the lower li111it of detection. 



CHLOROFORM 

Chloroform is a heavy, clear, volatile liquid with a pleasant ethereal 
nonirritant odor. It is miscible with most organic solvents, is slightly solu
ble in water, and has a boiling point of 61.3 °C. Chloroform decomposes at 
ordinary temperatures in sunlight in the absence of air, and in the dark in the 
presence of air. The principal hazard from inhalation or ingestion of chloro
form is damage to the kidneys and liver. Chloroform is mildly irritating to 
the skin, but it is believed that medically significant quantities are not 
absorbed through intact skin. The recommended maximum TWA concentration for a 
10-h daily exposure is 50 ppm, but NIOSH is recommending that the exposure 
limit be reduced at 10 ppm(!). 

Sampling methods based on adsorption onto sol id adsorbents such as Tenax
GC (2) and carbon (3-5), cryogenic trapping (6-8), and collection in bags 
(9-11) and glass (9) have appeared in the literature. The analytical methods 
in use are based on GC using a variety of detectors. These detectors include 
no <!:-i), ECO (~-~), and MS (3_,l). 

The collection of chloroform using a CMS sorbent tube followed by thermal 
desorption into a cryogenic trap and analysis by GC/MS using capillary columns 
has been described in a recent EPA document (Method T02) (3). The sampling 
procedure and the analytical method can be automated in a reasonable, cost
effective manner. The analytical detection limit is between 1 and 20 ng, 
depending on the mass-spectral conditions chosen. Multiple samples are easily 
taken and are transported easily. The use of high-resolution capillary columns 
combined with detection by MS offers a high deg.ee of specificity for chloro
form. Compounds having a similar mass spectrum and GC retention time to chlo
roform will interfere with the method. ThE~ analyst must take extreme care in 
the preparation, storage, and handling of the CMS cartridges throughout the 
entire sampling-and-analysis procedure to minimize contamination problems. The 
reproducibility of the method was found to be ±25% on parallel tubes, but the 
method has not been completely validated. 

EPA Method TOl (2) has been used for the analysis of chloroform. This 
m,~thod uses Tenax-GC as the collect ion adsorbent. The analysis procedure is 
the sarae as discussed above for EPA Method T02. The estimated retention volume 
of chloroform on Tenax-GC at 100 °F (38 °C) is 8 L/g. This low retention 
volume limits the size of the air sample that may be taken. The analytical 
detection limit is between 1 and 20 ng of chloroform, depending on the mass
spectral conditions chosen. The same advantages and disadvantages discussed 
for EPA Method T02 generally hold true for EPA Method TOl. This method also 
has not been validated. 

Several methods for the determination of chloroform using cryogenic pre
concentration techniques (6-8) have appeared in the literature. In general, 
the sampling tube is lowered-into 1iquid argon or oxygen, .:ind the compounds of 
interest are trapped from the air. There is no limitation on the amount of air 
that can be sampled. However, major problems can occur from ice forming in the 
trap and plugging it. Also, there is a potential safety hazard when using 
liquid oxygen. Cryogenic traps are hard to maintain and transport from the 
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field into the laboratory. The recommended analysis method uses GC with FID 
or ECD for chloroform. Detection limits are between 1 and 5 ng, depending on 
the detection method used. The use of high-resolution capillary columns is 
r,~commended. Compounds having similar GC retention times will interfere with 
the analysis of chloroform. A major limitation of the technique is the conden
sation of moisture in the collection trap. The possibility of ice plugging the 
trap and stopping flow is of concern. Water which is transferred to the capil
lary column may also result in flow stoppage and may cause decomposition of the 
stationary phase in the column. The overall accuracy and precision of the 
method has been determined to be ±10% when no icing problems occur. 

Methods for the determination of chloroform using adsorption onto charcoal 
and desorption with carbon disulfide have been published by NIOSH (4,5). A 
known volame of air is drawn through a charcoal tube to trap the chloroform 
present. The charcoal in the tube is then transferred to a small, graduated 
test tube and desorbed with carbon disulfide. An aliquot of the desorbed sam
ple is analyzed using GC. The breakthrough volume has been determined to be 
130 L/g at 25 °C. Small amounts of water have been found to reduce this value 
by as much as 50%. The detection limit is in the ppm range because of the 1-mL 
extraction volume. Only a small fraction of the entire sample can be injected 
into the gas chromatograph. The overall accuracy and precision of the method 
lS ±10%. 

The use of Teflon bags, Tedlar bags, and glass containers for the collec
tion of air samples containing chl,Jroform have appeared in the literature 
(9-11). Teflon and Tedlar bags often suffer from adsorption, difussion, and 
background problems when analyzing for chloroform. Glass containers are 
fragile and are limited in sample size. 

CARB Method 103 (10) uses Tedlar bags for the collection of chloroform. 
Air is sampled into a Tedlar bag at a calibrated and controlled flow rate. A 
measured volume of the air sample is then transferred by a syringe into the GC. 
Samples up to 100 mL may be analyzed by using cryogenic preconcentr.ation tech
niques. The method is sensitive down to 0.01 ppb. 

CARB Method A.D.D.L. 001 (11) uses Tedlar bags for the collection of chlo
rofonn. A 2-L sample from the Tedlar bag is then concentrated onto a Tenax-GC 
cartridge and analyzed according to a procedure adapted from EPA Method TOl. 
The analytical detection limit of the method is 0.1 ppb, which corresponds to 
1 ng of chloroform. The overall method-detection limit is still being evalu
ated at this time. 

EPA Method T02 is the best analytical method for the analysis of low 
levels of chloroform in air. The method is sensitive and selective for chloro
form. Multiple samples are easily taken in the field and shipped to the ana
lytical laboratory. The sampling tubes are easily cleaned and are reusable. 
The method is limited by the breakthrough volume of chloroform t)!l carbon molec
ular sieve. GC/MS is the most selective method of analysis, but GC/FID or 
GC/ECD may be used if no interferences occur. 
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IABLl 7. GlNlRAL ANALYTICAL M[JHOOS f□ R IHl DlllRMINATION OF CHLOROFORM 

Analytical Minimum8 

Method detection Typical sample detectable Accuracy !r 
No. Principle Potential interferences limit volume, L concentration precision References 

A. Collection on CHS A. Compounds having a similar mess spec 1-20 ng depend 100 0 ,01-0 .2 i.g/m 3 ±2~'- et the 1J 

8. I herma l desorption into trum to chloroform end a similar GC ing on the ppb level 
cryogenic t reps retention time. mess-spectral 

C. Determination by capil 8. Cont ...ination of CHS cartridge with conditions 
lary column GC/HS the compound of interest. chosen 

A. Collection using a A. Condensation of water in the cryogenic 1-5 ng 1-5 µg/m3 ±10'- if no ice 6,8 
cryogenic trap trap may plug the trap. formation 

8. Determination by capil B. Compounds "1th a similar GC retention occurs 
lary column GC/F ID or time to chloroform, 
GC/lCO C. Weter transferred to the colun, from 

the trap 11ey decompose the stationery 
phase. 

V, 

-..J 

A. Collectim on charcoal 
8. Desorption with cs2 

A. Compounds with a similar GC 
time to chloroform 

retention 0,5 ng per 
injection 

17 9 , 98 X ,alt µg/m 3b ±1 □i. in the ppm 
range 

4,5 

C. Determination by GC/FID 8. Water vapor reduces adsorbent capacity 
or GC/lCO 

4 A." Collection on Ienax-GC A. Compounds having a similar mess spec 1-20 ng, depending 5 0.2 to 4 µg/m 3 ±25'- at the PP" 
8. I her11111l desorption into trUOI to chlorofor11 end e similar GC on the mass level 

a cryogenic trap retention time, spectral condi

C. Determination by capil 8, Cont110inetion of Tenex-Ge certrid<je tions chosen 
lary column GC/HS with compound of interest. 

~ Collection in e Tedler Compounds having e ei11iler mess spec 1 ng 2 0 ,5 µg/m3 NA 11 
bag tr.., to chloroform end a sinlilar GC (0.1 ppb) 

retentioo time. 

e (µg) Analytical detection limit, ng 1000 L 1 µg 
Minimllll detectable concentration - = X ---x unless otherwise noted. 

.,3 I ypicel slll!lple vol..,e, L 1 m3 1000 ng 

blhis is the lower limit of the validated range as given in reference 5 and is not necessarily the lower limit of detection. 



METHYLENE CHLORIDE 

Methylene chloride is a clear, colorless, volatile liquid with a mild 
ethereal odor. It is only slightly soluble in water, has a boiling point of 
39.8 °C, and is one of the most stable chlorinated hydrocarbon solvents. Meth
ylene chloride is an excellent solvent for many resins, waxes, and fats, and 
therefore is well suited for a wide variety of industrial uses. Methylene 
chloride is one of the least toxic chlorinated methanes. It is painful and 
irritating if splashed directly into the eye. The TLV for methylene chloride 
LS 100 ppm (v/v) for an 8-h exposure(_!_). 

The collection of methylene chloride using a CMS sorbent tube followed by 
thermal desorption into a cryogenic trap and analysis by GC high-resolution 
capillary columns has been described in a recent EPA document (Method T02) (2). 
The sampling procedure and the analytical method can be automated in a reason
able, cost-effective manner. The analytical detection limit is between 1 and 
20 ng of methylene chloride, depending on the mass-spectral conditions chosen. 
Multiple samples are easily taken and are transported easily. The use of high
resolution capillary columns combined with detection by mass spectrometry 
offers a high degree of specificity for methylene chloride. Compounds having a 
similar mass spectrum and GC retention time to methylene chloride will inter
fere with the method. The analyst must take extreme care in the preparation, 
storage, and handling of the CMS cartridges throughout the entire sampling-and
analysis procedure to minimize contamination problems. The estimated retention 
volume of methylene chloride on CMS at 25 °C is approximately 30 L/g of 
absorbent. At lower ambient air temperatures, the retention volume for methyl
ene chloride will increase. The reproducibility of the method was found to be 
±25% on parallel tubes. However, the method has not been validated. 

Several methods for the determination of methylene chloride using cryo
genic preconcentrat ion techniques (.3-5) have appeared in the ti terature. In 
general, the sampling tube is lowered-into liquid argon or oxygen, and the com
pounds of interest are trapped from the air. There is no limitation on the 
amount of air that can be sampled. However, major problems can occur from ice 
forming in the trap and plugging it. Also, there is a potential safety hazard 
when using liquid oxygen. Cryogenic traps are hard to maintain and transport 
from the field into the laboratory. The recommended analysis method uses GC 
with FID or ECD fur methylene chloride. Detection limits are between 1 and 
5 ng, depending on the detection method used. Packed columns or thick-film 
capillary columns may be used. Compounds having a similar GC retention time 
will interfere with the analysis of methylene chloride. A major limitation of 
the technique is the condensation of moisture in the collection trap. The 
possibility of ice plugging the trap and stopping flow is of concern. Water 
which is transferred to the column may also result in flow stoppage and may 
cause decomposition of the stationary phase in the column. The overall accu
racy and precision of the method has been determined to be ±10% when no icing 
problems occur. 

Sampling methods based on adsorption onto Tenax-GC are not applicable for 
the determination of methylene chloride. The estimated retention volume for 
methylene chloride on Tenax-GC at 20 °C is 0.52 L/g (6). This value is too low 
for this method to be of practical use. 
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Methods for the determination of methylene chloride using adsorption onto 
charcoal and desorption with carbon disulfide have been published by NIOSH 
(7,8). A known volume of air is drawn through a charcoal tube to trap the 
methylene chloride present. The charcoal in the tube is then transferred to a 
small, graduated test tube and desorbed with carbon disulfide. An aliquot of 
the desorbed sample is analyzed using GC. The breakthrough volume has been 
determined to be 38 1/g at 25 °C. Small amounts of water have been found to 
reduce this value by as much as 50%. The detection limit is in the ppm range 
because of the 1-mL extraction volume. Only a small fraction of the entire 
sample can be injected into the gas chromatograph. The overall accuracy and 
precision of the method is ±10%. 

CARB method 103 (9) uses Tedlar bags for the collection of methylene 
chloride. Air is sampled into a Tedlar bag at a calibrated and controlled flow 
rate. A measured volume of the air sample is then transferred by a syringe 
into the GC. Samples up to 100 mL may be analyzed by using cr-yogenic 
preconcentration techniques. The method-detection limit is 0.01 ppb. 

EPA Method T02 is the best analytical method for the analysis of low 
levels of methylene chloride in air-. The method is sensitive and selective for 
methylene chloride. Multiple sampl,~s are easily taken in the field and shipped 
to the analytical laboratory. The sampling tubes are easily cleaned and are 
reusable. The method is limited by the br-eakthrough volume of methylene chlo
ride on CMS. GC/MS is the most selective method of analysis, but GC/FID or 
GC/ECD may be used if no interferences occur. 
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IABLE 8. GEN[RAL ANALYTICAL HllHODS r□ R IH[ DlTERHINAllON DF 1-1.JHYLlNE CHLORIDE 

Analytical Hini-a 
Method detection Typical san,ple detectable Accuracy & 

No. Principle Potential interferences limit voluo,e, L concentration precision References 

A. Collection on CHS A. Con,pounds having a ainlilar 11ass spec- 1-20 ng, depend- 100 0.01-0.2 1,1;1/113 :t2Sl at the 2 

B. Therma I desorption into trum to ■ethylene chloride and a sim- ing on the ppb level 
a cryogenic trap ilar GC retention time. 11ass-spectral 

C. Determination by capil- B. Conta11inetion of CHS cartridge with conditions 
lary colUllln GC/HS the coo,pound of intereat. chosen 

2 A. Collection using a A. Condensation of water in the cryo- 1-S ng 1 1-S 1,1;1/113 ±1 O!o if no ice },4 
cryogenic trap genie trap may plug the trap. for1111t ion occurs 

B. Oeternlinstion by GC/fIO B. Compounds with a similar GC retention 
or GC/[CD times to 111ethylene chloride. 

C. Water transferred to the colUlllrl from 
the trap may deco■pose the stet ionary 
phase. 

0\ ..... J A. Collection on charcoal A. Compounds withs similar GC retention 0.1-S ng per 1 1.7 X 106 1J9/m3b ±10!. in the PP"' 7,8 

B. Desorption with cs 2 
C. Determination by GC/fIO 

times to methylene chloride. 
B. Water vapor reduces adsorbent capacity. 

injection range. 

or GC/LCD 

a (119) Analytical detection limit, ng 1000 L 1 119 
+linillla detectable concentration - = x --- x --- unless otherwise stated. 

• 3 Iypical Sllllple volume, L 1 m3 1000 ng 

blhis is the lower limit of the validated range as gt,en in reference B end is not necessarily the lower limit of detection. 



METHYL CHLOROFORM 

Methyl chloroform (1,1,1-trichloroethane) is a colorless, nonflammable 
liquid with a characteristic ethereal odor. It is miscible with other chlo
rinated organic solvents and has a boiling point of 74.0 °C. Methyl chloroform 
is among the least toxic of the chlorinated solvents used in industry today. 
Vapor inhalation causes depression of the central nervous system and can cause 
dizziness. The TLV is 350 ppm for an 8-h exposure period (1). 

Sampling methods based on adsorption onto solid adsorbents such as Tenax
GC (2) and carbon (3-5), cryogenic trapping (6-8), collection in bags and glass 
bulbs (9-11), and direct injection into a GC (12) have appeared in the litera
ture. Theanalytical methods in use are basedon GC using a variety of 
detectors. These detectors include FID, ECD, and MS. 

The collection of methyl chloroform using a CMS sorbent tube followed by 
thermal desorption into a cryogenic trap and analysis by GC/MS using capillary 
columns has been described in a recent EPA document (Method T02) (3). The 
sampling procedure and the analytical method can be automated in a-reasonable, 
cost-effective manner. The analytical detection limit is between 1 and 20 ng 
of methyl chloroform, depending on the mass-spectral conditions chosen. Multi
ple samples are easily taken and are transported easily. The use of high
resolution capillary columns combined with detection by MS offers a high degree 
of specificity for methyl chloroform. Compounds having a similar mass spectrum 
and GC retention time will interfere with the determination of methyl chloro
form. The analyst must take extreme care in the preparation, storage, and 
handling of the CMS sorbent tubes cartridges throughout the entire sampling
and-analysis procedure to minimize contamination problems. The reproducibility 
of the method was found'to be ±25% on parallel tubes but has not been com
pletely validated. 

EPA Method TOl (2) has been used for the analysis of methyl chloroform. 
This method uses Tenax-GC as the collection adsorbent. The analysis procedure 
is the same as discussed above in EPA Method T02. The estimated retention 
volume of methyl chloroform on Tenax-GC at 100 °F (38 °C) is 6 L/g. This low 
retention volume limits the size of the air sample. The analytical detection 
limit is between 1 and 20 ng of methyl chloroform, depending on the mass
spectral conditions chosen. The same advantages and disadvantages discussed 
for EPA Method T02 generally hold true ·for EPA Method TOl. 

Several methods for the determination of methyl chloroform using cryogenic 
preconcentration techniques (6-8) have appeared in the literature. In general, 
the sampling tube is lowered into liquid argon or oxygen, and the compounds of 
interest are trapped from the air. There is no limitation on the amount of air 
that can be sampled. However, major problems can occur from ice forming in the 
trap and plugging it. Also, there is a potential safety hazard when using 
liquid oxygen. Cryogenic traps are hard to maintain and transport from the 
field into the laboratory. The recommended analysis method uses GC with FID or 
ECD for methyl chloroform. Detection limits are between 1 and 5 ng, depending 
on the detection method used. The use ·of high-resolution capillary columns is 
recommended. Compounds having a similar GC retention time will interfere with 
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the analysis of methyl chloroform. A major limitation of the technique is the 
condensation of moisture in the collection trap. The possibility of ice plug
ging the trap and stopping flow is of concern. Water which is transferred to 
the capillary column may also result in flow stoppage and may cause decomposi
tion of the stationary phase in the column. The overall accuracy and precision 
of the method has been determined to be ±10% when no icing problems occur. 

Methods for the determination of methyl chloroform using adsorption onto 
charcoal and desorption with carbon disulfide have been published by NIOSH 
(4,5). A known volume of air is drawn through a charcoal tube to trap the 
methyl chloroform present. The charcoal in the tube is then transferred to a 
small, graduated test tube and desorbed with carbon disulfide. An aliquot of 
the desorbed sample is analyzed using GC. The breakthr0ugh volume has been 
det1:!rmined to be 130 L/g at 25 °C. Small amounts of water have been found to 
reduce this value by as much as 50%. The detection limit is in the ppm range 
because of the 1-mL extraction volume. Only a small fraction of the entire 
sample can be injected into the GC. The overall accuracy and precision of the 
method is ±10%. 

Descriptions of the use of Teflon bags, Tedlar bags, and glass contai11ers 
(9-11) for the collection of air samples containing methyl chloroform have 
appeared in the 1iterature. Teflon and Te<llar bags often suffer from 
adsorption, diffusion, and background problems when analyzing for methyl 
chloroform. Glass containers are fragile and are limited in sample size. 

CARB Method 103 (10) uses Tedlar bags for the collection of methyl chloro
form. Air is sampled into a Tedlar bag at a calibrated and controlled flow 
rate. A measured volume of the air sample is then transferred by a syringe 
into the GC. Samples up to 100 mL may be analyzed by using cryogenic precon
centration techniques. The method-detection limit is 0.01 ppb. 

CARB Method A.D.D.L. 001 (11) uses Tedlar bags for the collection of 
methyl chloroform. A 2-L sampfefrom the Tedlar bag is then concentrated onto 
a Tenax-GC cartridge and analyzed according to a procedure adapted from EPA 
Method TOl. The analytical detection limit of the method is 0.1 ppb, which 
corresponds to l.l ng of methyl chloroform. The overall method-detection limit 
1s still being evaluated at this time. 

EPA Method T02 is the best analytical method for the analysis of low 
levels of methyl chloroform in air. The method is sensitive and selective for 
methyl chloroform. Multiple samples are easily taken in the field and shipped 
to the analytical laboratory. The sampling tubes are easily cleaned and are 
reusable. The method is limited by the breakthrough volume of methyl chloro
for1n on CMS. GC/MS is the most selective method of analysis, but GC/FID or 
GC/ECD may be used if no interferences occur. 
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IABLE 9. GlNERAL ANALYIICAL MLIHOOS FOR IHL DUERHINAIION OF HUHYL CHLOROFORM 

Analytical Hinimum8 

Method detection Typical sample detectable Accuracy & 
No. Prin<:iple Potential interferences limit ,olume, L concentration precision References 

A. Collection on CHS A. Compounds he,ing a similar mass spec- 1-20 ng, depend- 100 0.01-0.2 IJJ/m3 ±25"9 at the 2 
8. lhermel desorption into trum to methyl chloroform and a sim- ing on the mess- ppb level 

a cryogenic trap ilar GC retention time. spectral condi-
C. Determination by capil- 8. Contamination of CHS cartridges with tions chosen 

lary column GC/HS. the compound of interest. 

2 A. Collection using a A. Condensation of water in the cryogenic 1-5 ng 1 1-5 IJJ/m 3 ±10"- if no ice 6,7 
cryogenic trap trap may plug the trap. formation 

B. Determination of capil- B. Compounds with a similar GC retention occurs 
lar y column GC/FIO or time to methyl chloroform. 
GC/LQ) C. Weter transferred to the colt.lllll from 

the trap may decoa-pose the stationary 
phase. 

J A. Collection on charcoal A. Compounds with a similar retention 0.1-5 ng per J 9.04•105 i,g/m3b ±1 CJ"- in the ppm 4,5 

8. Desorption with CS2 time to methyl chloroform. injection range 
C • Determination by 1.C/FIO 8. Water vapor reduces adsorbent capacity. 

or GC/UD 
O' 
O's 4 A. Collection on Tenax-GC A. Compounds having a similar mass apec- 1-20 ng, depend- 4 0 .25-5 i,g/m 3 ±25"9 et the ppb 2 

8. thermal desorption into trum to methyl chloroform and a simi- ing on the mass- level 
a cryogenic trap ler GC retention time. spectral 

C. Determination by capil- 8. Contamination of le111Jx-GC cartridge conditions 
lary colt.lllll GC/ffS with compound of interest. chosen 

5 A. Collection in a Tediar bag A. Compounds having a similar mass spec- 1.1 ng 2 0.55 µg/m3 NA 11 
8. Concentration of a 2-l sir trum to chloroform and a similar GC (0.1 ppb) 

sanple .onto renax-GC retention ti.lie. 
C. Ji>ermal desorption into a 8. Containation of fenex-GC cartridge 

cryogenic trap with compound of interest. 
D. Oetenaination by capillary C. Adsorption onto the walls of the 

column GC/iti the I edlar bag. 

a (µg} Analytical detection lilllit, ng 1000 L 1 µg 
Hini- detectable c1111centration x --- x --- unless otherwise stated.3m rypical sample volume, L 1 ,.3 1000 ng 

bThis is the lower limit of the validated range as given in reference 5 and is not necessarily the lower lilllit or detection. 



TRICHLOROETIWLENE 

Trichloroethylene (TCE) is a colorless, sweet-smelling, volatile liquid 
and a powerful solvent for a large number of organic substances. It is immis
cible in water, has a boiling point of 86.7 °C, and slowly decomposes by auto
oxidation in air. Trichloroethylene is intrinsically toxic, mainly because of 
its anesthetic effect on the central nervous system. Exposure occurs mainly 
through vapor inhalation, followed by rapid adsorption into the blood stream. 
The OSHA maximum TWA concentration has been set at 100 ppm for an 8-h 
.~xposur.e (_!). 

Sampling methods based on adsorption onto solid adsorbents (2) such as 
Tenax-GC (3-8) and carbon (9), cryogenic trapping ( 10-12), and collection in 
bags (.5 ,6 ,T3-;14), glass bulbs ( 5), and stainless steelcontainers ( 15) have 
appear-;;;-d-(~the literature. The analytical methods in use are basedon gas 
chromatography using a variety of detectors. These detectors include FID 
(2_-_!_Q_), ECD (2-_l.Q), PID (~), and MS (l_,_2). 

The collection of trichloroethylene using a Tenax-GC sorbent tube followed 
by thermal desorption into a cryogenic trap and analysis by GC/MS using capil
lary columns has been described in a recent EPA document (Method TOl) (3). The 
sampling procedure and the analytical method can be automated in a reasonable, 
cost-effective manner. The analytical detection limit is between 1 and 20 ng 
of trichloroethylene, depending on the mass-spectral conditions chosen. Multi
ple samples are easily taken and transported. The use of high-resolution 
capillary columns combined with detection by MS offers a high degree of speci
ficity for trichloroethylene. Compounds having a mass spectrum and GC reten
tion time similar to trichloroethylene will interfere with the method. The 
analyst must take extreme care in the preparation, storage, and handling of the 
Tenax-GC cartridges throughout the entire sampling and analysis procedure to 
minimize contamination problems. The estimated retention volume of trichlo
roethylene on Tenax-GC at 100 °F (38 °C) was determined to be 20 L/g of absorb
ent. At lower ambient-air temperatures, the retention volume for trichloro
ethylene will increase. The reproducibility of the method was found co be ±25% 
on parallel tubes. 

EPA Method T02 (9) has been proposed for the analysis of trichloroethy
lene. This method uses a CMS as the collection adsorbent. The analysis proce
dure is the same as discussed above for EPA Method TOl. The estimated reten
tion volume of trichloroethylene on CMS at 100 °F (38 °C) is greater than 
100 L/g. The detection limit is between 1 and 20 ng of trichloroethylene, 
depending on the mass-spectral conditions chosen. The same advantages and 
disadvantages discussed for EPA Method TOI generally hold true for EPA Method 
T02. However, EPA Method T02 has not been specifically validated for trichlo
roethylene. 

Several methods for the determination of trichloroethylene using cryogenic 
preconcentration techniques (10-12) have appeared in the literature. In gen
eral, the sampling tube is lowered into liquid argon or oxygen, and the com
pounds of interest are trapped from the air. There is no limitation on the 
amount of air that can be samplecl. However, major problems can occur from ice 
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forming in the trap and plugging it. Also, there is a potential safety hazard 
when using liquid oxygen. Cryogenic traps are hard to maintain and transport 
from the field into the laboratory. The recommended analysis method for tri
chloroethylene uses GC with FID or ECD. Detection limits are between 1 and 
5 ng, depending on the detection method used. The use of capillary columns is 
recommended. Compounds having similar GC retention times will interfere with 
the analysis of trichloroethylene. A major limitation of the technique is the 
condensation of moisture in the collection trap. Another concern is the pos
sibility of ice plugging the trap and stopping the flow. Water which is trans
f~rred to the capillary column may also stop the flow and may cause decomposi
tion of the stationary phase in the column. The overall accuracy and precision 
of the method has been determined to be ±10% when no icing problems occur. 

Methods for the determination of trichloroethylene using adsorption onto 
charcoal and desorption with carbon disulfide have been published by NIOSH 
(17,18). A known volume of air is drawn through a charcoal tube to trap the 
t-richloroethylene present. The charcoal in the tube is then transfert"ed to a 
small, graduated test tube and desorbed with carbon disulfide. An aliquot of 
the desorbed sample is analyzed using GC. The breakthrough volume has been 
determined to be 170 L/g at 25 °c. Small amounts of water have been found to 
reduce this value by as much as 50%. The detection limit is in the ppm range 
because of the 1-mL extraction volume used. Only a small fraction of the 
entire sample can be injected into the gas chromatograph. The overall accut"acy 
and precision of the method is ±10%. 

Descriptions of the use of Teflon bags, Tedlar bags, glass containers, and 
stainless steel cylinders for the collection of air samples containing trichlo
roetbylene in air have appeared in the literature (6,13,14). Teflon and Tedlar 
bags often suffer from adsorption and background problemswhen cinalyzing for 
trichloroethylene (6). Glass containers are limited in sample size and are 
fragile. Stainl,~ss-steel containers are sturdy but are generally limited to 
sample volumes of 3 to 4 L. 

CARB Method 103 (13) uses Tedlar bags for the collection of trichloro
ethylene. Air is sampled into a Tedlar bag at a calibrated and controlled flow 
rate. A measured volume of the air sample is then transferred by a syringe 
into the GC. Samples up to 100 mL may be analyzed by using cryogenic precon
centration techniques. The method detection limit is 0,01 ppb. 

CARB Method A.D.D.L. 001 (14) uses Tedlar bags for the collection of tri
chloroethylene. A 2-L sample from the Tedlar bag is then concentrated onto a 
Tenax-GC cartridge and analyzed according to a procedure adapted from EPA 
Method TOl. The analytical detection limit of the method is 0.1 ppb, which 
corresponds to 1 ng of trichloroethylene. The overall method-detection limits 
are still being evaluated at this time. 

EPA Methods TOl and T02 are the analytical methods best suited for the 
analysis of low levels of trichloroethylene in air. The methods are sensitive 
and selective for trichloroethylene. Multiple samples are easily taken in th.e 
field and shipped to the analytical laboratory. The sampling tubes are easily 
cleaned and are reusable. The method is limited by the breakthrough volume of 
trichloroethylene on the adsorbent. GC/MS is the most selective method of 
analysis, but GC/FID or GC/ECD may be used if no interferences occur. 
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IABLE 10. GlNERAL ANALYTICAL H£IHOOS FOR IH[ DEllRMINATION OF TRICHLORO[IHYL£NE 

Analytical Minimun,a 
Method detection I ypice I san,ple detectable Accuracy & 

No. Principle Potential interferences limit volume, L concentration precision References 

A. Collection on T enax-GC A. Compounds having e si011ler mess spectrun 1-20 ng, depending 1J O.OB-1.5 i.g/,w3 ±2 5!; et the ppb J,7 
B. I hermal desorption into to TC[ and a similar GC retention time. on the mess spectral level 

e cryogenic trap B. Contamination of Tenex-Ge cartridge conditions chosen. 
C. Determination by cepil- with compound of interest. 

ler y column GC/HS 

2 A. Co I lection on CHS A. Compounds having a similar mass spectrun 1-20 ng, depending 100 O.01-0 .2 ll'}lm 3 ±25!; at the ppb 9 

B. lhermal desorption into to TCE and similar GC retention time. on the mass-spectral level 

e cryogenic trap B. Contamination of CHS cartridge with conditions chosen. 
C. Oeterminat ion by capii- the compound of interest. 

lary column GC/HS 

3 A. Co llectioo using e cryo- A. Condensation of water in the cryogenic 1-5 ng 1 1-5 JJ1/m 3 ±11):; if no ice 10, 11 

genie trap trap may plug the trap. formation 
B. Determination by capil- B. Compounds with a silllilar GC retention occurs 

lary column GC/F ID or time to TCt. 

GC/lCO C. Water transferred to the col1..11111 from the 
-..J trap may decompose the stationary phase. 
+-' 

4 A. Collection on charcoal A. Compounds with similar retention times 0.1-5 ng per 3 5.19 X ,o5 µg/m3b ±1~ in the pr,n 17, 18 

• B. Desorption with cs 2 
C. Oeterminetion by GC/F ID 

to ICL 
B. Water vapor reduces adsorbent capacity. 

injection range 

or GC/lCO 

, A. Collection in e Tedlar A. Compounds having a similar mass spectrum to 1 ng 2 0 .5 µ;i/.,3 NA 14 

bag chloroform end a similar GC retention time (0.1 ppb) 

B. Concentration of a 2-L air B. Contamination of Tenax-GC cartridge with 
sample onto T enex-GC. compound of interest. 

C. lhermal desorption into C. Adsorption onto the walls of the Tedler 
e cryogenic trap. bag. 

e Analytical detection limit, ng 1000 L 1 JJ1(µg)
Minimum Oetectable concentration - = x --- x --- unless otherwise stated. 

m3 lypical 5811ple Yolu111e, L 1 m3 1000 ng 

blhis ls the lower limit of the validated range as given in reference 18 and is not necessarily the lower limit of detection. 



PERCHLOROETHYLENE 

Perchloroethylene is a nonflammable liquid with a pleasant, ethereal odor, 
and it is the most stable of the chlorinated ethanes and ethylenes. It is a 
powerful solvent for many substances and is used in dry cleaning, metal 
degreasing, and textile processing. It is slightly soluble in water, has a 
boiling point of 121.2 °C, and slowly decomposes by autooxidation in the pres
ence of air and ultraviolet light. Exposure to perchloroethylene occurs almost 
exclusively by vapor inhalation. The OSHA maximum TWA concentration has been 
set at 100 ppm for an 8-h exposure (__!). 

Several sampling and analytical methods for pei:-chloroethylene have been 
reported in the literature. Sampling methods based on adsorption onto solid 
adsorbents (2) such as Tenax-GC (3-8) and carbon (2-12), cryogenic trapping 
(13-15), and-collection in bags (6,16,17), glass b-;lbs (6), and metal con
ta1ners (6) have appeared in the Tit";rature. The analytical methods in use are 
based on gas chromatography using a variety of detectors. These detectors 
include FID (_!1), ECD (_!,Q-g), and MS (1,2). 

The collection of perchloroethylene using a Tenax-GC trap followed by 
thermal desorption into a cryogenic trap and analysis by GC/MS using capillary 
columns has been described in a recent EPA document (Method TOl) (3). The 
sampling procedure and the analytical method can be automated in a-reasonable, 
cost-effective manner. The analytical detection limit is between land 20 ng 
1)f perchloroethylene, depending on the mass-spectral conditions chosen. Multi
ple samples are easily taken and transported. The use of high-resolution 
capillary columns combined with detection by mass spectrometry offers a high 
degree of specificity for perchloroethylene. Compounds having a mass spectrum 
and GC retention time similar to perchloroethylene will interfere with the 
method. The analyst must take extreme care in the preparation, storage, and 
handling of the Tenax-GC cartridges throughout the entire sampling-and-analysis 
procedure to minimize contamination problems. The estimated retention volume 
of perchloroethylene on T,~nax-GC at 100 °F (38 °C) was determined to be 80 L/g 
of adsorbent. At lower ambient-air temperatures, the retention volume for tri
chloroethylene will increase. The reproducibility bf the method was found to 
be ±25% on parallel tubes, but no complete validation study has been 
performed. 

EPA Method T02 (9) has been used for the analysis of perchloroethylene. 
This method uses CMS as the collection adsorbent. The analysis procedure is 
the same as discussed above for EPA Method TOl. The estimated retention volume 
of perchloroethylene on CMS at 100 °F (38 °C) is greater than 250 L/g. The 
detection limit is between land 20 ng of perchloroethylene, depen~ing on the 
mass-spectral conditions chosen. The same advantages and disadvantages dis
cussed for EPA Method TOl generally hold true for EPA Method T02. However, EPA 
Method T02 has not been validated for perchloroethylene. 

Several methods for the determination of perchloroethylene using cryogenic 
preconcentration techniques (13-15) have appeared in the literatu-re. in gen
eral, the sampling tube is lowered into liquid argon or oxygen, and the com-
pounds of interest are trapped from the air. There is no limitation on the 
amount of air that can be sampled. However, major problems can occur from ice 
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forming in the trap and plugging it. Also, there is a potential safety hazard 
when using liquid oxygen. Cryogenic traps are hard to maintain and transport 
from the field into the laboratory. The recommended analysis method for per
chloroethylene uses GC with FID or ECD. For perchloroethylene, detection 
limits are between 1 and 5 ng, depending on the detection method used. The use 
of capillary columns is recommended. Compounds having similar GC retention 
times will interfere with the analysis of perchloroethylene. A major limita
tion of the technique is the condensation of moisture in the collection trap. 
Another concern is the possibility of ice plugging the trap and stopping the 
flow. Water which is transferred to the capillary column may also stop the 
flow and may cause decomposition of the stationary phase in the column. The 
overall accuracy and precision of the method has been determined to be ±10% 
when no icing problems occur. 

Several reports have been published recently on the determination of per
chloroethylene in the sub-ppb range in ambient air by GC/ECO (10-12). Air 
samples wr~re drawn through a NWSH 150-mg charcoal tube at a rate-;f 250 mL/min 
for 24 h. The desorption of the samples was achieved with a mixture of 25% 
carbon disulfide in methanol (v/v). The extracts were subsequently analyzed by 
GC/ECD. The optimum desorption volume was found to be 1.0 mL. The desorption 
efficiency dropped off significantly at a volume of 0.5 mL. The optimum 
desorption time was deter.mined to be 1 h after .5 min in an ultrasonic bath. 
One major problem encountered was contamination of the carbon disulfide 
reagent. Carbon disulfide from different manufacturers and carbon disulfide 
from different lots of the same manufacturer contain various amounts of per
chloroethylene. Therefore, each solvent mixture must be screened for accept
ability before use. The average relative standard deviation for the method was 
16.2% for the analysis of 28 duplicate field samples. The results from this 
method compare favorably to results obtained from Tenax-GC studies. 

Methods for the determination of per.chloroethylene using adsorption onto 
charcoal and desorption with carbon disulfide have been published by NIOSH 
(18,19). A known volume of air is drawn through a charcoal tube to trap the 
perchloroethylene present. The charcoal in the tube is then transferred to a 
small graduated test tube and desorbed with carbon disulfide. An aliquot of 
the desorbed sample is analyzed using GC/FID. The breakthrough volume has been 
determined to be 250 L/g at 25 °C. Small amounts of water have been found to 
raduce this value by as much as 50%. The detection limit is in the ppm range 
because of the 1.0-mL extraction volume used. Only a small fraction of the 
entire sample can be injected into the gas chromatograph. The over.all accuracy 
and precision of the method is ±10%. 

The use of Teflon bags, Tedlar bags, glass containers, and stainless steel 
cylinders for the collection of air samples containing perchloroethylene has 
appeared in the literature (6,16,17). Teflon and Tedlar bags often suffer from 
adsorption and background problems when analyzing for trichloroethylene. Glass 
containers are limited in sample size and are fragile. Stainless steel con
tainers ar.e sturdy but are generally limited to sample volumes of 3 to 4 L. 

CARB Method 103 (16) uses Tedlar bags for the collection of perchloro
ethylene. Air is sampled into a Tedlar bag at a calibrated and control led flow 
rate. A measured volume of the air sample is then transferred by a syringe 
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into the GC. Samples up to 100 mL may be analyzed by using cryogenic precon
centration techniques. The method-detection limit 1s 0.01 ppb. 

CARB Method A.D.D.L. 001 (17) uses Tedlar bags for the collection of per
chloroethyelene. A 2-L sample from the Tedlar bag is then concentrated onto a 
Tenax-GC cartridge and analyzed according to a procedur-e adapted from EPA 
:'vlethod TOI. The analytical detection limit of the method is 0.1 ppb, which 
corresponds to 1.4 ng of perchloroethylene. The overall method-detection limit 
1s still being evaluated at this time. 

EPA Methods TOl and T02 are the analytical methods best suited for the 
analysis of low levels of perchloroethylene in air. The methods are sensitive 
and selective for perchloroethylene. Multiple samples are easily taken in the 
field and shipped to the analytical laboratory. The sampling tubes are easily 
cleaned and are reusable. The method is limited by the breakthrough volume of 
per..:hloroethylene on the adsorbents. GC/MS is the most selective method of 
analysis, but GC/FID and GC/ECD may be used if no interf~rences occur. 
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lABI..E 11. GENERAL ANAI.YllCAL HE!HOOS FOR !KE OElERHINAlllJN Of PERCHLOROE!HYLENE 

Method 
No. Principle Potential interferences 

Analytical 
detection 

li•it 
Typical a8'11ple 

vol.-e, L 

Hini-8 

detectable 
concentration 

Accuracy & 
precision References 

A. Collect.ion on renex-GC 
B. lher1111l desorption into 

a cryogenic trap 
C • Oetermim,tion by capil-

lary colUlll!l GC/HS 

A. C011pounds having a si111i ler 111899 spectruai 
to per chloroethylene and a si■ilar GC 
retention tille. 

B. Conte11ination of Tena><-GC cartridge with 
C°"PDUnd of interest. 

1-20 ng, depend-
ing on the 11ass-
spectral condi-
tions chosen 

50 0.02-0.4 l,llf■ 3 ±251 at the 
ppb level. 

J,7 

2 A. Collection on CHS 
B. lhert111l desorption into 

cryogenic traps 

A. Compounds having si11ilar 11888 &pectru■ 
to perchloroethylene and a si■ ilar GC 
retention ti■ e. 

B. Cont1111ination of CHS cartridge with 
the conipound of interest. 

1-20 ng, depend-
ing on the 11a8s-
spectral condi-
tione chosen 

100 0.01-0.2 1,1;1/•3 ±2 51 present 
at ppb level. 

9 

J A. Collection using a cry-
ogenic trap 

B. Oeter11ination by cepil-
lary col-, GC/FIO or 
GC/lCO 

A. Condensation of water in the cryogenic 
trap 11ay plug the trap. 

B. Con,pOUflds with a al11ilar retention till8 
to perchloroethylene. 

c. Water transferred to the col...-. fro ■ the 
trap ■ ay dec011poas the stationary phase. 

1-5 ng 1 1-5 1,1;1/•3 t1lll if no ice 
for11ation 
occurs 

U,14 

-...J 
-...J 

4 

5 

A. Collection on charcoal 
B. Desorption with 251 cs2 

in rn oo
3

C, Oeter111inatlon by GC/f IO 

A. Collection on charcoal 
B. Desorption with cs2 
C. Oeter■ ination by GC/f ID 

or GC/[CO 

A, Con,pounda with ai,llilar retention ti■ as 

to perchloroethylene, 
B. Varying trace 1111t0Unta of perchloro-

ethylene in cs 2• 

A, C011pounds with a similar GC retention 
ti■e to perchloroethylene. 

B. Water vapor reduces adsorbent capacity, 

0,2 ng per 
injection 

0.1-5 ng per 
injection 

350 

J 

0.7 IJJ/•3 

6.55 x 105 l,1;111131> 

16.ZS relative 
ateodard devie-
tion 

±1lll in the 
pp■ range 

10 

18, 19 

6 A. Collection in a Tedlar bag 
B. Concentration of a 2-L air 

s1111ple onto Tenax-GC 
C. Ther ■a l desorption into a 

cryogenic trap 
0. Oeter■ ination by capillary 

colUlllfl GC/HS 

A, C0<11pounds having a al■ llar 11ass spec-
tru■ to chlorofor• and a al■ilar GC 
retention ti■ e. 

B, Cont...ination of Tenax-GC cartridge with 
c011pound of interest, 

C. Adsorption onto the walls of the Tedlar 
bag 

1.4 ng 
(0.1 ppb) 

2 o.1 w•3 NA 17 

a Analytical detection li■ it, ng 1000 L 1 1,1;1(119)
Hint- detectable concentration = x --- x --- unless otherwise 11tated.3 3• Typical su,ple volu■e, L 1 • 1QOO ng 

blhls ls the lower ll■ lt of the validated range as given in reference 18 and ls not oecesaarlly the lower li■it of detection. 



ETHYLENE DICHLORIDE 

Ethylene dichloride (EDC) is a colorless, volatile liquid with a pleasant 
odor and is stable at ordinary temperatures. It is miscible with other chlori
nated solvents and is also soluble in most organic solvents. It is slightly 
soluble in water and has a boiling point of 83.7 °c. At vapor concentrations 
above 200 ppm, EDC can cause depression of the nervous system, dizziness, 
nausea, and vomiting. In 1978 NIOSH recommended an 8-h TWA exposure limit of 
5 p~(~. 

Sampling methods based on adsorption onto solid adsorbents such as carbon 
(2-6) and Tenax GC (7-12) have appeared in the literature. Cryogenic trapping 
(13) has also been used. Collection in Tedlar bags (14,15) has also been 
evaluated. The analytical methods in use are based onGCusing a variety of 
detectors. These detectors include FID (1_,_§_,~), ECD (..!.Q_), and MS (I,~,2_,2_,_!_!_). 

The collection of ethylene dichloride using a CMS sorbent tube followed by 
thermal desorption into a cryogenic trap and analysis by GC/MS using capillary 
columns has been described in a recent EPA document (Method T02) (2). The 
sampling procedure and the analytical method can be automated in a-reasonable, 
cost-effective manner. The analytical detection limit is between 1 and 20 ng, 
depending on the mass-spectral conditions chosen. Multiple samples are easily 
taken and are transported easily. The use of high-resolution capillary columns 
combined with detection by MS offers a high degree of specificity for ethylene 
dichloride. Compounds having a similar mass spectrum and GC retention time to 
ethylene dichloride will interfere with the method. The analyst must take 
extreme care in the preparation, storage, and handling of the CMS cartridges 
throughout the entire sampling-and-analysis procedure to minimize contamination 
problems. The reproducibility of the method was found to be ±25% on parallel 
tubes but has not been completely validated. 

Tenax-GC has also been used as an adsorption media for ethylene dichloride 
(7-12). GC/MS, GC/FID, and GC/ECD have all been used as detection methods. 
The~thylene dichloride is thermally desorbed from the Tenax-GC trap into the 
gas chromatograph. EPA Method TOl (7) utilizes Tenax-GC as the adsorption 
media for ethylene dichloride. The analysis procedure used is the same as 
discussed above for EPA Method T02. The estimated retention volume of ethylene 
dichloride on Tenax-GC at 100 °F (38 °C) is 10 L/g. This low retention volume 
limits the size of the air sample that may be taken. The analytical detection 
limit is between 1 and 20 ng of ethylene dichloride, depending on the mass
spectral conditions chosen. The same advantages and disadvantages discussed 
for EPA Method T02 generally hold true for EPA Method TOl. This method also 
has not been validated. 

A method for the determination of ethylene dichloride using a cryogenic 
preconcentration technique has appeared in the literature (13). In general, 
the sampling tube is lowered into liquid argon or oxygen, and the compounds of 
interest are trapped from the air. There is no limitation on the amount of air 
that can be sampled. However, major problems can occur from ice forming in the 
trap and plugging it. Also, there is a potential safety hazard when using 
liquid oxygen. Cryogenic traps are hard to maintain and transport from the 
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field into the laboratory. The recommended analysis method uses GC with FID or 
ECD for ethylene dichloride. Detection limits are between 1 and 5 ng, depend
ing on the detection method used. The use of high-resolution capillary columns 
is recommended. Compounds having a similar GC retention time will interfere 
with ·the analysis of ethylene dichloride. A major limitation of the technique 
is the condensation of moisture in the collection trap. The possibility of ice 
plugging the trap and stopping flow is of concern. Water which is transferred 
to the capillary column may also result in flow stoppage and may cause decompo
sition of the stationary phase in the column. The overall accuracy and preci
sion of the method has been determined to be ±10% when no icing problems 
occur. 

Methods for the determination of ethylene dichloride using adsorption onto 
charcoal and desorption with carbon disulfide have appeared in the literatnre 
(3-6). A known volume of air is drawn through a charcoal tube to trap the 
e·thylene dichloride present. The charcoal in the tube is then transferred to a 
small, graduated test tube and desorbed with carbon disulfide. An aliquot of 
the desorbed sample is analyzed using GC with various detectors. These detect
ors include MS, FID, and ECD. The breakthrough volume has been determined to 
be 120 L/g at 25 °C. Small amounts of water have been found to reduce this 
value by as much as 50%. The detection limit is dependent on the GC detector 
used. The detection limit is 1 to 20 ng per injection, depending on the detec
tion method used. 

CARB Method 103 (14) uses Tedlar bags for the collection of ethylene 
dichloride. Air is sampled into a Tedlar bag at a calibrated and controlled 
flow rate. A measured volume of the air- sample is then transferred by a 
syringe into the GC. Samples up to 100 mL may be analyzed by using cryogenic 
preconcentration techniques. The method-detection limit is 0.01 ppb. 

CARB Method A.D.D.L. 001 (15) uses Tedlar bags for the collection of 
ethylene di.chloride. A 2-L sample from the Tedlar bag is then concentrated 
onto a Tenax-GC cartridge and analyzed according to a procedure adapted from 
EPA Method TOl. The analytical detection limit of the method is 0.1 ppb, which 
c0rresponds to 0.8 ng of ethylene dichloride, The overall method-detection 
limit is still being evaluated at this time. 

EPA Method T02 is the best analytical method for the analysis of low 
levels of ethylene dichloride in air-. The method is sensitive and selective 
for ethylene dichloride. Multiple samples are easily taken in the field and 
shipped to the analytical laboratory. The sampling tubes are easily cleaned 
and are reusable. The method is limited by the breakthrough volume of ethylene 
dichloride CMS. GC/MS is the most selective method of analysis, but GC/FID or 
GC/ECD may be used if no interferences occur. However, no extensive validation 
study has been performed on this method. 
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lABL[ 12. GlNLRAL ANALY!ICAL MLIHOOS FOR IHl DlllRMlNAIIDN Of llHYL[N[ DICHLORJD[ 

Method 

No. Principle Potential interferences 

Analytical 
detection 

limit 
Typical gample 

volume, l 

Minimuma 
detectable 

concentration 
Accuracy & 

precision References 

A. Adsorption onto CHS 
B. lhermal desorption into 

cryogenic trap. 
C. Analysis by GC/HS 

A. Compounds having a similar mass spectrum 
to rnc and a similar GC retention time. 

B. Contaoination of CHS with the compound 
of interest. 

1-20 ng, depending 
the mass-spectral 
conditions chosen. 

on 100 0.01-0 .2 µg/m3 ±25!i: at the 
ppb level 

2 

2 A. Adsorption onto T enax-GC 
B. Thermal desorption into 

a cryogenic trap 
C. Analysis by GC/HS 

A. Compounds having a similar mass spectrum 
to [DC and a si"1ilar GC retention time. 

8. Contamination of Tenax-GC with the com-

1-20 ng, depending 
the mass-spectral 
conditions chosen. 

on 7 D.15-J µg/m3 ±25!,; at the 
ppb level if 
no break-

7 

3 A. Collection using a 
cryogenic trap 

B. lhermal desorption 
into a cryogenic trap 

C. Analysis by GC/flO 
or GC/[CO 

A. Condensation of water in the cryogenic 
trap may plug the trap. 

8. Compounds having a similar GC retention 
time to [DC. 

C. Weter transferred to the col--, from the 
trap may decompose the stationary phase. 

1-5 ng, depending 
on the 
detector used. 

1 1-5 µg/m3 ±10li if no 
ice for"18t ion 
occurs 

n 

00 
N 

4 A. Adsorption onto carbon 
B. Desorption with carbon 

disulfide 
C. Analysis by GC/HS, 

GC/F ID, or GC/[CO 

A. Compounds having a similar GC retentioo 
time and/or mass spectrum to [DC. 

8. Contamination of the carbon with the 
compound of interest. 

O.1-20 ng per 
injection 

25 2-40 µg/m3b NA J,5 ,6 

5 A. Collection in a Tedlar bag 
B. Concentration of a 2-l air 

sample onto Tenax-GC 
C. lhermal desorption into a 

cryogenic trap 
O. Determination by capillary 

column GC/HS 

A. Compounds having a silftilar mass spectrum 
and a similar GC retentin time to [DC. 

B. Contamination of fenax-GC cartridge 
with compound of interest. 

c. Adsorption onto the walls of the ledlar 
bag. 

0.8 ng 
(0.1 ppb) 

2 0 .4 µg/M 3 NA 15 

a µg) Analytical detection li11it, ng 1000 L 1 µg 
MinimUTI detectable concentration = x --- x --- unless otherwise stated. 

( 3m Typical sample volume, l 1 m3 1000 ng 

blhis is the lower limit of the validated range as given in reference 6 and is not necessarily the lower limit of detection. 



ETHYLENE DIBROMIDE 

Ethylene dibromide (EDB) is a clear, colorless liquid with a character-
istic odor. It is completely miscible with carbon tetrachloride, benzene, 
gasoline, and ether. EDB is slightly soluble in water and has a boiling point 
of 131.4 °c. EDB under ordinary conditions is quite stable, and only slight 
decomposition occurs upon exposure to light. The vapor of ethylene dibromide 
1.s toxic, and an 8-h TWA exposure limit of 20 ppm has been proposed (_!). 

Sampling methods based on adsorption onto so 1id absorbents such as Tenax
GC (2-7) and charcoal (8-11) have appeared in the literature. Collection in 
Tedlar-bags ( 12, 13) has-a"'Go been evaluated. The analytical methods in use are 
based on GC usinga variety of detectors. These detectors include F[D (2,9), 
ECO (I,i), PIO (~), and MS (1_). - -

The collection of ethylene dibromide using a Tenax-GC trap followed by 
thermal desorption into a cryogenic trap and analysis by GC/MS has been des
cribed in the literature (3). Both packed and capillary columns have been 
used. The sampling procedure and the analytical procedure can be automated in 
a reasonable, cost-effective manner. The analytical detection limit is between 
1 and 20 ng, depending on the mass-spectral conditions chosen. Multiple sam
ples are easily taken and are transported easily. The use of high-resolution 
capillary columns combined with detection by MS offers a high degree of speci
ficity for EDB. Compounds having a similar mass spectrum and GC retention time 
to EDB will interfere with the method. The analyst must take extreme care in 
the preparation, storage, and handling of the Tenax-GC cartridges throughout 
the entire sampling-and-analysis procedure to minimize contamination problems. 
The estimated retention volume of EDB on Tenax-GC at 20 °C was determined to be 
447 L/g. At lower ambient temperatures the retention volume for EDB will 
increase. A GC/FID or GC/ECD may be used in place of the GC/MS if no inter
ferences occur (2,~,l). 

A method for the collection of ethylene dibromide onto T~nax-GC at dry-ice 
temperature has been described in the 1iterature ( 7). The sampling train was 
assembled with a particulate filter and a drying tube ahead of the collection 
medium. A critical orifice was placed after the sampling train to yield an air 
flow of 1 L/min. The EDB was extracted from the Tenax-GC with hexane for ana
lysis. The hexane extracts were analyzed for EDB by GC/ECD. No extensive 
validation study has been performed on this method. 

Methods for the determination of EDB using adsorption onto charcoal and 
desorption with an organic solvent have appeared in the literature. The most 
frequently used extraction solvent is carbon disulfide (9), but hexane (8) and 
a benzene/methanol mixture (10) have been used as extraction solvents. A known 
volume of air is drawn through a charcoal tube to trap the EDB present. The 
charcoal in the tube is transferred to a small, stoppered sample container, and 
the analyte is then desorbed with the appropriate solvent. An aliquot of the 
desorbed smnple is injected into a GC and analyzed using an FID, ECD, or MS. 
The analytical detection limit is 1 to 20 ng, depending on the detection method 
used. 
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GARB Method 103 (12) uses Tedlar. bags for the collection of ethylene 
dibromide. Air is sampled into a Tedlar. bag at a calibrated and controlled 
flow rate. A measured volume of the air sar.1ple i.3 then transferred by a 
syringe into the GC. Sampl,~s up to 100 mL may be analyzed by using cryogenic 
preconcentration techniques. The method-detection limit is 0.01 ppb. 

CARB Method A.D.D.L. 001 (13) uses Tedlar bags for the collection of 
ethylene dribromide. A 2-L sample from the Tedlar bag is then concentrated 
onto a Tenax-GC cartridge and analyzed according to a procedure adopted from 
EPA Method TOl. The analytical detection limit of the method is 0.1 ppb, which 
corresponds to 1.6 ng of ethylene dibromide. The overall method-detection 
limit is still being evaluated at this time. 

EPA Methods TOl, T02, and T03 have not been specifically evaluated for the 
analysis of EDB in air. However, similar compounds such as ethylene dichlo
ride, trichloroethylene, and perchloroethylene have been evaluated. All three 
methods should al low for the determination of EDB at the ppb and sub-ppb 
levels. 

The collection of EDB onto a solid adsorbent, either Tenax-GC or carbon, 
and followed by thermal desorption into a GC, is the method of choice for low 
levels of EDB in air. The method is sensitive and can be made selective for 
EDB. Multiple samples are easily taken in the field and shipped to the analyt
ical labot-atory. The sampling tubes are easily cleaned and are reusable. The 
method is limited by the breakthrough volume of EDB on the absorbents. GC/MS 
1s the most selective method of analysis, but GC/FID or GC/ECD may be used if 
no interferences occur. 
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TABL[ 1}, Gt:NLRAL ANALYTICAL MUHODS FOR THL DUlRMINATION or UHYLEN[ DIBR0MIDL 

Analytical Minimum8 

Method detection Typical sample detectable Accuracy & 
No. Principle Potential interferences limit volume, L concentration precision References 

A. Adsorption onto T enax-GC A. Compounds having a similar mass spectrum 
B. Ihermal desorption into to EDB and a similar GC retention time. 

s cryogenic trap B. Contamination of Tenax-GC cartridge with 
C. Analysis by GC/MS compound of interest. 

2 A. Adsorption onto Tenax-GC A. Compounds having a similar GC retention 
at dry-ice temperature to EOB. 

B. Lxtraction of the Tenax- B. Contamination of Tenax-GC and hexane 

GC with hexane with the COt11pound of interest. 
C. Analysis by GC/[CO 

J A. Adsorption onto charcoal A, Compounds with a similar GC retention 
B. Lxtraction with cs time to EDB.2 
C. Analysis by GC/FID B. Contamination of charcoal and solvent 

or GC/lCD with the compound of interest. 
C. Water vapor greatly reduces the 

reduces the adsorbent capacity. 

4 A, Adsorption onto charcoal A. Compounds with a similar GC retention 

B. lxtraction with benzene/ GC retention times to EDB. 

methanol B. Contamination of charcoal and solvent
00 

C. Analysis by GC/lCD with the compound of interest.°' C. Water vapor greatly reduces the 
adsorbent capacity. 

5 A. Collection in a Tedlar bag A. Compounds having a similar mass spec

B. Concentration of a 2-l air trum and a similar GC retention time 

sample onto Tenax-GC to EDB. 

C. Thermal desorption into a B. Contanination of Tenax-GC cartridge with 
cryogenic trap compound of interest. 

D. Determination by capillary C, Adsorption onto the wells of the Tedlar 

column GC/HS bag. 

1-20 ng, depending on 

the mass-spectral con
ditions chosen 

JOO 0 ,003-0 ,07 IJ.l/1113 

1-5 ng, depending on 
the GC conditions 
chosen 

NA NA 

0,1-5 ng per 
injection 

1.1 x ,o5 l,l_l/m3b 

<1 ng per 
injection 

25 2 i.g/m3c 

1.6 ng 
(0. 1 ppb) 

2 D.B µ:i/m 3 

NA 

coefficient of 
vari atlon is 
0.077 

~ RSD = 0.079 
far 40 ng 
sample 

NA 

9 

10 

1} 

a (µg) Analytical detection limit, ng 1000 L 1 1-o:J 
Minimum detectable concentration =3 X unlesa otherwise stated. 

111 Typical Sample Volume, L 1 11 3 1000 ng 

bThis is the lower limit of the validated range as given in reference 9 and is not necessarily the lower limit of detection. 

c I his is the lower limit of the validated range as given in reference 10 and is not necessarily the lower limit of detection. 



VINYL CHLORIDE 

Vinyl chloride is one of the lar-gest commodity chemicals in the United 
States by virtue of the wide range of applications of vinyl chloride polymers. 
Vinyl chloride is a colorless gas at normal temperatures and pressure. It has 
a boiling point of -13.4 °C, is slightly soluble in water, and is soluble in 
most common organic solvents. Current OSHA regulations require that no one be 
exposed to vinyl chloride concentrations at a TWA of 1 ppm over an 8-h period, 
or 5.0 ppm averaged over any period not exceeding 15 min(__!_). 

Sampling methods based on adsorption onto CMS (2), charcoal (_l-2), cryo
genic trapping (7), and collection in bags (5,8,9) have appeared in the litera
ture. The analytical methods 1.n use are bas~d-o-;;: GC using a variety of detect
ors. These detectors include MS (I,_l), FIO (!,!), and ECD (6). 

The collection of vinyl chloride using a CMS sorbent tube followed by 
thermal desorption into a cryogenic trap and analysis by GC/MS using capillary 
columns has been described in a recent EPA document (Method T02) (2). The 
sampling procedure and the analytical method can be automated in a-reasonable, 
cost-effective manner. The analytical detection limit is between 1 and 20 ng, 
depending on the mass-spectral conditions chosen. Multiple samples are easily 
taken and transported. The use of high-resolution capillary columns combined 
with detection by mass spectrometry offers a high degree of specificity for 
vinyl chloride. Compounds having a similar mass spectrum and GC retention time 
to vinyl chloride will interfere with the method. The analyst must take 
extreme care in the preparation, storage, and handling of the CMS cartridges 
throughout the entire sampling-and-analysis procedure to minimize contamination 
problems. The reproducibility of the method was found to be ±25% on parallel 
tubes but has not been completely validated. 

The collection of vinyl chloride in a charcoal-filled stainless steel 
collection tube followed by thermal desorption into a cryogenic trap and analy
sis by GC/MS has been demonstrated (3). The advantages and disadvantages of 
this method are comparable to EPA Method T02. No extensive validation study 
has been performed on this method, and no breakthrough data for vinyl chloride 
on the charcoal filter were presented. 

A method for the determination of vinyl chloride using a cryogenic precon
centration technique has been proposed by EPA (7). In general, the sampling 
tube is lowered into liquid argon or oxygen, and the compounds of interest are 
trapped from the air. There is no limitation on the amount of air that can be 
sampled. However, major problems can occur from ice forming in the trap and 
plugging it. Also, there is a potential safety hazard when using liquid oxy
gen. Cryogenic traps are hard to maintain and transport from the field into 
the laboratory. The recommended analysis method uses GC with FIO or ECO for 
vinyl chloride. Detection limits are between 1 and 5 ng, depending on the 
detection method used. The use of capillary columns is recommended. Compounds 
having a similar GC retention time will interfere with the analysis of vinyl 
chloride. A major limitation of the technique is the condensation of moisture 
in the collection trap. The possibility of ice plugging the trap and stopping 
flow is of concern. Water which is transferred to the capillary column may 
also result in flow stoppage and may cause decomposition of the stationary 
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phase in the column. The overall accuracy and precision of the method has been 
determined to be ±10% when no icing problems occur. 

A method for the determination of vinyl chloride using adsorption onto 
charcoal and desorption with carbon disulfide has been published by NIOSH (6). 
A known volume of air is drawn through a charcoal tube to trap the vinyl chlo
ride present. The charcoal in the tube is then transferred to a small, gradu
ated test tube and desorbed with carbon disulfide. An aliquot of the desorbed 
sample is analyzed using gas chromatography. The breakthrough volume has been 
determined to be approximately 5 L/g at 25 °C. Small amounts of water have 
been found to reduce this value by as much as 50%. The detection limit is in 
the ppm range because of the small air-sample volume and the 1-mL extraction 
volume. Only a small fraction of the entire sample can be injected into the 
gas chromatograph. The overall accuracy and precision of the method is ±10% if 
no breakthrough has occurred. 

A second method (4), which is comparable to the NIOSH method using char
coal, has been published and reports a detection limit of 10 ppb (v/v) for 
vinyl chloride. Recoveries of trapped vinyl chloride were greater than 90% for 
air samples less than 10 Lin volume. Recovery of vinyl chloride from tubes 
stored over 24 h was found to be low and variable. 

Teflon and Tedlar bags have also been used for the collection of vinyl 
chloride (8,9). Recovery of vinyl chloride from bags has been reported to be 
90% or greater over a seven-day storage period. Aliquots. of air from the bags 
are cryogenically trapped onto a packed column and analyzed by gas chromatog
raphy. Several problems can be encountered in the use of bags. The bags are 
easily punctured, often have high backgrounds, and are bulky to transport when 
filled with sample. 

CARB Method 101 (10) uses Tedlar bags for the collection of vinyl chlo
ride. Air is sampled into a Tedlar bag at a calibrated and controlled flow 
rate. A measured volume of the air sample is then transferred by a syringe 
into the GC. Samples up to 100 mL may be analyzed by using cryogenic precon
centration techniques. The method-detection limit is 0.01 ppb. 

Methods based on adsorption onto carbon molecular sieve or charcoal, fol
lowed by thermal desorption and analysis by gas chromatography is the method of 
choice. Multiple samples are easily taken and the sampling tubes are easily 
shipped to the analytical laboratory. The methods are sensitive down to the 
sub-ppb range and are limited only by the breakthrough volume of vinyl chloride 
on the adsorbents. GC/MS, GC/FID, or GC/ECD may be used as the detection 
method, depending on the complexity of the constituents in the air samples. 
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TABLE 14. CENlRAL ANALYTICAL HllHOOS fOR THl OETl::RHINATIIJN Of VINYL CHLORIDE 

Analytical Hini111U111 8 

Method detection Typical Sldple detectable Accuracy & 

nO. Principle Potent iel interferences li•it volume, L concentration precision References 

A. Collection on CHS A. Compounds having e si1Ailar mass spectrum 1-20 ng, depending .lO 0 .03-0 .6 µg/111 3 ±25% et the 2 
8. I herll\81 desorption into to viny 1 chloride and e similar CC on the mess- ppb level 

e cryogenic trap retention time. spectral conditions 
C. Determination by cspil- 8. Contamination of CHS cartridge with the chosen 

lary column CC/HS compound of interest. 

2 A. Collection on e charcoal- A. Compound hevi~ e ainiiler ,aass spec- 1-20 ng, depending NA NA ±17% et 1 ppb } 

filled stainless steel tube trt.r11 to vinyt chloride end a similar on the mass- in 15 L of air 
8. Ther111al desorption into CC retention time. spectral conditions 

cryogenic trap 8. Conta,ainetion of charcoal tube with chosen 
C. Oeterniinetion by CC/ECO the compound of interest. 

J A. Collection using e cry- A. Condensation of water in the cryogenic 1-5 ng 1 1-5 1-11/m 3 ±10% if no ice 4,7 
ogenic trap trap aey plug the trap. formation 

8. Oeter,oinstion by CC/FIO 8. Compounds with a si•ilar CC retention occurs 
or CC/lCO t!Jlle to vinyl chloride. 

\0 
4 A. Collection on charcoal A. C0111pounds with a siloiler CC reten- 0.1-Sngper 5 200 µg/11131> ±10% in PP"' 6 

0 B. Desorption with cs2 
C. Oeter111ination by CC/flO 

tion tiffle to vinyl chloride, 
8. Weter vapor reduces adsorbent 

injection range 

or GC/lCO capacity. 

e (µg) Analytical detection limit, ng 1000 1 µg
Hinirnun detectable concentration = x -- x --3• Typical sample volume, L 1 m3 1000 ng 

bThis is the lower linlit of the validated range es given 1n reference 6 end is not necessarily the lower limit of detection. 



METHYL BROMIDE 

Methyl bromide is a colorless gas at room temperature with practically no 
odor. It has a boiling point of 3.6 °C, and liquid methyl bromide is soluble 
in most organic solvents. The major use for methyl bromide is in the extermi
nation of insects and rodents. Exposure to methyl bromide in either the liquid 
or vapor state should be avoided. Contact of liquid with the skin causes itch
ing and blisters after several seconds of contact. The upper safe limit for 
daily 8-h exposure to the vapor in air is considered to be 15 ppm by volume, or 
about 0.06 mg/mL (!)-

A limited number of sampling and analysis methods have appeared in the 
literature. Methods based on adsorption onto Tenax-GC at reduced temperature 
(2) and adsorption on charcoal (3,4) have been published. All of the methods 
utilize GC/MS or GC/FID. --

The feasibility of the collection of methyl bromide onto Tenax-GC at 
-78.5 °Chas been investigated by Dumas (2). The preliminary results indicate 
quantitative results can be obtained for nanogram quantities of methyl bromide. 
No retention-volume data have been established for this method, and the method 
must be validated. Krost and co-workers (3) determined the breakthrough volume 
for methyl bromide on Tenax-GC to be 2 L/g-at 70 °F. 

The feasibility of using SKC carbon (SKC, Inc., Eighty Four, PA) as an 
absorbent for methyl bromide was demonstrated by Krost and co-workers (3). The 
breakthrough volume of methyl bromide on SKC carbon was evaluated from To to 
37.8 °c. The breakthrough volume at 10 °C was measured to be 98 L/g, and the 
value at 37.8 °C was measured to be 25 L/g. A more detailed evaluation of the 
method needs to be performed before this method is used routinely. 

A method for the determination of methyl bromide using adsorption onto a 
large charcoal tube and desorption with carbon disulfide has been published by 
NIOSH (4). A known volume of air is drawn through a charcoal tube to trap the 
methyl bromide present. The charcoal tube is then transferred to a small, 
graduated test tube and desorbed with carbon disulfide. An aliquot of the 
desorbed sample is analyzed using GC. The detection limit of the method is in 
the ppm range because of the 1-mL extraction volume. Only a small fraction of 
the entire sample can be injected into the gas chromatograph. No validated 
analysis method is currently available which will allow quantitative results to 
be obtained for ppb and sub-ppb levels of methyl bromide. 

Adsorption onto SKC carbon is a promising method, but a validation study 
needs to be performed on this method. Also, EPA Method T02 needs to be 
evaluated for methyl bromide. 
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TASll 1~. GENERAL ANALYTICAL ME.THOOS FOR THE DETERMINATION Of HllHYL BROHIOE 

Analytical Hini111Uffl8 

Method detection Typical sB111ple detectable Accuracy & 

No, Principle Potential interrerencee limit VO!Uflle, L concentretioo precision References 

A, Adsorption oo Tenex-Ge et 
subSlllblent temperature 

B. Theme! desorption into a 
gas chr0111Btogreph 

A. Coapounds having e si1Riler GC retention 
tilRe to 111ethyl broodda. 

B, lea for1Retion at sub-ambient temperature, 
C, Cont11111ination of lenex-GC cartridge, 

=20 ng 2 :10 1J9/r13 NA 2 

2 A, Adsorption on SKC carbon 
B. TherlRBl desorption into a 

GC/HS 

A. Compounds 'having a sirailar GC 
tiloe to 111ethyl brOlll.ida. 

8. Cont11111inetion of SKC colUIIVl, 

retention 1-10 ng 25 0,04-0,B 1J9/m3 NA 3 

J A, Collection on charcoal 
B. Desorption with cs2 
C, Deter11ination by GC/flD 

A, CClftlpounde hRving a eirailer GC reten--
tion tillle to methyl br011ida. 

B, Weter vapor reduces adsorbent capcecity. 

1-~ ng per 
injection 

11 3,5 X 1Q'+ 1J9/fR3b NA 4 

(µg)a Analytical detection limit, ng 100 □ L 1 IJ9 
s.o Hinimun detectable concentration = x --- x --- unless otherwise stated. 
w 3,. Typical e1111ple voluae, L 1 11 3 1000 ng 

bltUs is the lower lifRit of the validated range ea given in reference 4 and is not necessarily the lower lifRit of detection. 



VINYLID[NE CHLORIDE 

Vinylidine chloride is a colorless liquid with a characteristic sweet 
smell. lt has a boiling point of 31.6 °c, is slightly soluble in water, and ts 
soluble in most organic solvents. In the presence of air or oxygen, pure 
vinylidine chloride forms a violently explosive peroxide complex. The decompo
sition products of the vinylidine chloride peroxides are formaldehyde, phos
gene, and hydrochloric acid. The TLV for vinylidine chloride for an 8-h expo
sure is 10 ppm (_!_). 

The collection of vinylidine chloride using a CMS sorbent tube followed by 
thermal desorption into a cryogenic trap and analysis by GC/MS using high
resolution capillary columns has been described in a recent EPA document 
(Method T02) (2). The sampling procedure and the analytical method can be 
automated in a-reasonable, cost-effective manner. The analytical detection 
limit is between 1 and 20 ng, depending on the mass-spectral conditions chosen. 
Multiple samples are easily taken and transported. The use of high-resolution 
capillary colur.ms combined with detection by mass spectrometry offers a high 
degree of specificity for vinylidine chloride. Compounds having a mass spec
trum and GC retention time similar to vinylidene chloride will interfere with 
the method. The analyst must take extreme care in the preparation, storage, 
and handling of the CMS cartridges throughout the entire sampling and analysis 
procedure to minimize contamination problems. The reproducibility of the 
method was found to be 125% on parallel tubes but has not been completely 
validated. 

The use of cryogenic preconcentration for the determination of vinylidene 
chloride has appeared in the literature (3). In general, the sampling tube is 
lowered into liquid argon or oxygen, and the compounds of interest are trapped 
from the air. There is no limitation on the amount of air that can be sampled. 
However, major problems can occur from ice forming in the trap and plugging it. 
Also, there is a potential safety hazard when using liquid oxygen. Cryogenic 
traps are hard to maintain and transport from the field into the laboratory. 
The recommended analysis method for vinylidine chloride uses GC with FID or 
ECD. Detection limits are between 1 and 5 ng, depending on the detection 
method used. The use of capillary columns is recommended. Compounds having a 
similar GC retention time will interfere with the analysis of vinylidine 
chloride. A major limitation of the technique is the condensation of moisture 
in the collection trap. Another concern is the possibility of ice plugging the 
trap and stopping the flow. Water which is transferred to the capillary column 
may also stop the flow and may cause decomposition of the stationary phase 1n 
the column. The overall accuracy and precision of the method has been 
determined to be ±10% when no icing problems occur. 

The determination of vinylidine chloride using adsorption onto charcoal 
and desorption with carbon disulfide has been published by NIOSH (4). A known 
volume of air is drawn through a charcoal tube to trap the vinylidine chrloride 
present. The charcoal in the tube is then transferred to a small, graduated 
test tube and desorbed with carbon disulfide. An aliquot of the desorbed sam
ple is analyzed using GC. The detection limit is in the low-ppm range, and the 
method has a precision of ±5%. The detection limit is limited by the capacity 
of the filter for vinylidine chloride and the 1-mL extraction volume. Only a 
small fraction of the entire sample can be injected into the gas chromatograph. 

94 

https://colur.ms


EPA Method T02 is presently the best method available for the analysis of 
low levels of vinylidine chloride in air. The method is sensitive and select-
1ve for vinylidine chloride. Multiple samples are easily taken in the field 
and shipped to the analytical laboratory. The sampling tubes are easily 
cleaned and are reusable. The method is limited by the breakthrough volume of 
vinylidine chloride on carbon molecular sieve. GC/MS is the most selective 
method of analysis, but GC/FID or GC/ECD may be used if no interferences 
occur. 
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lABLl 16. GENLRAL ANALYIJCAL HllH0D5 FOR IHl DlllRHINAIION Of VINYLIDINE CHL0RJDL 

Analytical Hinimum8 

Method detection Typical sample detectable Accuracy & 
No. Principle Potential interfere,~es limit voll.fl>e, L concentration precision References 

A. Collection on CH5 A. Compounds having a similar mass spec
B. lhermal desorption into trum to vinylidine chloride and a 

a cryogenic trap similar GC retention time. 

C. Determination by capil B. Contemination of CH5 cartridge dth 

lary GC/H5 the compound of interest. 

A. Collection using a A. Condensation of water in the cryogenic 
cryogenic trap trap may plug the trap. 

B. Determination by GC/FlD B. Compounds with a similar GC retention 

or GC/lCD time to vinylidine chloride. 

c. Water transferred to the column from the 
trap may decompose the stationary phase. 

\0 j A. Col Lection on charcoal A. Compounds with a similar GC retention

°' B. Desorption "ith CS 2 
time to vinylidine chloride. 

C. Determination by GC/f!D B. Water vapor reduces adsorbent capacity. 

or GC/LCD 

1-20 ng, depending 100 0.01-0.2 IJl]im 3 ±25% at the 

on the mass-spectral ppb level 

conditions chosen. 

1-~ ng 1-5 IJl]/m 3 ±10% if no ice 
formation 
occurs 

0.1-5 ng per 2 X 103 11J/m3b ±'>% in the 

injection PF'" range 

a (µg} Analytical detection limit, ng 1000 L 1 II.I 
Minimum detectable concentration - - x--- X --- unless otherwise stated. 

,.3 Typical Sample Volume, L 1 m3 1000 ng 

blhis is the lower limit of the validated range as given in reference 4 and is not necessarily the lower limit of detection. 
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ALLYL CHLORIDE 

Allyl chloride is a colorless liquid with a pungent odor and has a boiling 
point of 44.96 °C. It is toxic, extremely flammable, and a severely irritating 
compound. Contact with skin or eyes can cause severe burns, and the liquid can 
be fatal if swallowed. The OSKA TLV for an 8-h exposure has been set at 
l. ppm (_!_). 

The collection of allyl chloride using a CMS trap followed by thermal 
desorption into a cryogenic trap and analysis by GC/MS using high-resolution 
capillary columns has been described in a recent EPA document (Method T02) (2). 
The sampling procedure and the analytical method can be automated in a 
reasonable, cost-effective manner. The analytical detection limit is between l 
and 20 ng, depending on the mass-spectral conditions chosen. Multiple samples 
are easily taken and transported. The use of high-resolution capillary columns 
combined with detection by MS offers a high degree of specificity for allyl 
chloride. Compounds having a mass spectrum and GC retention time similar to 
allyl chloride will interfere with the method. The analyst must take extreme 
care in the preparation, storage, and handling of the CMS cartridges throughout 
the entire sampling and analysis procedure to minimize contamination problems. 
The reproducibility of the method was found to be t25% on parallel tubes but 
has not been completely validated. 

A method for the determination of allyl chloride using a cryogenic precon
centration technique has appeared in the literature (3). In general, the sam
pling tube is lowered into liquid argon or. oxygen, and the compounds of 
interest are trapped from the air. Sampl•= volumes of less than 1 L are 
generally used, but in theory there is no limitation to the amount of air that 
can be sampled. However, major problems can occur from ice forming in the trap 
and ?lugging it. Also, there is a potential safety hazard when using 1iquid 
oxygen. Cryogenic traps are hard to maintain and transport from the field into 
the lab,Jratory. The recommended analysis method used GC with F'ID or ECD for 
allyl chloride. Detection limits are between 1 and 5 ng, depending on the 
detection method used. The use of capillary columns is recommended. Compounds 
having similar GC retention times will interfere witl1 the analysis of allyl 
chloride. A major limitation of the technique is the condensation of moisture 
in the collection trap. Another concern is the possibility of ice plugging the 
trap and stopping the flow. Water which is transferred to the capillary column 
may also stop the flow and may cause decomposition of the stationary phase in 
the column. The overall accuracy and precision of the method has been deter
mined to be tl0% when no icing problems occur. This method yields higher 
recoveTies than EPA Method T02 if no icing occurs. 

A method for the determination of allyl chloride using adsorption onto 
charcoal and desorption with benzene has been published by NIOSH (4). A known 
v-:Jlume •::>f air is drawn through a charcoal tube to trap the al lyl chloride 
present. The charcoal in the tube is then transferred to a small, graduated 
test tube and desorbed with benzene. An aliquot of the desorbed sample is 
analyzed using GC. The coefficient of variation was found to be 0.071. The 
detection limit is in the ppm range because of the 1-mL extraction volume. 
Only a small fraction of the entire sample can be injected into the GC. 
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EPA Method TO2 is presently the best method available for the analysis of 
low levels of allyl chloride in air. The method is sensitive and selective for 
allyl chloride. Multiple samples are easily taken in the field and shipped to 
the analytical laboratory. The sampling tubes are easily cleaned and are 
reusable. The method is limited by the breakthr0ugh volume of allyl chloride 
on CMS. GC/FID or GC/ECD may be used if no interferences occur. However, the 
method has not been completely validated. 
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IABLE 17. GLNlRAL ANALYIICAL MllHOOS FOR IHL OUlRHINATION Of ALLYL CHLORIDL 

Analytical Hinimuma 
Method detection Typical sample delectables Accuracy & 

No. Principle Potential interferences limit volume, L concentration precision References 

A. Collection on CHS 
B. Thermal desorption into 

e cryogenic trap 
C. Determination by capil

lary column GC/HS 

A. Compounds having a similar mass spectrum 
to ally! chloride and a similar GC 
retention time. 

B. Contamination of CHS cartridge with the 
co~ound of interest. 

1-20 11g, d~pending 
the mass- spectral 

condit i<?ns chosen 

on 100 0.01-0.2 µ1/m3 ±25:1. at the 
ppb level 

A. Collection using a 
cryogenic trap 

B. Determination by capil
lary column GC/f lD or 
GC/UD 

A. Coudensation of water in the cryogenic 
trap may plug the trap. 

B. Compounds with a similar GC retention 
time to ally! chloride. 

C. Water transferred to the column from the 
trap may deco11"4rnse the stationary phase. 

1-5 ng 1-5 µ1/m l ±10% if no ice 

formation 
occurs 

\0 
\0 

A. Collection on charcoal A. Compounds with a similar GC retential 0.1-5 ng per 

8. Desorption with benzene time to allyl chloride. injection 
C. Determinatim by GC/F ID B. Water vapor reduces adsorbent capacity. 

or GC/LCO 

Analytical detection limit, ng 1000 L 1 µ_i 
aMinimllll detectable concentration (~)~ x--- X --

l ypical sample volume, L 1 m3 1000 ng 

1D0 1.8 x 10 l µ_i/m3b ±10% in the 
range 

ppm 4 

blhis is the lower limit of the validated range as given in reference 4 and is not necessarily the lower limit of detection. 



CHLOROPRENE 

Chloroprene is a colorless, volatile liquid with an ethereal odor similar 
to that of ethyl bromide. It has a boiling point of 50.4 °C, is slightly 
soluble in water, and is miscible with most organic solvents. Chloroprene's 
tendency to fonn peroxides and to burn poses an acute safety hazard. The TLV 
fur an 8-h exposure has been set at 10 ppm (J). 

A method for the determination of chloroprene using adsorption onto char
coal and desorption with carbon disulfide has been published by NIOSH (2). A 
known volume of air is drawn through a charcoal tube to trap the chloroprene 
present. The charcoal in the tube is then transferred to a small, graduated 
test tube and desorbed with carbon disulfide. An aliquot of the desorbed sam
ple is analyzed using gas chromatography. This method has been validated over 
the range of 44.2 to 173.9 mg/m3 at 21 °C and 760 mmHg, using a 3-L air sample. 
The detection limit under these conditions is in the ppm ra.nge. This method is 
limited by the capacity of the charcoal filter for chloroprene and by the 1-mL 
extraction volume used. Only a small fraction of the total sample can be 
introduced into the gas chromatograph. 

EPA Methods TOl (3), T02 (4), and T03 (1) ~ay be applicable to the 
analysis of chloroprene, but their use has not been documented. More work 
needs to be done to improve the analytical methods for chloroprene and to lower 
the detection limits. 
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IABL£ 18. GlNlRAL ANALYIICAL MI.IHOOS FOR TH£ Olf[RH!NAIION OF CHLOROPRlNl 

Analytical Hinimun 
Method detection Typical sample detectable Accuracy & 

No. Principle Potential interferences limit volume, L concentration precision References 

A. Collection on charcoal A. Compounds with a similar 0.1-5 ng per 3 4.4 X 10 4 µJ/m3a 1:1°" in the ppm 
B. Desorptioo with CS? GC re tent ion time to injection 
C. Determination by GC/f ID chloroprene. 

or GC/lCO B. Water vapor reduces 
adsorbent capacity. 

arhis is the lo,.er limit of the validated range as given in reference 2 and is not necessarily the lower limit of detection • 

..... 
0 ..... 



R. Sampling and Analysis Methods for 
Volatile Aromatic Compounds 

The determination of volatile aromatic compounds has received considerable 
attention in the literature. Benzene, in particular, has been investigated in 
detail. Sampling methods for aromatic compounds have been developed and evalu
ated usi~g adsorption on solid adsorbents like Tenax-GC (1), carbon molecular 
sieve (CMS) (2) and charcoal (3). Cryogenic trap?ing (4)-and collection in 
Tedlar and Teflon bags (5-7) have also been used for sir;pling volatile aromatic 
compounds. The analytical-methods in ust~ are based on GC using a variety of 
detectors. The most frequently used detectors include MS, FID, ECO, and PID. 
The following discussion summarizes the most commonly used sampling and analy
sis methods for volatile ar,Jmatic compounds. lndi.vidual discussions for the 
specific compounds of interest are given at the end of the discussion. 

l. Sampling methods 

a. EPA Method TOl 

EPA Method TOl (1) is generally applicable to aromatic compounds having 
boiling points in the-range of approximately 80 to 200 ° C. This method has 
been evaluated for the volatile aromatic compounds involved with this study. 
Am~ient air is drawn through a cartridge containing l to 2 g of Tenax-GC at a 
constant flow rate between 50 and 500 mL/min. Certain volatile ot·ganic corn
pounds are trapped on the resin while highly volatile organic compounds and 
most inorganic compounds pass through the cartridge. The cartridge is then 
transferred to the analytical laboratory for analysis. Each compound has a 
characteristic specific retention volume which must not be exceeded when air 
samples are being taken. Specific retention volumes are usually expressed in 
liters of air per gram of adsorbent. Specific retention volumes are a function 
of temperature, cartridge design, sampling parameters, production lot of Tenax
GC, and atmospheric conditions. An adequate margin of safety must be included 
i.n the sample volume used to ensure quantitative and reproducible collection 
efficiency. Usually the specific retention volume is divided by 1.5 to ensure 
adequate collection. 

Collection of an accurately known volume of air is critical to the accu
racy of the method. The use of mass flow controllers over conventional needle 
valves or critical orifices has been recommended. This is especially true for 
flow rates less than 100 mL/min. Contamination of the Tenax-GC cartridges with 
the compound or compounds of interest can be a problem at the ppb and sub-ppb 
levels. Extreme car~ must be taken in the preparation, storage and handling of 
the cartridges to minimize contamination. 

b. EPA Method T02 

EPA Method T02 (2) is generally applicable to organic compounds having 
boiling points in the-rangt~ of approximately -15 to 120 °C. This method has 
been applied to a limited number of compounds, one of which is benzene. The 
method may be applicable to a wide range of compounds, but additional valida-
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tion will be required. Ambient air is drawn through a cartridge containing 
~o.4 g of carbon molecular sieve (CMS) adsorbent at a constant flow rate of 
50 to 500 mL/min. Volatile organic compounds are trapped on the adsorbent 
while most major inorganic atmospheric compounds either pass through or are 
only partially retained by the CMS. After sampling, the cartridges are 
returned to the analytical laboratory for analysis. Each compound has a speci
fic retention volume in liters of air per unit weight of adsorbent. In gen
eral, compounds with boiling points above 40 °C have specific retention volumes 
in eKcess of 100 L per 0.4-g cartridge of CMS. Precision of this method for 
benzene was poor with a standard deviation of 37%. For com~ounds with boiling 
points of 40 °C or higher, a safe sampling volume of 100 L may be used. 

Collection of an accurately known volume of air is critical to the accu
racy of the results. Mass flow controllers should be used. This is especially 
true for flow rates less than 100 mL/min. Flow rate through the cartridges 
should be checked before and after each sample collection. Contamination of 
the CMS cartridge with the compound or compounds of interest can be a problem 
at the ppb and sub-ppb levels. Care must be taken in the preparation, storage 
and handling of the cartridges to minimize contamination. 

c. EPA Method T03 

EPA Method T03 (3) uses cryogenic preconcentration techniques for the 
sampling of highly volatile organic compounds having boiling points in the 
range of -10 to 200 °C. A collection trap is submerged in either liquid oxygen 
Ot:' argon. Liquid argon is preferred to minimize the possibility of explosions. 
The air sample is then drawn through the collection trap at a constant flow 
rate. After sample collection the trap is switched into the chromatographic 
line for analysis. An important limitation of this technique is the condensa
tion of moisture in the trap. The possibility of ice plugging the trap and 
stopping flow is a problem. Also, any trapped water which is transferred into 
the analytical system may cause prob l•=ms. If prob l•=ms with ice format ion do 
not occur the volume of air sample<l in theory is limitless. In general a sam
ple volume of 1 to 2 Lis used. 

d. NIOSH methods 

Methods for the determination of aromatic organic compounds using adsorp
ti.on onto charcoal tubes and desorption with an organic solvent have been 
developed by NIOSH (4). A known volume of air is drawn through a charcoal tube 
to trap the compound-or compounds of interest. The charcoal in the tube is 
then transferred to a small, graduated test tube and desorbed with 1 mL of an 
organic solvent. Carbon disulfide and methanol have been used as extraction 
solvents. An aliquot of the solvent is then analyzed appropriately. 

The sample size is limited by the breakthrough v:,lumes of the compounds of 
interest on charcoal. Breakthrough volumes are a function of temperature. 
tube design, sampling parameters, surface area of the charcoal, and atmospheric 
conditions. Small amounts of water have been found to reduce breakthrough 
volumes by as much as 50%. Values for breakthrough volumes of individual com
pounds will be given in the individual compound discussions. 
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e. Collection in Tedlar and Teflon bags 

Ambient air is sampled into evacuated bags at a calibrated and constant 
flow rate. After collection, a measured volume of air is then transferred by 
syringe into the analytical system. CARB Method 102 (6) for benzene is based 
on the collection of air samples using Tedlar bags. In this method samples up 
to 100 mL ai:-e removed from the bag and analyzed by using cryogenic preconcen
tration techniques discussed earlier. Further concentration of the bag sample 
may be achieved by removing air from the bags and passing the air through an 
adsorbent like Tenax-GC or CMS to concentrate the sample. CARB Method 
A.D.D.L. 001 (5) uses this sampling technique. Teflon and Tedlar bags often 
suffer from adsorption, diffusion, and background problems when analyzing for 
aromatic-organic compounds. Care must be taken to minimize this problem. 

2. Analytical methods 

a. EPA Method TOl 

EPA Method TOl (1) is based on the thermal desorption of the compounds of 
interest from Tenax-GC into a GC/MS for analysis. For analysis the Tenax-GC 
cartridge is placed in a heated chamber and purged with an inert gas. The 
desorption temperature is usually 200 to 250 °c. The inert gas desorbs the 
volatile organic compounds from the Tenax-GC onto a cold trap on the front of 
the GC column. The cold trap is held at a temperature below -70 °C, After 
transfer of the organics is completed, the cold trap is removed and the analy
sis begins. The GC column is temperature programmed, and the components elut
ing from the column are detected and quantified by mass spectrometry. High
resolution capillary columns are recommended because of the complexity of 
ambient-air samples. Compounds having a similar mass spectrum and GC retention 
time compared to the compound of interest will interfere with the analysis. 

An ECD, FID, or PID may be substituted for the mass spectrometer if the 
required selectivity and sensitivity can be obtained. A detector's suitability 
for a specific analysis must be verified by the analyst prior to analysis. 

b. EPA Method T02 

EPA Method T02 (2) is based on the thermal desorption of the compounds of 
i_nterest from CMS into a GC/MS for analysis. For analysis the CMS cartridge is 
placed in a heated chamber and purged with an inert gas. The desorption tem
perature is usually 200 to 250 °C. The inert gas desorbs the volatile organic 
compounds from the CMS onto a cold trap on the front of the GC column. The 
cold trap is held at a temperature below -70 °C. After transfer of the organ
ics is completed, the cold trap is removed and the analysis begins. The GC 
column is temperature pr,)grammed, and the components eluting from the column 
are detected and quantified by mass spectrometry. High-resolution capillary 
columns are recommended because of the complexity of ambient-air samples. Com
pounds having a similar mass spectrum and GC retention time compared to the 
compound of interest will interfere with the analysis. 
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An ECD, FID, or PIO may be substituted for the mass spectrometer if the 
required selectivity and sensitivity can be obtained. A detector's suitability 
for a specific analysis must be verified by the analyst prior to analysis. 

c. EPA Method T03 

EPA Method T03 (3) is based on the transfer of a cryogenically preconcen
trated sample into a GC containing a high-resolution capillary column. With 
the sample valve on the cryogenic trap in the fill position, the GC column oven 
temperature is lowered to -50 °C. After sample collection is completed, the 
sampling valve is switched so that the carrier gas purges the compounds of 
interest from the trap onto the head of the column. The GC coL1mn is tempera
ture programmed, and the ,:!luted peaks are detected and quant i. fied using the 
appropriate detectors. The detector of choice for the chlorinated aromatic 
organic compounds is an ECD because of its selectivity and sensitivity for 
chlorinated compounds. An MS, FID, or PID may be used for other ar,Jmat ics. 

d. NIOSH methods 

NIOSH analytical methods (4) are based on packed-column gas clu-,>matog
raphy. Aliquots (1 to 5 µL) of-the extraction s,>lvent are injected into the 
GC. The compounds of interest are detected by an FID or ECO. The detection 
1imi t is in the ppm rang1~ because of the 1-mL extract ion volume. Only a small 
fraction of the entire sample can be injected into the gas chromatograph. 

e. Analytical methods for air samples collect~d in bags. 

Aliquots of air samples collected in Tedlar or Teflon bags are analyzed 
using gas chr,)rnatography. Both packed and capi 11 ary columns have been used. 
Samples from the bags are injected into a cold trap on the beginning of the 
column and analyzed. The separated compounds are detected and quantified using 
an ECO, FID, PID, or MS as the detector. 

For volatile aromatic organic compounds, EPA Method TOl appears to be the 
method of choice. The method is sensitive and selective for aromatic com
pounds. Multiple samples are easily taken and tt·ansported to the analytical 
laboratory. The sampling tubes are easily cleaned and reusable. The use of 
high-resolution capillary col11mns comhined with detection by MS offers a highly 
sensitive and selective method for volatile aromatic compounds. Detailed dis
cussions of sampling and analytical methods for the specific compounds of 
interest are given in the following pages. 
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BENZENE 

Benzene (C 6H6) is a volatile, colorless, flammable, and liquid aromatic 
hydrocarbon which possesses a characteristic odor. Its solubility in water is 
0.180 g/100 g at 25 °C. It has a melting point of 5.5 °C and a boiling point 
of 80.1 °C. Benzene is a poisonous substance with acute and toxic effects. It 
is considered a cancer-suspect agent, and the OSHA maximum TWA is 30 mg/m3 (10 
ppm) for an 8-h exposure(_!_). 

Benzene in the atmosphere has been sampled and analyzed by a variety of 
methods. Each procedure presents advantages and disadvantages. The type of 
sample to be taken (ambient or source) may influence choice of sampling method. 
Gas chromatography (GC) coupled with general detectors, such as flame- ioniza
tion detectors (FID), or with specific detectors, such as photoionization (PID) 
or mass spectrometric (MS) detectors, may be used to determine the level of 
benzene present in a sample. 

The collection of benzene in a cryogenic trap and followed by GC/FID anal
ysis has been described in a recent EPA document (EPA Method T03) (2). This 
system can be automated and may be applicable to field sampling. The detection 
limit is in the 1- to 5-ng range and could be limiting because only a 1000-mL 
sample is taken. The accuracy (±10%) and precision (±5%) of this method are 
excellent. The use of liquid argon or oxygen may limit field applications 
somewhat. In a similar study, Pleil and Mcclenny (3) used a 1.5-L cryogenic 
trap. An alternative method is to take a larger sample using a Tedlar bag as 
described by the CARB method (J. Pantalone, Sampling and Analysis Methods for 
Benzene, California Air Resources Board; 1984; personal communication). This 
procedure uses a 50-L bag to sample ambient air. A portion of the collected 
sample is concentrated in a U-tube, and then benzene is determined by GC/PID. 
This system is easily set up and obtains an integrated sample. Multiple sam
ples may be injected into the GC. A revised version of this method was pub
lished in 1985 as CARB Method 102 (4). A detection limit of 1.0 ppb was 
obtained using the standard 40-mL sample size. The poly(vinyl fluoride) bag is 
susceptible to leaks and permeation through the bag. The sampling pump may 
introduce contaminants into the bag. The bag samples also have a short shelf 
life (5). The use of cannisters (6) and copper tubes coated with a silicone 
oil (7) has also been described by-other researchers. 

The collection of samples on sorbents of various types followed by heat 
desorption or solvent desorption is an attractive alternative to cryogenic or 
bag sampling. Tenax-GC and XAD-2 resins have been examined as well as various 
charcoals. The collection of benzene on Tenax-GC followed by heat desorption 
into a GC/MS is described in EPA Method TOI (8). The precision and accuracy of 
this method (accuracy 44% and precision 20% RSD) are not as good as the cryo
genic trapping method (T03) (accuracy 10% and precision 5% RSD), but a larger 
sample may be collected. The retention volume of benzene on Tenax-GC at 20 °C 
is 61 L/g (9). This results in a safe sampling volume of about 20 L/g (9). 
The use of XAD-2 as an alternative to Tenax-GC is also possible. Its retention 
volume at 20 °C is about the same as Tenax-GC. The detection limit for this 
method is about 1 ng, which equals 50 ng/m3 in a 20-L sample. One of the major 
disadvantages of this method is that replicate samples require more than one 
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Tenax-GC tube. Several workers have examined the use of Tenax-GC to collect 
benzene (10-13). The methods of collecting benzene on charcoal traps followed 
by desorptio~with cs

2 
are standard NIOSH procedures (~,.!_5-). The limit of 

detection for the NIOSH methods is about 0.1 ng per injection with an accuracy 
of 10% and precision of 10.5% RSD. The 1-mL extraction volume limits the over
all sensitivity of the method. 

CARB Method A.D.D.L. 001 (16) collects aH samples in a Tedlar bag. A 2-L 
sample from the bag is then concentrated onto a Tenax-GC tube and analyzed 
according to a procedure adapted from EPA Method TOl. The analytical detection 
limit of the m,::?thod is 0.1 ppb, which corresponds to 0.6 ng of benzene. The 
overall method-detection limit is still being evaluated at this time. 

EPA Method T02 is a charcoal-adsorption/heat-desorption GC/MS procedure 
(17). This method has a high specific retention volume (250 L/g) and should 
provide for low detection limits. However, the affinity of charcoal for ben
zene makes desorption difficult and may limit this method. The technique 
demonstrated a 37% relative standard deviation and 140% recovery. The high 
recovery may indicate a contamination problem. Pelli.zarri et al. (18) have 
desigaed several new polyimide sorbents which have high specific retention 
volume. Retention volumes ranged from 360 L/g to over 1000 L/g as compared to 
Tenax-GC at 62 L/g. High background limited the usefulness of these sorbents. 

Passive samplers have limited application to benzene monitoring. Coutant 
and Scott (19) used charcoal and solvent extraction prior to quantification 
with a GC/ECD/PID. Wooten et al. (20) used T,~nax-GC and P,)rapak R with heat 
desot·ption and GC/Hal 1/PID quantita-tion. Detection limits were in the range of 
10 to 20 µg/badge. 

Source monitoring for benzene may use several sampling methods. Popular 
methods for stack monitoring include the Modified Method 5 (MM5) train, the 
Sour.ce Assessment Sampling System (SASS), gas bulbs, gas bags, and the Volatile 
Organic Sampling Train (VOST). These sampling methods are described briefly in 
Sampling and Analysis Methods of Hazardous Waste Combustion (21). Sample anal
ysis is performed by GC/FID or GC/MS after thermal or solventdesorption of the 
sample from sorbents or trap;,ing of the sample from gas bulbs or bags. 

The methodology for the sampling and analysis of benzene with detection 
limits in the sub parts-per-billion range appears to be adequate. Extension of 
the cryogenic trapping technique to the low parts-per-trillion level requires 
furtl1er development. The EPA cryogenic trapping and the carbon sorbent methods 
require validation and improvement in accuracy and precision. GCs with FID, 
PID, or MS offers adequate separation and detection. 

References 

l. McNeill, W.C., Jr. Benzene. In: Encyclopedia of chemical technology; 
v. 3. New York: John Wiley and Sons; 1979: 744-771. 

108 



2. Compendium of methods for the determination of tol{ic organic compounds in 
ambient air. Research Triangle Park, NC: U.S. Environmental Protection 
Agency; 1984 April: Method T03. Publication No. EPA-600/4-84-041. 

3. Pleil, J.D.; McClenny, W.A. Temperature-dependent collection efficiency 
of a cryogenic trap for trace-level volatile organic compounds; Report, 
EPA-600/D-84-133. Prepared by Northrop Services, Inc., Research Triangle 
Park, NC, under Contract HAP-A9QB for the U.S. Environmental Protection 
Agency, Research Triangle Park, NC; 1984 May. 16 p. Available from: 
NTIS, Springfield, VA; PB84-195403. 

4. California Air Resources Board, Haagen-Smit Laboratory Division. Proce
dure for the sampling and analysis of atmospheric benzene. CARB Method 
102. 1985. 

5. Knoll, J.E.; Penny, W.H.; Midgett, M.R. The use of Tedlar bags to contain 
gaseous benzene sample at source-level concentrations; Report, EPA-600/4-
78-057. Prepared by the Environmental Monitoring and Support Laboratory 
of the U.S. Environmental Protection Agency, Research Triangle Park, NC; 
1978 September. 38 p. Availahle from: NTIS, Springfield, VA; 
PB-291569. 

6. Cox, R.D.; Earp, R.F. Determination of trace level organics in ambient 
air by high-resolution gas chromatography with simultaneous photoioniza
tion and flame ionization detection. Anal. Chem. 54: 2265-2270; 1982. 

7. Hester, N.E.; Meyer, R.A. A sensitive technique for measurement of ben
zene and alkyl benzenes in air. Environ. Sci. Technol. 13: 107-109; 
1979. 

8. Compendium of methods for the determination of toxic organic compounds in 
ambient air. Research Triangle Park, NC: U.S. Environmental Protection 
Agency; 1984 April: Method TOl. Publication No. EPA-600/4-84-041. 

9. Gallent, R.F.; King, J.W.; Levins, P.L.; Piecewicz, J.F. Characterization 
of soi:-bent resins for use in environmental sampling; Report, EPA-600/7-78-
054. Prepared by Arthur D. Little, Inc., Cambridg~, MA, under Contract 
68-02-2150 for the U.S. Environmental Protection Agency, Research Triangle 
Park, NC; 1978 March. 161 p. Available from: NTIS, Springfield, VA; 
PB-284347. 

10. Martin, B.E.; Clark, T.; Bumgarner, J.; Evans, G.F. Ambient air monitor
ing for benzene 24-hour integrated sampling in six cities; Report, 
EPA-600/4-80-027. Prepared by the Environmental Monitoring System Labora
tory, U.S. Environmental Protection Agency, Research.Triangle Park, NC; 
1980 May. 30 p. Available from: NTIS Springfield, VA; PBB0-205859. 

11. Skintik, C. GC/MS analysis of ambient aerosols in the Houston, Texas, 
area; Report, EPA-600/52-80-174. Prepared by WAPORA, Inc., Cincinnati, 
OH, for the U.S. Environmental Protection Agency, Research Triangle Park, 
NC. 8 p. 

109 



12. Jonsson, A.; Berg, S. Determination of 1,2-dibromomethane, 1,2-dichloro
ethane and benzene in ambient air using porous polymer traps and gas 
chromatographic-mass spectrometric analysis with selection ion monitoring. 
J. Chromatogr. 190: 97-106; 1980. 

13. Brown, R.H.; Purnell, C.J. Collection and analysis of trace organic 
vapour pollutants in ambi.ent atmospheres. The performance of a Tenax-GC 
adsorbent tube. J. Chromatogr. 178: 79-90; 1979. 

14. Organic solvents in air: Method No. P&CAM 127. In: Taylor, D.G., ed. 
NIOSH manual of analytical methods; v. 1. Cincinnati, OH: U.S. Dept of 
Health, Education, and Welfare, Public Health Service, Center for Disease 
Control, National Insti.tute for Occupational Safety and Health; 1977 
April: 127-1 to 127-7. OHEW (NIOSH) Publication No. 77-157-A. 

15. Benzene: Method No. S311. In: Taylor, D.G., ed. NIOSH manual of 
analytical methods; v. 3. Cincinnati, OH: U.S. Dept of Health, 
Education, and Welfare, Public Health Service, Center for Disease Control, 
National Institute for Occupational Safety and Health; 1977 April: S311-1 
to S311-8. DREW (NIOSH) Publication No. 77-157-C. 

16. California Air Resources Board, Aerometric Data Division Labl)ratory. 
GC/MS analysis of ambient air: Teklar bag samples using Tenax for sample 
concentration. Method No. A.D.D.L. 001. Revision (2) draft. 1985. 

17. Compendium of methods for the determination of toxic organic compounds in 
ambient air. Research Triangle Park, NC: U.S. Environmental Protection 
Agency; 1984 April: Method T02. Publication No. EPA-600/4-84-041. 

18. Pellizzari, E,D.; Gutknecht, W.F., Cooper, S.; Hardison, D. Evaluation of 
sampling methods for gaseous atmospheric samples; Report, EPA-600/3-84-
062. Prepared by Research Triangle Institute, Research Triangle Park, NC, 
under Contract 68-02-2991 for the U.S. Environmental Protection Agency, 
Research Triangle Park, NC; 1984 April. 274 p. Available fr.om: NTIS, 
Springfield, VA; PB84-190735. 

19. Coutant, R.W.; Scott, D.R. Applicabili.ty of passive dosimeters for 
ambient air monitoring of toxic organic compounds. Environ. Sci. Technol. 
16: /+10-413; 1982. 

20. Wooten, G.W.; Strobel, J.E.; Pustinger, J.V.; McMillin, C.R. Passive 
sampling device for ambient air and personal moni taring; Report, EPA-600/ 
4-84-050. Prepared by Monsanto Company, Dayton, OH, under Contract 68-02-
3469 for the U.S. Environmental Protection Agency, Research Triangle Park, 
NC; 1984 June. 61 p. Available fr.om: NTIS, Springfield, VA; 
PB84-210046. 

21. Harris, .J.C.; Larsen, D.J.; Rechsteiner, C.E.; Thomas, K.E. Sampling and 
analysis methods for hazardous waste combustion; Report, EPA-600/8-84-002. 
Prepared by Arthur D. Li.ttle, Inc., Cambridge, MA, under Contract 
68-02-3111 for the U.S. Environmental Protection Agency, Research Triangle 
Park, NC; 1984 February. 392 p. Available fr.om: NTIS Springfield, VA; 
PB 84-155-845. 

110 

https://Applicabili.ty


TABLE 19, GENERAL ANALYTICAL 1£1HOOS FOR IHE DEll::RHINAIION OF OCNZ[N[ 

Analytical Mini-a Acci1racy 
Method Potential detection Typical sample detectable and 

No. Principle interfererces limit volume, L concentration precision Refererces 

A. Collection on 1enax-GC trap 
B. Thermal desorption into 

cryotrep 
C. GC/HS 

2 A. Collection on Tenax-GC trap 
B. I herlRS 1 desorption into 

cryotrap 
C. GC/HS 

3 A. Collection on CMS 
B. I hermal desorption 
C. GC/MS 

4 A. Collection in a Tedlar bag 
B. Concentration of a 2-L air 

sample onto T enax-GC, 
C, Thermal desorption into a 

cryogenic trap 
D. Determination by capillary 

r-' 
r-' colUllln GC/MS 
r-' 

5 A.-Collection using cryogenic 
trapping or Tedi ar bag 

B, GC/fID 

6 A, Collection on charcoal trap 
B, cs desorption2 
C, GC/F ID 

7 A. Passive S8"1pling on charcoal, 
Tensx-GC, Porapak R 

B. GC/ECD/Hall/P ID 

A, Cont,nination of trap 
B. Compounds having a si1Rilar mass 

spectr,.. and GC retention time 
to benzene 

A. Contamination of trap 
B. 61-L/g specific retention volume 

at 20 •c 

A. Not deaorbed readily 
B, Cont!!!llinatioo of trap 
C. Over 100-L/g sample capacity 

A, Compounds having a similar mess spec-
trum to beozens and a similar GC 
retention u...,. 

B. CootBR1ination of [enex-GC cartridge 
with compound of interest, 

A. Water 
B. COIIIOUnds with similar retention times 
C. Li11ited sample vol.-
D. Hust be kept at cryogenic te111peratures 
E. Cryogenic trap haa 1-L sample capacity; 

bags, 50 L 

A, Contaniination of cartridge 
B. Water condensation 
C. C~ounds with si,oilar retention t:lmes , 

Conta111inatioo of sorbents 

1-20 ng, depending on 
the mass-sp~ctral 
conditions chosen 

4 ng 

20 

20 

1-!0 ng, depending on 
the mess-spectral 
conditions chosen 

0,6 ng 

100 

2 

1-5 ng 

5 ng per injection 2 

10 og/badge NA 

D.05-1 IJl/lO 3 

0,1 1-1'1/mb 

0 ,01-0 .2 1J1/III 3 

0,} IJl/,.3 

1-5 IJ1/IR3 

41x103 1-1'1f,.3c 

passive 
sampler 

.tllD" Accuracy 
7r,i,; RSD 

NA 

37l. RSD 

NA 

.t10!I Accuracy 

5" RSD 

10-25" RSD 

NA 

8 

9, 1D,11 
12 ,13 

17 

16 

2 

14,15 

19,2 □ 

~ Analytical detect I'II limit 00 X .1JlWLL x ...1...i,g__ unless otherwise stated.aHinimum detectable concentration Typical sample volume• L( i:t, = 1 113 1000 ng 

bfrm refererce 9. 

cl his is the lower li11it of the validated range as given in refererce 1!> and is not necessarily the lower li11it or detection. 
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