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! Brief

Hydrocarbon species were cryogenically concentrated and separated using
subambient temperature programming and a 60 m SE-30 fused silica capillary
column. The column effluent was éplit to a PID and a FID. Normalized respomse
ratios for a variety of hydrocarbbn species and classes are reported. These

|
response ratios provide an additi%nal tooL for identification of organics in

ambient air.
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Abstract

Chromatographic separation of C; - C1o hydrocarbons was obtained in a
single analysis using a 60 m SE-30 fused silica capillary column and sub-<
ambient temperature programming. The column effluent was split to a PID
and a FID detector, which were operated simultaneously. The effect of varying
PID and splitter operating parametérs on PID/FID response ratios and PID
sensitivity is discussed. Retentién time and normalized response data are
presented for 144 compounds including alkanes, alkenes, aromatics, aldehydes,
ketones, and chlorine and sulfut cépeaining h}drocarbous. Averaged normalized
response data can be used to estimgte chemical classes of organic compounds

in ambient air.
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Volatile organic compounds pfgsent'in the ataosphere are of'interest
since some of these are known toxﬁﬁs,or‘irritants. Also, certain classes of
organic compounds par;icipate in phétochemical reactions resulting in the
formation of irritating atmospheric oxidants (ozone, PAN) and smog. Current
regulatory policies ére atﬁemp:ing:to control atmospheric oxidants by de-
creasing emissions of oxidant pregursors, particularly hydrocarbons and oxides
of nitrqgen. Information on hydrocarbon species present in ambient air is
important to help pinpoint sourceglof emission;, as well as to provide data
necessary for photochemcial modeligg studies. In addition, with the recent
increased awareness of the problems associated with hazardous waste disposal,
ﬁhere,is a need for techniques to monitor emissions in the air around disposal
sites.

The determination of hydrocarbon species in ambient air has routinely
been accomplished by cryogenic cop;zntration, followed by gas chromatography
using flame ionizatiﬁn detec:ion.V:H§wever, the CQmpound§ normally of interest
for photochemical modeling (C2 - C15) have boiling points ranging from =102°C
to +190°C. In order to cover thi;jboiling point range two or three different
chromatographic analyses (1,2) have been required. Furthermore, the use of
flane ioﬁizaeiou detection does ub; aiways provide sufficient differentiation
of hydrocarbon species within difggrent classes. This is very important since
differgnt hydrocarbon classes (alﬁhﬂes, alkenes, aromatics, aldehydes) display
varying degrees of photochemical igactivity (3). Subtractive techniques have
been used to provide additionmal cfhss information (4). However, this approach
adds additional chromatographic aPalyses. Mass spectrometrometric detectors
provide sufficient information fo* qualitative identification of many organic

compounds present in the atmosphere. However, it is often difficult to diffe~-

rentiate between various al:i.phat:ﬂcf: hydrocarbon species by mass sp‘ec:,rome:ry',o"- 206
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and quantitation of C; and C3 speciés is difficult, Because of these reasons,
and the expense involved, GC/MS teghniques are not routinely used to analyze
.ambient air for C; - C;4 hydrocarbon species.

In this paper a method is discussed which provides quantitative evalua-
tion of the C; - C;¢ organic conteﬁt in amBient.ait in a single chromato-
graphic analysis. This was accompiished through high resolution chromato-
graphy and subambient temperature programming. To provide additional identi-
fication power, a photoicnization detector an& a flame ionization detector
were used simultaneously. The flame ionization detector responds to com-
pounds on the basis of carbon content, hence it serves as a universal detector
for hydroAcarbons and is good for quantiative purposes. The photoionization
detegtor responds to compounds based on their ionization potentials, which in
turn is dependent on the degree of unsaturation in the molecule. A study of
the PID response as a function of molecular structure has been performed (5).
By calculating a ratio of the respHnse between the two detectors, it was
possible to estimate the degree ofﬁﬁnsaturation (and chemical class) for a
cumpound froducing a given chramaéégraphic peak. The chemical class infor-
mation provided by the dual de-:ec-tié‘r technique proved to be a valuable tool
vhen used in conjunction with GC fégeﬁ:idn time data for species identifica-
tion. ;;

The initial application of P#ﬁ and FID detectors to hydrocarbon analysis
in a gas mixture was published byintiscoll, et.al (6).. Al:hough this early
work did not involve simultaneousf&se of the detectors and only was applied
to a C¢ — Cg hydrocarbon gas mixtﬁte, the potential autility of the technique
was demonstrafed. For the presené‘work, a variety of organic compounds which
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may be of interest in the atmosphére, were studied. Chromatographic retention
time data and normalized PID/FID responses will be presented for alkanes,
alkenes and dienes, alkymes, ardmgti:s, aldehydes, ketones, saturated and
unsaturated chlorinated hydrocarbons, and sulfur containing hydrocarbons.

A
ir ¥

Experimental

A schematic diagram of the a#al#ticgl system which was used in this
work is presented in Figure 1. Tﬁe system was designed to accept air samples
collected in pressurized caniscer?, polymeric bags,; or on solid sorbents
(via thermal desorption). The.fi¥5t step of the analysis involved removal
of moisture. This was accomplishéd using a 24 inch single tube Perma Pure
Drier (Perma Pure Inc., ?armingdaie,'NJ). Typical sample flow rates through
the drier were 100 mL/min and purge:faees were maintained at 1000 mL/m;n
of UHP air. The drier was heated‘to 60°C and purged for 10—15.?inutes be~-
tween analyses. After the removal of moisture, organic compounds were sepa-
rated from the ambient air matrix and concentrated on a 6 inch by 1/8 inch
o.d. nickel tube packed with 80/£do mesh glass beads and cooled in liquid
oxygen (-186°C). The design of the valving associated with the traps, and the
efficiency of hydrecarbon collection have previously been described (7). One
modification of the design'for :His work was replacing the high precision
pressure gauge with a high precision pressure vacuum gauge (Wallace and Tiernan
Model 61C-1A-0015) and evacuatingfthe‘gas reservoir. The volume of gas passed
through the cryogenic trap was calculated by monitoring the pressure defferen-
tial of the evacuated gas reservoir. Samles containing ppm level organic con=
tent were analyzed by direct 1nje£tidn to the cryogenic trap using a 5 mlL gas
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tight syringe. Trap loading and injection flows were controlled using a two-
position eight=-port valve (Valco #V-S-HTa). The valve and associated stainless
steel connecting tubing were heated to 60°C to avoid sample condensatien.
Organic species were rapidly desorbed by immersing the trap in boiling water
until the temperature of the trap reached 90°C. At that time (approximately
20 seconds), the water bath was r¢¢ovgd and the trap was heated to 180°C with
a 750 watt heating cartridge (Watlow #J4A198). Trap temperatures were.con-
trolled with an Omega Model 4201 RTD Temperature Controller. Desorbed com-
pounds were swept from the trap té‘the chromatographic column by Ee carrier
gas. The transfer'lines to the cgiumn were heat traced (60°C) 1/16 inch

o.d. stainless steel tubing.

Separation of organic species was achieved on a 60 m SE-30 wide bore-thin
film fused silica capillary coiumn:(j & W Scientific). The column was operated
at an initial temperature of -50°é foE 2 minutes, then temperature programmed
to +100°C at a rate of 6° /minute. The.carrier gas.was UHP grade helium at a
rate of approximately 2 mL/minute and a column head pressure of approximately
19 psi. The ocutput of the capill%?y column was split to a PID and a FID detec~-
tor. The splitter, obtained from Scientific Glass Engineering (Austin, IX),
consisted of a short piece of 0.4 mi i.d. glass-lined s:§inless steel tubing
which was silver soldered into a,i%w dead volume union. 7Two lengths of 0.22
mm i.d. fused silica tubing were éiuéd into a 2-hole graphitized-vespel ferrule
which butted against one end of the glass-lined tubing. The analtyical column
(0.35 mm i.d.) was inserted throuﬁh the glass li;ed tubing and butted against

the 2~hole ferrule. Thevrativofhfldw to each detector was controlled by ad-

justing the lengths qf splitter tubing. The basis of the splitter function is

. 208

203



the pressure drop across each of t@éispli;ter tubes. It is important thar the
spiitter tubing is of a smaller intetnal diameter than that of the GC column.
However, if the splitter tubing is;;oo small, a significant pressure drop and
decrease in the carrier gas flow tJéé will result. Several different sizes
of splitter tubing were evaluated,j;nd it was found that 0.22 mm i.d. provided
the best results with a 0.35 mm i.%;‘GC column. As a general rule in selecting
splitter tubing for other size capiilafy columns, the combined internal areas
of the splitter tubing should be approximately 70 to 80% of the internal area
of the capillary column. ww
The gas chromatograph used iny:his work was a Varian 3700 GC with
subambient temperature programming;capabilities. The detectors used were
a Varian FID and an HNU Model 52 high temperature PID. Both detectors were
‘ operated with UHP nitrogen makeup ‘g‘as.at 30 mL/minute. Two lamps were eval-
uated for use with the PID. A ge@?ral purpose 10.2 eV lamp was obtained from
HNU (Newton, MA) and a 10.0 eV laag‘was obtained from Scientific Services
(Rocky Hill, NJ). |
Chrcm;;ographic data was pgoc%ssgd using a Varian 401 Chromatography
Data System. This served primarii;‘aé an integrator and transferred inte-
grated data to an Apple II Plus Microcomputer which was used for quamtitative

[
and qualitative peak identificatiqﬁ and calculation of PID/FID response ratios.

Results and Discussion

To acheive sub-ppb level detection limits, organic compounds must be
separated from the ambient air maﬁ#ix and concentrated. The efficiency of

the cryogenic glass bead traps fbi‘collec:idn and recovery of light hydro-
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carbon species has been discussed én a previous paper (7). Some.losses of
ethlylene were observed when trapping more than 400 ml of air using 4 inch

long traps, so 6 inch traps were uéed in this work. Although moisture does

not interfere withlthe cryogenic trapping of hydrocarbons, it can cause
extinguishing of the FID flame or a disruption of carrier gas flow since the
analytical column was operated at subfreezing temperatures (-50°C) when the glass
bead traps were desorbed. Two methods were investigated for removal of mois-
ture. Passing air samples through a 1 g bed of potassium carbonate served

to remove the moisture and provided good recbveries of aliphatic hydrocarbons,
benzene and toluene. However, sig#ificant losses of heavier aromatic com-
pounds were observed. A 24 inch éingle tube Perma Pure Drier also functioned
well in the removal of water, and##n addition, provided good recoveries of all
aliphatic and aromatic hydrocarboﬂ#,.chlorinated hydrocarbons, and aldehydes which

i

g !
were tested. Low recoveries of aléohols and variable recoveries of ketones

vere obtained with the Perma.Pureﬁprier. Specific results of the drier comparison
. 1 |
will be presented in a subsequent /paper. With the use of the Perma Pure

(N
Drier, up to 2 L of ambient air could be concentrated without significant

disturbances to detectors or column flow.

Simultaneous use of the PID %éd FID‘detectors with capillary chroma=~
tography required operating the :ﬁ; detectors in a manner which would mot
sacrafice chrom;:ographic :esolut#én or detector sensitivity. The PID ionizes
only a small percentage of the sapyle'and ch be considered a nondestruc-
tive detector, thus allowing in series operation of the PID prior to the FID.
However, since the PID is located outside the GC oven, this would require

running a heat-traced line back iﬁto the GC oven and to the FID. Furthermore,
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both detectors require makeup gas for optimal resolution. Addition of makeup gas
at the inlet of the PID could result in a less of resolution and sensitivity by the
tize the sample reached the FID if?the detectors were operated in series. Since tke
PID was more sensitive than the FID, it was feasible to split a small portion of the
chroma:ograph;c column effluent to the PID, without a significant sacrafice in
FID sensitivity. The splitter which was described was very simple to install
and provided the option of varying}gplit ratios. No discernable loss in resolu=
tion was obserQed for the FID when wusing the splitter. Optimization of the PID
for capillary chromatography has‘beén &escribed (8). Resolution for the PID
was a function of the makeup gas flow. As the makeup gas flow was increased,
peak widths decreased, but the deteétor sensitivity also decreased. When using
a makeup flow of 30 mL/minute, peak half widths for both detectors were very
similar (2-3 seconds). ' N

Example chromatograms from thg cryogenic capilléry system and the two
detectors for a 38 component hydroéﬁrbon mixture are presented in Figure 2.
To facilitate labeling, alkenes and;arbmg;ics are labeled on the PID (upper)
chromatogram and alkanes are labeleg on the FID (lower) chromatqgraﬁ. The
mixture contained ethane, ethylene and acetyleme, which coeluted and were
detected only by the FID. Propane;and propylene also coeluted. However, the
PID responded only to propylene. Good separation was obtained between the C2
and C3; hydrocarbons. Separation.wgé obtained for all C, hydrocarbéns, with the
exception of l-butene and.isobuttnﬁ’which coeluted (both are not in the mix in
Figure 2). Aromatic hydrocarbons began eluting at 17 and 21 minutes (benzenev
and toluene), while the compound og'ldwest volatility in the mixture, 1,2,4-

trimethylbenzene eluted at 29 minutes.
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The advantage of simultaneouéiy using PID and FID detectors can be ob-
served Figure 2. Little responseﬁﬁas observed on the PID for C; - Cg alkane
species. A slightly higher respoﬂée‘wasvobserve for some of the branéhed
C7 = Cs hydrocarbons, while good féspbnses were obtained for alkemes and
aromatic species in the mixture. Since the FID responds to molecules based
on the number of carbon atoms and ﬁhe PID response is roughly based on the
degree of unsaturation, the ratioﬂbetween the two detectors can be used as a3
tool in identifying chromatograph%c peaks. It is possible to obtain relative
detector responses for organic sp%éges by simply ratioing results between the
two detectors. However, values oggagned in this manner would be very sensi-
tive to response fluctuations in githe: detector. To obtain relative response
data which can be used over a long period of time, effects of detector fluctua-
tions can be minimized by normalizing all response ratios to the response ratio
for a single compound. Toluene wa# chosen as the normalizing compound since
it gave a good response on both detectors and a review of the literature in-
dicated that toluene was normally ﬁrgsent in ambient air. In this laboratory,
toluene has been used aS‘ﬁ reten:ién time marker for GC~FID analyses, since
this compound is easy to identify?in ﬁhe chromatogram and has troutinely been
observed above 1 ppbv-C (part per sillion volumen of carbon). Toluene norma-
lized responses (TNR) for the PID and FID detectors were calculated using the
folldﬁing~equacion:

m-H:mo

X
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where PRy and PRt ére PID response§*for organic species x and toluene, res-
pectively, and FRx and FRT are FID‘reponses for species x and toluene, res-
pectively. By deiinition, toluene'will always have a value of 100.

Several parameters were variéd to optimize the PID selectivity and sensiti-
vity. Optimum selectivity would ﬂe no response for alkanes (TNR=0), a high re-
sponse for Aromatics (2100), and ? medium response for alkenes (TNR=50). .Para~
meters which were studied includegfhe splitter ratio, PIﬂ lamp intensity setting,
PID makeup flow, and a 10.0 eV la?? as opposed to a 10.2 eV lamp. The results
of this study are presented in Iagie I. Results are presented for four
representative compounds within e§;h class and class averages. Results
are expressed as toluene normalizéé responses (TNR), and direct PID/FID (P/F)
responses are presented in parentﬁgses. TNR values reflect the PID selecti-
vity, while P/F values reflect théléffect of‘changing conditions on the PID
sensitivity and of the detector sP}i: ratio. The first two sets of test
conditions demonstrate the effect of PID lamp intensity. By increasing the
lamp current setting from 5 to 8 (arbitrary units), the PID response is
roughly doubled with respect to :ﬁé FID response. However, very little effect
was observed in the normalized teépqnses for alkanes and aromatics. At the
higher lamp intensity the average response obtained for alkenes was nearly
equivalent to that for aromatics o

The effect of the split rati& can be observed by comparing columns
1land 3 in Tﬁble 1. The 1/1 splﬂé=wgs obtained with equal lengths of
0.22 mm i.d. splitter tubing to each detector. The 3/1 split was obtained
by decreasing the length of tubiﬂé to the FID so that it was 1/3 the length

of tubing to the PID. The P/F ratio for the 3/1 split (column 3) decreased
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to approximately 1/3 of the P/F ratics for the even split (colum 1), demon~
strating correct splitter operation. The utility of using normalized response
ratios is also demonstrated with :hése data. Although the chromatographic
column flow to each detector vas‘cﬁﬁgged by 50%, with a corresponding change
in sensitivity, TNR values remaine&“?ssentially constant for individual com~
pounds and compound classes.

The effect of makeup gas flow rate on PID sensitivity is demonstrated
in data columns 3 and 4 of Table I.. By reducing the makeup gas flow rate,
the PID sensitivity was increased bj approximately 50%2 Once again, no signi-.
ficant change in the normalized combbund or qlass.response was observed.

The PID response to an individual compound is determined by the ionization
potential of that compound and the excitation energy of the light source. Data
presented thus far were obtained w#:ﬁ a 10.2 eV source which was obtained from
HNU. Since ionization potentials of most alkenes are higher than those for
aromatics, the possibility of incr;asing :hé selectivity between these classes
of compounds was investigatéd by using a lower energy light source. Data
presented in columm 5 were obtained using a 10.0 eV light source. This source
appeared to provide the PID with xﬂpteased sensitivity by approximately a
factor of 3. This can be observedﬁby comparing the P/F ratios in columns 3
and 5. Normalized responses for alkanes increased slightly using the 10.0 eV lamp,
those for alkenes decreased by 11Z, and those for aromatics remained essentially
constant. With the exception of Cs and C, alkenes, TNR values for individual
compounds did not vary considetablg with the different sources. The average
TNR value for C; and C, alkenes dehressed by 16 percent using the 10.0 eV lamp.
These compounds h&ve.highe: ioniza£ion potentials than other alkenes, ahq

2 4 po

10 ) 209



]
|
i

should be the most affected by the lower energy lamp. It is possible to use a
9.5 eV lamp with the PID. However%.at this energy, some alkenes would give
very low responses. Furthermore, it has been demonstrated that the PID sensi-
tivity when using a 9.5 eV lamp wa%jsignificantly less that that achieved using
a 10.2 eV lamp (9). Because of 1&;4better sensitivity and selectivity, the
10.0 eV lamp was chosen for routine' operation. |
i!

Gas chromatographic retention??imES and TNR values for 144 compounds
are presented in Table II. TNR data were obtained using the 10.0 eV lamp
because of its higher sensitivity.ﬁpTNR values for most species were repro-
ducible to witnin 5~10%. Compounds and classes presented in Table II are those
which have been reported in, or areiofvspecific interest in ambient air.
Toluene, which is normally presen:-in ambient air above 1 ppbv-C, was u§ed
as a GC retention time marker. Th%‘carriet gas flow rate was not routinely
monitoried. Instead, the column hﬁk& pressure was adjusted to provide a
constant elution time for toluene. ‘Using this Fechnique, retention times
for individual compounds varied by;ieSS than 1%. Gas chromatographic identi-
fications were based on relative retention times (RRT) to toluene. Even ;;th
high :esdlutioy chromatography, th%;large numbers of compounds which can be
present in ambient air made peak iﬁdentification using only retention time
data very difficult. The additional qualitative information provided by
the PID/FID system became very impb%tant when analyzing complex air samples.
Species data presented in Table II;gempnstrate that many closely eluting com-
pounds can be differentiated with gig-PID/PLD technique, whereas identification

using only retention time data cou;d be questionable. Spurious results can

be obtained with PID/FID techniqueﬂ?hen coeluting species of different chemical
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classes are both present in a saméie,vsince the resulting TNR would represent
a weighted response of the coelut#gg species.

An additional goal of this w@rk was to achieve the capability to identify
chemical classed of sample componé&ts for which species identifications could
not be established. This capabilé;? would be very useful since photochemical
reactivities vary significantly f&%fdiffetenz chemical classes, aﬁa most
atmospheric models group species agcording to chemical classes or other re-
activity schemes. To compare relééive detector responses for different classes,
TNR data were averaged for all sp%;ies eluting before and after 17 minutes.

This time chosen because all aromatics elute later, and because INR values
w

increased. Average TNR data for derocarbon classes are presented in Table III.
i

§

For species eluting before 17 mithe#; iﬁ was very easy to differentiate be~
tween alkanes and alkenes, which are the predominant hydrocarbon classes

present in ambient air in this volatility range. Alkynes and chlorinated

alkanes and must be differentia:e@@from alkanes chromatographically. }Aldehydes,
with the exception of acetaldehyde, éave TNR vaiues similar to alkenes, and must
also be differentiated by chtomazdgtaphic means. Only 2 ketones eluted in the
early range, and both gave TNR values higher than those for alkenes. Chlori-
nated alkenes gave TNR values sigﬂifican;ly above TNR's for their nonchlorinated
analogs, presumably due to the.de:#eased FID response for these compounds.

TNR values for chlorinated alkenes which contained a nonchlorinated carbon atom
were considerably lower than TNR values for compounds which did not (i.e.,
1,1-dichloroethylene as opposed to l,2-dichloroethylene). Mercaptans eluting in
this range gave the higheé: TNR viihés.i TNR values for dienes were averaged with
those for aikenes. However, the %wo diene species tested, l1,3-butadiene and iso-
prene, both gave TNR values higheg’:han those for alkenes which eluted near th 2;1
12



Identification of Cs = C;9 hydrocarbon species in ambient air is difficule,
cue to the extremely large number of compounds in this range. The majority
of hydrocarbon content in the Cg ~ C;o range which has been identified in
ambient air was aromatic (10). Daﬁa‘presented in Table 3 demonstrate that
TNR values can be used to estimate chemical classes for this volatility range.
Chlorinated alkanes eluting in this!range gave no PID response, whereas all
alkanes eluting in this range did. - Simple alkanes (n-alkanes, methyl, and
dimethyl alkanes) gave less than hélf the response of cyclic and highly branched
alkanes providing some qualitative information within this class. Differentation
of alkenes from alkanes and.aromatiés is possible within a confidence interval
of one standard deviation. Some complex alkenes such as limonene and
pinenes gave TNR values as high as ;some aromatics. The aldehyde species which were
tested gave TNR values similar to aikgnes, while the average TNR for ketones
wa; above that of the aromatics. $gecies within these classes which may be
expected in ambient air eluted bec&een benzene and toluene and‘vere‘easy to identi-
fy as‘a result. Unsaturated chlo:@ﬁated hydrocarbons in this range gave TNR
values considerably higher than thé;e for most other hydrocarboms. Dif-
ferent chlorinated aromatic hydroca#bbps gave similar TNR tesulfs, whereas the
chlorinated alkenes tested varied éénsiderably.

As an example of the applicac;on of this technique to a comples sample, an
analysis of automobile exhaust (19§2 model, unleaded gasoline) is presented in
Figure 3. Some of the major components in the sample are labeled. The major
alkenes observed in the sample were in the C, - Cs range. Good separation of the
C, compounds provided 1den:if1cati¢n of 1,3-butadiene, which is very photo=-

chemically reactive. The 1denti£iéétibn of this compound was confirmed by the
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PID. Alkanes were observed over g considerable boiling range. These were not

observed on the PID chromatogram,‘ﬁith the exception of a low response for

2,2,4-trimethylpentane. The PID chromatogram also shows the ease of identifi-
cation of arcmatics as compared to the FID chromatogram.

Conclusions

The combination of high resolhtion.chroaa:ography and simultaneous PID/
FID detection offers a degree of i&éntificacion for organics in ambient air
which previously has not been possible. The chromatography will provide quanti-
tative identification of all'hydro@;rbon species in the C; - C;o range in a
single chromatographic rum. Specigtion of individual C, hydrocarbons is not
provided. Simgltaneous operation pf the two detectors was accomplished with an
easily installed capillary splitte%, Response data between the two detectors
is best expressed by normalizing ail response ratios to that for a single

compound: For analysis of ambien;iair, toluene was chosen as the normalizing

I
[
i

compound. “
It is possible to estimate ch;nical classes for sample components using
normalized PID/FID data. This can be very helpful in providing data for at-
mospheric modelihg studies. Howevgt,wwhen possible PID/FID data should be
used in conjunction with chroma:ogfaphic identification. Finaily. this tech-
nique can provide tentative identigication for a number of aldehydes, ketones,
and chlorine and sulfur containing@hydrocarbons, in addition to alkane, alkene,
and aromatic indentificatioms. Th; aSility to screen for volatile compounds

within these various classes makes this technique ideal for screening complex

samples, such as air above hazardo#s waste disposal sites. L.
b
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TABLE 1. EFFECT OF PID AND SPLITTER CONDITIONS ON PID/FID RESPONSE RATIOS

Conditions 1 2 3 4 3
Splitter FID/PID 1N 1/ n an 3/1
Lamp Setting 5 8 5 5 5
PID Makeup Flow (mL/mim) 30 30 30 20 30
Light Source (eV) 10.2 10.2 10,2 10.2 10.0

Compound ™R® (p/F)P _ TNR_ (P/F) TNR  (P/F) TNR (P/F) TNR  (P/F)
Isopentane 1.3 (0.04) 2.0 (0.11) 1.8 (0.10) 2.0 (0.03) - 2.0 (0.07)
3-Methylhexane 7.5 (0.22) 7.4 (0.39) 7.7 (0.09) 8.2 (0.14) 12.0 (0.43)
n-Nonane o 14.7 (0.43) ~ 15.8 (0.84)  14.1 (0.15) 16,5 (0.28) 15.5 (0.55)
All Alkanes (16)¢— 7.2 (0.21) 7.1 (0.38) 7.0 (0.08) - 7.7-(0.13) 8.7 (0.32)
1-Butene 63.5 (1.9) 85.4 (4.5) 77.4 (0.86) 73.8 (1.3)  65.0 (2.3)
1-Pentene 62.4 (1.8) 80.6 (4.3) 68.6 (0.76) 67.3 (1.2)  64.3 (2.8)
t-2-Pentene 77.2 (2.3) 107.0 (5.7) 83.5 (0.92) 81.8 (1.4) 77.0 (2.5)
Cyclopentene 65.3 (1.9) 67.0 (3.6) 69.4 (0.77) 69.7 (1.2) 63.7 (2.3)
All Alkenes (8)¢ 713 (2.2) 95  (5.0) 79  (0.9) 78 (1.3) 70 (2.5)
Benzene 106.0 (3.1) 106.0 (5.7)  110.7 (1.2) 109.4 (1.9) 112,3 (4.1)
Ethylbenzene 91.2 (2.7) ° 87.8 (4.7) 89.8 (1.0) 81,7 (1.4)  86.5 (3.1)
p-Ethyltoluene 85.5 (2.5) 83.1 (4.4) 81.9 (0.91) 81.6 (1.4) 79.0 (2.8)
1,3,5-Trimethylbenzene  124.2 (3.6) 122.3 (6.5) 117.3 (1.3)  118.8 (2.0) 116.5 (4.1)
All Aromatics (9)¢ 98  (2.9) 97  (5.1) 9%  (1.1) 9% (1.6) 97 (3.3)

8Toluene normalized response.
bprp/FID compound response.
CTotal number of compounds tested within each class.



Figure Captions

Figure 1. Schematic Diagram of the Cryogenic GC/FID/PID Analysis of

Ambient Air.

Figure 2. Analysis of a 38-Component Hydrocarbon Mixture by the

Cryogenic GC/FID/PID. |

Figure 3. Analysis of Automobile Exhaust - 1980 American Model Using

Unleaded Gasoline.
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TABLE II. RETENTION TIMES AND NORMALIZED PID/FID RESPONSES FOR HYDROCARBON SPECIES
Retent fon Retent{on
Compound Time (min) TNR Compound Time (min) THR
Alkanes
Fthane 3.30 ] Cyclohexane 17.35 . 25
Propane 4.02 . 0 fsoheptane 17.94 8
Isocbut sne 5.38 (1] 2,3~-Dimethylpentane 17.94 10
n-Butane 6.50 (1] 3-Methylhexane 18.26 ‘8
Heopeatane 1.14 2 2,2,6-Trimethylpentane 18.72 18
Isopentane 9.55 2 n-lleptane 19.25 7
n-Pentane 10.76 2 Hethylcyclohexane 19.78 3
Neohexane 12.21 4 2,5-Dimethylhexane 20.44 16
Cyclopentane 13.10 2 2,3,4-Trimethylpentane 21.03 33
2,3-Dimethylbutane 13.55 7 3-Methylheptane 21.96 - 17
e _laohexane e 13.82 s . 2,2,5-Triwethylhexane  22.36 21
~¥-Nethylpéntane =~ = 14.39 - S -n-Octane - — 22.93 - - -8-
n-Hexane - 15.135 L} n=Nonane 26.35 - 14
Met hylcyclapentane 16.08 & n-Decane 29.80 - 16
2,4-Dimethylpentane 16.39 9 n=Undec..k 34.38 13
Alkenes, Dienes » and Alkynea
Ethylene 3.30 0 2-Ethyl-1-butene 15.11 65
Acetylene 3.30 0 t-2=llexare 15.43 67
Pripylene 4.02 12 c-2-Henane ¥5.76 69
Propyne §.60 2 c-3-Hethly-2-pentene 16.00 10
1-Rutene 6.24 65 Methylcyeolopentene 17.07 13
lsvbutene 6.24 19 Cyclohiexene 17.98 58
1,3-Butadiene 6.36 104 1-lleptene 1881 49
t-2-Butene 6.95 8 3-lleptene 19.19 51
1-Butyne 1.2 7 2-lleptene 19.27 57
c-2-Butene 1.50 10 2,4 ,4-Trigethyl-1-pentene 19.57 35
3-Hethyl-l-butene 8.73 65 2,4,4-Trimethy]-2-pentene 20.27 50

v 22%
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Page 2

TABLE 11I. <(Continued)
Retention Retent fon

Compound Tiwe (min) TNR Compound . Time (win) TNR
1-Pentene 10.26 64 )-Hethylcyclohexene 21.51 60
2-Butyne 10.31 3,5,5-Trimethyl~1-hexene 21.70 57
2-MHethyi-1-butene 10.61 n 2-Ethyl-1-hexene 22.64 5?7
lsuprease 10:85 a9 1-Octene 22.57 46
t-2-Pentene 11.18 ” t-2-Octene - 23.06 61
c~2-Peiitene 11.45 71 c-2-Octene 23.3 54
2-Hethy I-2-hutene 11.72 76 1-Nonene 25.95% $2
Cyclopentene 12.88 15 &-Nonene 26.19 47
4-NHethyl-1-pentene 13.20 39 a-Pinene 27.30 15
c-4-Hethyl-2-penten 13.80 53 8-Plnene 28.65 65
t-h-Hethvl-I-pentene 13.95 62 1-Decene 29.35 - 36
Z-Dhlll_vl—l-pentm 15.64 65 Limonene 30.60 6}
1-Nexene ’ 1530 . 59. 1-Undecene - E3 % P 75

Avomatics
Benzene 17.02 112 1,3,5-Trimethylbenzene 28.17 117
Toluene 21.13 100 t-Butylbenzene 28.9% 61
Ethylbenzene: 24,518 87 1,2,4-Trinethylbenzene 29.04 ]}
p-Xylene 24.8) 105 Isobutylbenzene 29.67 66
u-Xylene 24.87 95 1,2,3-Trimethylbenzene 30.09 8]
Styrene 25.38 m Indan 30.47 80
o-Yylene 25.54 n p-Isopropyltoluene 30.22 80
Isopropylbenzene 26.65 19 s-Diethylbenzene 31.15 3
n-Propylbenzene 27.61 79 n-Butylbenzene 31.53 66
w-Fthyltoluene 27.87 p-Diethiylbenzene 31.61 15
p-Ethyltolucne 27,98 79 Naplithalene ’ 38.21 123
Aldéhydes

Acetaldehyde 5.84 2 Buteraldehyde 14.15 60
Propionaldehyde 9.87 84 leovaleraldehyde 16.70 66
Isohuteraldehyde 12.78 67 Valeraldehyde 18.35 56

228
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Page 3 . TABLE 1II. (Continued)

Retention Retention
Compaund Time (min) TNR Compound Tiwe (min) TNR
Ketones
Acetone 10.05 160 2-Pentanone 18.09 105
But anone 14.70 153 3-Pentanone 18.47 1461

Hialogenated Alkanes

Ciiloromethane 4.80 ° 1,2-Dichloroethane 16.42 0o
Rromnsethane 6.97 0 Tetrachloromethane 17.22 0
Chloroethane 1.1} 0 Browmodichloromethane 18.535 0
Trichlorof luorveecihane 9.9 0 1,2-Dichloropropane 18.19 )]
Dichilovonethane 11.71 0 1,1,2-Trichloroethane 20.82 0
1,1-Dichloroethane 13.46 0 Dibromochlaoromethane 21.68 0
Trichloromethane 15.30 0 . 1,1,2,2-Tetrachloroethane i . 25.53 3
1,3, 1-Trichloroethane.. - - 16,14 0 R B - - o

. Chiorinated Alkenes and Aromatics
Viayl Chloride 5.7 33 , Chlorobenxene 2.1 . 150 -
1,1-bichloroethylene 11.12 190  o-Chlorotoluene 27.32 124
t-1,2-Mchloroethylene 13.29 410 m-Chlorotoluene 21.4) 13
Trichlorocthylene 18.58 300 p-Chloratoluene 27.50 . 110
e-1,3-bDichloropropene : 19.86 , 124 w-Dichlorobenzene 29.14 154
t-1,3-bichloropropene 20.09 - 129 *  p-Dichlorobenzene 29.35 155
Tetrachloroethylene ’ 22.76 290 o~Dichlorobenzene Jo.18 m

Sulfur liydrocarbons

Carhonyl? sulfide 3.62 >1000 Butyl wmercaptan 19.06 m
Methy) mercaptan 6.64 650 Tetrahydrothliopliene 22.27 185
FEthyl mercaptan 10.23 350
*Toluene nurmalized respunse. *
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TABLE III,

HYDROCARBON CLASS PID/FID NORMALIZED RESPONSES

Retention Times < 17 min.

Retention Times > 17 ﬁin.

Class Species Tested TNR Species Tested TNR
(Mean + SD) (Mean + SD)

Halogenated alkanes 9 0+0 6 1+1
Simple alkanes 13 3+ 10 12 + 4
Cyloalkanes + Trimethylalkanes 2 J+1 5 ' 27 +8

. Mm:&ff = - . V'f’;irf’i:ﬂi . 7f3 3,17;3’: b o" =T ___ IO
Alkenes ' 23 702 + 11 20 55 + 10
Aldehydes 4 69 + 10 1 , 56
Ketones 2 157 +5 2 123 + 25
Aromatics o — 21 87 + 18
Chlorinated Aromatics 0 —-— 7 141 + 12
Chlorinated Alkenes 3 218 + 180 4 211 + 97
Sulfur Hydrocarbons 2 500¢ + 210 2 129 + 37

8does not include ethylene
bdoes not include acetaldehyde

Cdoes not include carbonyl sulfide
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