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Summary

A series-coupled ensemble of two capillary GC columns of different  needs grow for the separation of more complex mixtures and
selectivity Wlth an adjustable pressure at thg column junction pointis 54 recognition increases that conventional GC is just too slow
used to obtain tunable selectivity for high-speed GC and GC/ ¢ some important applications, the use of combinations of

TOFMS. An electronic pressure controller with a 0.1-psi step size is il | f diff t selectivities | o
used to obtain numerous computer-selected unique selectivities. Sys- Capillary columns ot diiferent selectvities 1S receiving more

tem configurations for conventional, atmospheric-pressure outlet ~attention [4].
operation with flame ionization detection and for vacuum-outlet While parallel separations on two capillary columns are very

operation with photoionization detection are described for GC-only ful . h lectivi di K
experiments. Polydimethylsiloxane is used as the non-polar column useful, strategies to enhance selectivity ana increase pea

and polyethylene glycol (atmospheric outlet) or triflouropropylpoly-  Capacity, using series-coupled columns may be more flexible
siloxane (vacuum outlet) is used as the polar column. For GC/ and more powerful. Two columns of different selectivity can
TOFMS experiments, 5% phenyl polydimethylsiloxane was used as  be combined in series (tandem) with or without an intermedi-
the non-polar column, and polyethylene glycol was used as the polar zte trap. When a trap is used, a portion of the effluent from
column. The time-of-flight mass spectrometer can acquire up to 500 the first column containing one or more target compounds is
complete mass spectra per second. Since spectral continuity is . ..

achieved across the entire chromatographic peak profile, severely focusseq in the trap and then re-injected onto the second ,COl'
overlapping peaks can be spectrally deconvoluted for high-speed UMn. This forms the bases for heart-cut methods [2, 3], which
characterization of completely unknown mixtures. For mixture com-  result in much larger peak capacity for targeted portions of
ponents with significantly different fragmentation patterns, spectral  the mixture. The use of the trap de-couples the chemistries of
deconvolution can be achieved for chromatographic peak separations  the two different columns, and provides independent reten-
of as little as 6.0 ms. This can result is very large peak capacity for tion data for the target compounds on two different stationary
time compressed (not completely resolved) chromatograms. The use phases. In addition, with the focusing provided by the trap
of columns with tunable selectivity allows for precise peak-position N . ! . . '
control, which can result in more efficient utilization of available ~ P€ak dispersion from the first column does not contribute to
peak capacity and thus further time compression of chromatograms. ~ the peak dispersion in the chromatogram from the second col-
The limits of tunability and deconvolution are tested for near co-elu-  umn.

tions of different classes of hydrocarbon compounds as well as for

more multi-functional mixtures. If sequential heart cuts are made for the entire effluent from

the first column, and if the peak widths from the first column
are sufficiently large that several cuts are made during the
1 Introduction elution from the first column of a single peak, the trap serves

Combinations of two columns having different selectivitiest0 modulate the chemical signal from the first column. The
have been used in several schemes to obtain enhanced sefé&SUlt is comprehensive two-dimensional GC [5-7]. This
tivity and increased peak capacity for gas chromatograph owerful technique results in very high peak capacity and has
[1-3]. Parallel packed columns in instruments having twd*@en applied to very complex mixtures.

injectors and two detectors have been used often to obtajftwo capillary column of different selectivity are combined
more detailed analytical information on mixtures that COUldin series without an intermediate trap, the stationary_phase
not be completely separated on either column alone. Oftephemistries from the individual columns are combined, and a
component pairs which elute with excessive overlap on @nique selectivity is obtained [8—10]. While this does not sig-
non-polar phase will be adequately separated on an appropHjficantly change the peak capacity, it can result in the more
ate polar phase. This takes advantage of differences in thgficient utilization of the available peak capacity by provid-
stationary-phase chemistries of the two compounds in thﬁ]g a more favorable selectivity for a set of target com-
polar phase. This strategy is particularly attractive for packe@ounds. In many cases, this can dramatically reduce the

columns, which generally have relatively low peak capacityseparation time for multifunctional mixtures [11, 12].

Parallel capillary columns also are used for confirmation ana- . i i
lysis, often for regulatory-driven procedures Selectivity tuning for an ensemble of two capillary columns

using different stationary phases can be obtained by changing
The much greater peak capacity available with capillarthe relative contributions that the individual columns make to
(open-tubular) columns often obviates the need for parallehe overall separation selectivity. This can be accomplished
separations with columns of different selectivity. However, ady changing the column length ratio [13], the column tem-
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peratureqg14, 15] or the carrier gaspressue at the junction
point betweenthe columrs [16—-18] Sincethe manipuation
of the junction-pont pressureis very convenient and can
obtain a wide rangeof availableselecivities with both col-
umnsin a singe GC oven, this approachfor tuning column
selectivityhasbeenmost frequently used.By usingelectronc
pressurecortrol at the junction point betweenthe columns,
high-predsion, conputercontrolled selectvity can be
obtained19, 20].

Columnensenbleswith tunableselectiviy arelessusetl for
high-speedseparationof complexmixturescontaining maostly
compounds of similar polarity. For these compounds,the
relative chargesin elution patternswith chargesin column
polarity are small. For high-speedGC, relative peakposition
shifts with changesn polarity on the order of severalpeak
widths aredesirabé for at leastsomeof the targetedcompo-
nent pairs. The recentdevelopmen of time-do-flight mass
spectroneter(TOFMS) detection[21, 22] for high-speedsC,
however dramaically reducesthe separéion requirenents
for chamcterization and analysisof complex unknown mix-
tures.

With time-array ion detection [23], some TOFMS instru-
mentscan obtain up to 500 completemassspectraper sec-
ond. In addition, TOFMS providesvery constat ion abun-
danceratios over the entire chromatogaphic peak profile.
This allowsfor the spectraldecavolutionandthus charater
ization of evenseveely overlappirg chromatographicpeals
from high-speed separéions of unknown mixtures. Since
peaksepar#ions of only a few ms are required for spectal
deconvolition, pressure-tnable column ensembles with
TOFMS detectioncanbe very usetil for mixturescontining
predomirately non-polarcompounds.

This report descibes expaiments with computercontrolled
tunable column ensemblesfor high-spped GC and GC/
TOFMS. Preumaticsystens are describedfor converional
GC with atmospheriepressurdlameionization detectionand
vacuum-otiet GC with photobnization deted¢ion. Applica-
tions are preseited for multifunctional mixtures of volatile
organic compounds.An absoute pressue controller is used
so that tunable selectivity can be obtainedwith sub-aniient
aswell assuperambientcolumn junction-point pressuresA
pressure-tonablecolumnensenble alsois usedwith TOFMS
detectionfor enhancingthe spectraldeconvolition capabi-
ities of this powerful detecton metod for high-speed GC.
Application to the high-speed charaterization of hydrocar
bonmixturesis emphasizd.

2 Apparatus and Experiment Design

2.1 Appaatusfor High-SpeedsC

Figure 1 showstwo instrumentconfigurationsdevdoped for
selectivity tuning with capillary columns. Configuration (a)
is usedfor conventonal GC at atmosphericoutlet pressue
with a flame ionization detecor (FID), and (b) is usedfor
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Figure 1. Apparatususedfor pressure-tunableolumn selectivity with
atmospheric-outlepressureoperation(a) and vacuum-outletoperation
(b). C; and C,, capillary columns;PC, electronicpressurecontroller; I,
cryofocusinginlet system;R, capillary pneumaticrestrictors;P, pressure
monitors; CG, carrier gas inputs; FID, flame ionization detector;PID,
photoionizatiordetector;VP, vacuumpump.

vacuum outlet operaton with a photobnization detedor
(PID). Both systens makeuseof a cryofocusirg inlet system
(Cryointgator Model L, Chromadofast, Inc, Ann Arbor, MI).

The inlet, which concentatesorganic vapor samplesfrom a
gasstream andtheninjects themasvapor plugs typically 5—

10 msin width, hasbeendescibedin detail[24, 25]

For both systens, the junction point betweencolumrs C, and
C, is connectedto electroric pressurecontroller EPC. The
controller (Modd 640A, MKS Instrumerts, Andover, MA)
usesan absolutepressue capaditance marometerto contrd
the pressue in the range 0 to 100psiain 0.l psi steps.Set-
point reprodudbility typically is +0.01psi. The controlleris
alsoconnectedo carriergassupgy CG. The contrdler out-
put is conneced to the columnjunction point by means of a
low-regriction capillary tube in orderto minimize the pres-
suredropalongthe connecton.

An uncoatedusedsilica restricor R connecéd by a glassY
splitter is usedasa vert betweenthe controller andthe col-
umn junction point. This serves two functions.If the contol
pressue is s below the value that would normally exist at
thecolumn junction pointin the absencef anyotherconnec-
tions, the efluent from the first column is split betweenthe
secondcolumnandthe vert line. Without the ventline, this
split flow would passthrough the controllerandthuscontam-
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inate it. With the vent line, the contoller set-pont pressure
can be anywherebetweenthe inlet pressureof the first col-

umn and the outlet presswe of the secondcolumn without

risk of contamination. The vent line also resultsin much
morerapid equiibration of the junction-point pressurdor the
caseof downward changesn the set-pont pressue. The con-
troller outputhasconsiderale deadvolume.Without thevert

line, higherpressuregastrappedin this volume mustbleed
off through column C, beforethe equilibrium set-pont pres-
sureis achieved A smaller vent-linerestricion restts in fas-
ter equilibration but greatercarriergasconsumgion.

For configuration (a), a Varian 3500 capillary GC was used
asan experimetal platform. The VarianFID wasusedwith-

out change.The column ensenble consists of a 6.0-meter
length of 0.25-mmi.d. non-plar DB-1 (J & W Scientific,

Folsom CA) followed by a 6.0-meterlength of 0.25-nm i.d.

polar Stabilwax (Restek, Belleforte, PA). Both columrs
used0.25um statimary phase film thickness.A high-speed
electromete built in housewas interfacedto a Pentium,75-
MHz PC by meansof a 16-bit A/D boad (CIO DAS 1602/
16, Compuer Boards,Inc, Middleboro, MA).

Configuration (b) was designedfor vacuumoutlet operaton
usingatmosphdc-pressue air asa carriergas.A Varian3700
GC was usedas the platform The PID (Model P152-02A,
HNU Systens, Newton MA) usesa 10.2eV lamp. The PID
cell volume is lessthan 100uL. The PID andthe pressure-
controller vert line are connecéd to a vacuum pump
(CENQO Modd HYVAC 14, Central Scientific, Chicago,
IL). All experimens were conductel with a detector cell
pressureof 0.3 psia(2.1 kPa).The columnensembleonssts
of a4.5-meterlengthof 0.25-mmi.d. non-polarDB-1 (J & W
Scientificc Folsom, CA) followed by a 7.5-meterlengh of
0.25-mm i.d. polar Rix-200 (Resek, Bellefonte, PA). An
electrometewith atime constat lessthan10 ms(Chromao-
fast, Inc, Ann Arbor, MI) was interfaced to a Perniium Il
350MHz PC by meas of a 16-ht A/D board (C10-
DAS160216, ComputerBoards,Inc, Middleboro, MA).

2.2 Appaatusfor High-SpeedsC/TOFMS

The massspectroneter usedfor thesestudieswas a LECO
Model Pegasudl time-of-flight instrument (LECO Instru-
ments St.JoesephMlI). Theinstrumentusegdime-ariay detec-
tion [23] so a complee massspectrum(5—-1000 amu) is

obtainedever 0.2ms (5000 spectraltransiens per second).
Tenor moreof thesespectraktransientsaresummedor every
display point in the extracta ion chromatogams. Thusfull-

spectraacqusition rates up to 500Hz canbe obtained.Instru-
mentsoftware providesfor completly automate peakfind-

ing onunknownmixtures.Sincethereis noconcentationbias-
ing (constantion abundanceratiosacrossthe entirechromato-
graphicpeakprofile), spectraldeconvdution andthuschaiac-
terization canbe obtainedfor evenseverely overlagping and
unknown chromatograhic peals. Instrument software pro-

videsfor completelyautomagdspectrablecawvolution
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The TOFMSiis interfacedto an HP-6890 GC equippedwith
anHP 7683 autoinector The column ensenble consiss of a
10-meterlengh of 0.18-mm i.d. pola DB-Wax (J & W
Scientificc Folsom CA) followed by a 10-meter length of
0.18-mm i.d. non-polarDB-5 (J & W Scientific, Folsom,
CA). Both columnsused0.25um statimary phasefilm thick-
ness.The pressurecontoller was mountedoutsidethe GC
oven, and the connectimy line was passedhrougha hole in
the GC which is usually usedfor detector connecton. The
instrumen wasusedwith a Dell Pertium II, 333MHz PC.

2.3 Materials and Procedues

All experimemswith FID or TOFMSdetecton usedH, ascar

rier gasafter purification with filters for watervapor, oxygen,
andhydracarbons All experimets with PID detectionunder
vacuum-aitlet conditionsusedtankair ascarrier gasafterpur

ification with filtersfor water vaporandhydroarbons.

All compoundsusedfor prepaing testmixtureswerereagent
gradeor bette. For GC expeimentsusingthe cryointegrating
inlet system gas-bagvapor samples were used. The pure
liquid sampes were mixed, usually in equalvolume ratios,
andthe mixturewasmicropipdtedinto a Saranor Tedlargas-
sampling bag and diluted with nitrogen Typically about
0.5mL of thevapormixturewasintroducednto theinlet sys-
temfor eachexperimemn. For GC/TOFMS expaiments, mix-
tureswere prepaedin 2-mL autdnjector vials, anda 5.0uL
head-spagsampleinjectedfor eachexpeaiment. Table 1 lists
the mixturesusedfor eachsetof experiments Mixture A was
usedfor GC experimentswith both FID and TOFMS detec-
tion. Mixture B wasusedfor vacuumoutletexpaimentswith
PID detedion. Mixture C, which contains only hydroarbon
compounds,wasusedto denmonstratethe useof tunable selec-
tivity for the high-sppedGC/TOFMS chamcterizaton of mix-
turesconfainingmorechenically similar comporents.

Hold-up times for the individual columns, tm; and tn,, are
neededo calcuktethe fractional contibutionsthat the indi-

vidual columrs maketo the overall selectivily of the tandem
columnensenbles.For atmospleric outlet pressurepeation
(configuration (a) of Figurel), values of t,; and tn, were
obtaineddirectly from measuredvalues using a secondFID

(not shown in the Figure)to monitor a portion of the effluent
from column C;. For vacuumoutlet operaton (configuration
(b) of Figurel), valuesof t,; andtn, were calcdated for air

ascarriergasat 30°C using standard equationsfor gasflow

in capillary tubes[3].

Instrumen operaion and dataacquasition for all GC experi-
ments were controlled with Labtech Notebook softwae
(Laborabry Technolgies,Com, Wilmington, MA). Chroma-
tographic data were processd with Grams 32 softwae
(Galactt Industries,Sakem, NH). All calcdations were per
formed with MS Excel spreadkeets. Data acqusition and
instrumen contol for all GC/TOFMS experimentswas pro-
videdby the Pegasu$l software.
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Table 1. Compoundsaisedfor testmixtures.

Mixture A Mixture B Mixture C
1. Nitrogen Isopropylalcohol  2,3-Dimethylpentane
2. n-Pentane Acetone 2,2,4-Trimethylpentane
3. 2,2-Dimethylbutanen-Heptane 1-Heptene
4. Cyclopentane 2-Butanone n-Heptane
5. n-Hexane n-Octane Benzene
6. Methyl alcohol Ethylbenzene 2-Heptene
7. Ethyl alcohol p-Xylene Methylcyclohexane
8. 1-Propylalcohol  Butyl acetate 2,5-Dimethylhexane
9. Cyclohexane 2,4-Dimethylhexane
10. 1,1,1-Trichloro- 2,3,4-Trimethylpentane
ethane
11. Benzene 2-Methylheptane
12. n-Heptane Cycloheptene
13. Toluene Cycloheptane
14. 1,2-Dichloropropane n-Octane
15. 1-Butyl alcohol Toluene
16 n-Octane 2-Octene

17. n-Nonane

18. 1-Pentylalcohol
19. Ethylbenzene
20. m-Xylene

21. o-Xylene

22. 2-Hexylalcohol

3 Resultsand Discusson

Pressurdunabletandemcolumn ensenbles are very useful
for obtainhg dramaic reductionsin sepaation times for

many mixtures containhg up to 20-30 conponents.With

electronc pressurecontrol, alarge numker of unique,compu-
ter selectable and very repeatal® selectivites can be
obtained For manysingle-olumn separationsonly 10-20%
or lessof the availeble peak capacityis usedin the separa-
tion. A two-fold increasein this efficiency can be translated
into a four-fold reduction in sepaationtime, if extra-colunn

bandbroadeimg can be appropridgely scded. The inlet sys-
tem usedin thesestudiesinjects vapor plugswhich are typi-

cally 5-10 ms in width. This does not make a significant
contribution to peakvariancesfor the retenton time range
considerd in thesestudies

For the total column lengths used in these GC studies
40,000-50,0® theaetical platestypically aregeneratd, and
hold-uptimesarein the 8—12 s range.For theseconditions,
isothermal peak capacity values are in the 30 to 50 peak
range for separation in the timeframe of 30-60s. If this
available peak capacity can be usedwith 50% efficiency,
thenseparéions of 15-25 comporentsshouldbe possilte in
thistimeframe.

The principle of operation of pressure-tnable tandemcol-
umn ensenblesis describedeasly by referenceto Figurel.
It is assumedthat the inlet and detedor pressues are fixed
and are the highest and lowest pressuresin the system
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respectiely. Any changein the column junction-pont pres-
sure resuts in a differertial changein the pressue drops
alongthe two columns.For example,a decreaein the junc-
tion-poirt pressue resultsin anincreasen the pressue drop
alongthe first columnanda decreaein pressuredrop along
the secondcolumn This resultsin anincreasein the carrier
gasvelodty in thefirst columnwith anatterdantdecreaein
the residencetimes of all conmponentsin the first column.
The oppositeoccursin the secondcolumn. The influence of
eachcolumn in deternining the overall sdectivity of the tan-
dem column ensemblevarieswith the comporent residerce
times.

The overall retention factor k, for a compound on the tan-
dem-cdumn ensemblas found from the overal hold-uptime
tm andthe overallretentiontime tr.

ko= (tr — tm)/tm (1)

The overall retention factor is alsoequalto the weighted sum
of the retentionfactorsk; andk;, for the individua columns.
The weighting factors, which correspnd to the fractional
contribufons of the two columrs to the overall selectvity,
are equalto the fractional contributon that the hold-uptime
of eachcolumnmakesto the overall hold-uptime of the col-
umnensenble [12].

k0= (tmlltm)kl + (tm2/tm)k2 (2)

Thus, plots of k, vs. either of the weighting factors are
straightlines. This forms the basisfor selectivity optimiza-
tion for any se of targetcompounds.

3.1 Atmaspheric-Pessure Outlet Operation

Figure 2(a) shows plots of overall retention factor vs. the

fractional contribution (phasefraction) of columnC; for most

of the componentsof mixture A in Tablel. The numbers
identifying the plots arethe sameasthe numbes in Tablel.

The oven temperaure was 50°C. The latereluting compo-
nentsin the mixture arenotincluded sothatmostof the com-

ponentscan be shown on an expandedvertical scde. The

straightlinescomectingthe pointsarefrom linearregressia

analysis Correhtion Coeficients typically arein the 0.90—

0.99range.Notethata phasefraction of O correspndsto the

separatio being done using only column C,, and a phase
fraction of 1.0 correspndsto using only column C,. These
datawere collectedovera junction-poirt pressureange from

18.0 to 29.0psia. Since the pressurecontroller step size is

0.1psi, atotal of 110 uniqueset-poin pressureareavailable,
eachoneresuting in asomewhatlifferentretention patern.

Plotswith positive slopescorrespondo mixture conmponents
which showgreaterretentionon columnC;. Plotswith nega-
tive slopesarefrom componentswith greatemretention on C,.

J.High Resol.Chromatar.
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Figure 2. Plotsof overall retentionfactork, vs. phasefraction of column
C; (a) and correspondingvindow diagram(b) for mixture A of Tablel
usingthe atmospheric-outlgbressureonfigurationshownin Figurel(a).
Numbersnextto plotscorrespondo the compounchumbersn Tablel.

The slopesindicatethe relative polarity of the mixture com-
ponentsfor the paticular columns usedin the ensenble.
Wherevera pair of plots cross,that pair of comporentswill

co-eluteat the corresponihg phasefraction, anda complee
separationof the mixture cannotbe achieved. Note that for
this multifunctionalmixture, mary co-elutionsoccuroverthe
rangeof phasdractions.

Figure 2(b) showsa window diagram [26, 27] for the com-
plete mixture. For this plot, the relative resoluton R [28],
describedby equaion 3, is computel for all possilbe compo-
nent pairs and the smallest value (poores$ resoluton) for
everyphase-factionvalueis plottedvs. the phasefraction of
eithercolumn.

I:Qrelz Akol(koave'{' l) (3)

whereAk, is the differercein overallretention factorsfor the
two componentsandk.ave is their averagevalue. Evely zero
pointin the plot correspndsto the co-elutionof a particuar
comporent pair. Betweeneachpair of zeropoints,a window
occurswith finite resoluton of theworst-asepair.

The goal of the optimizatian is the determination of the phase
fraction giving the greatestelative resoluton for the worst-

J.High Resol.Chromatar.
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Figure 3. Chromatogram®f mixture A from Tablel using the atmo-
spheric-outletpressureconfiguration shown in Figurel(a). Numbers
next to peakscorrespondto the compoundnumbersin Tablel. The
phasefraction valuesusedfor the chromatogramsorrespondo the ver
tical brokenlinesin Figure2(b).

casecomponentpair. This correspond to the tallest window
in thediagram. Theideais thatif the worstcasepair (critical
pair) is adegiately separatedthen all mixture comporents
will be adequatel separatedFor this multifunctional mix-
ture, many co-elutiors occurandthusthe window diagramis
quite conplex.

Figure 3 showschromatogamsobtainedwith conditionscor-
responthg to vettical lines labeled a and b in the window
diagram. The inses show the early portions of the corre-
spondirg chromatogamson an expandedime scde. Chro-
matogram(a) was obtainedwith a phasefraction for C, of
0.865 at a junction-point pressue of 27.5psia. This corre-
spondgo avalley in thewindow diagram,andcorrespondgo
the co-elutionof component2 (n-pentane)and6 (methana).
Note thatfor this phasefraction, componentpairs 17/21 and
8/10nealy coelue.

A chargein phasefraction for C; to a value of 0.912results
in chromatogram(b). The corespondingunction-pont pres-
surecharge was +0.7 psi. Note in the window diagram that
this corespondgo a much greaterresoluton of the worst-
casecomponentpair. Note also that the worst-casepair has
changedto 17/21. Compaent pairs 2/6 and 8/10 are now
completly separatedThis clearly showsthe utility of a pres-
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sure-tunale column ensenble for improving the qualty
(completerss)of the separatio.

3.2Vacuum-Otlet Operation

Generalfeaturesof vacwm-outle GC havebeendiscussedn

detail [29-31]. Important advantagesinclude enhancedcol-

umn performanceat high averagdinear carriergasvelocities
and reduceddetecor deadtime. The vacuum-otlet system
(configuraton (b) in Figurel) is beingdevebpedfor a highly

portableinstrument,which requiresno compressegastanks.
To this end, atmospleric-presste air is usedas the carrier
gas.For the outlet pressue usedhere (2.1kPa), the inlet-to-

outlet pressureatio is large, andfor a single-cdumn instru-
ment,the averagdinear carriergasvelodty is determinedoy
the inlet pressure(1.0 atmosphere)the column lengh, the
column diameer and the viscosty of the carrier gasat the
column operating temperaure. The value for a 12-meer
long, 0.25-nm i.d. columnin air at 30°C is about50 cm/s.

Adapting a pressure-tundb column ensenble to this instru-
mentrequirescomectingthe pressuwe contoller ventline to
the vacuum pump so that sub-ambiet pressue air can be
deliveral to the columnjunction point. In addition, the polar
column was changedto trifluoropropylpolysloxane, since
this phaseis muchmoreresistat to oxygendegraétionthan
the polyethylere glycol phase.The accesible rarge of col-
umn junction-pint pressuress determinedby the pressue
dropsin the various pneunatic restictions in the system
This includescontributionsfrom the contoller itself. For this
system thejunction-point pressurecould be controlled in the
range from 7.5 to 14.0psia. For a pressurestep size of
0.1psi, this pressureangeresultsin 65 compuer-selecable
selectivities.

Figure 4(a) shows plots of overal retentbn factor vs. the
phasefraction of C; (dimethylpolysiloxane) for the eight
comporentsin mixture B of Tablel. The column ensenble
tempergure was30°C. The plots areall very linearwith lin-
earregresion correhtion coeficients in the range 0.980-
0.999. Extrapolationsto phasefraction values of 0 and 1.0
showthe retentionpaternsandretention factorsfor the indi-
vidual columns.

Figure 4(b) shows the correspndingwindow diagr.am. Since
the mixture was simpler than for Figure2, the window dia-
gram is simpler and shows only four co-eluions over the
entire phasefraction range. The verticd lines in Figure4(b)
correspondto the conditions used for the chromatograms
shown in Figure5. Chromdogram (a) was obtained at a
phasefraction C, of 0.405 This is a valley point in the win-
dow diagramcorresponthg to the co-elution of comporent
pair 7/8. Note that this co-eluion is observedn the chroma-
togram.Chromdogram (b) was obtainedwith a phasefrac-
tion of 0.546.This corespondgo anothervalley in the win-
dow diagram for the co-elution of componentpair 6/8. The
predictal co-dution is seenin the chromdogram.Chromato-
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Figure 4. Plotsof overallretentionfactork, vs. phasefraction of column
C: (a) and correspondingvindow diagram(b) for mixture B of Tablel
using the vacuum-outletconfigurationshownin Figurel(b). Numbers
nextto plotscorrespondo the compounchumbersn Tablel.

gram (c) was obtainedwith a phasefraction of 0.752. This
correspond to a very favorable window, and a complee
separatio of theseconponentsis observe in the chromao-
gram.However someoverlg of comporent8 with animpur-
ity is observeds chromatograni(c)

While thetrifl uoropropypolysiloxanephasds lesspolarthan
polyethyleneglycol, it is still very usefulin pressure-tunale
ensemblesusing dimettylpolysiloxane as the non-polar
phase.lts greaterthermal stabiity and much greaterresis-
tanceto oxygen are attractive featuies for this apgication.
Current studieswith this vacwme-outlet instrumen involve
the use of mixtures of interestin indoor air monitoring and
industial hygienestudes.

3.3 Pressue Tunable Columsfor High-SpeedsC/TOFMS

The TOFMS techhology used in this study is extrenely
powerful for the high-speed chamacterizaton and analysis of
organic compounds.The maximum spectal acqusition rate
of 500Hz is adequateo track chromatogaphic peals with
widths of only a few tensof milliseconds.In addtion, spec-
tral deconvdution of even severely overlapping unknown
peaks obviates the need for conplete chromatogaphic

J.High Resol.Chromatar.
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Figure 5. Chromatogramef mixture B from Table1 usingthe vacuum-
outlet configurationshownin Figure1(b). Numbersnextto peakscorre-
spondto the compoundnumbersin Tablel. The phasefraction values
usedfor the chromatogramgorrespondo the vertical brokenlines in
Figure4(b).

separation This greatly increasespeak capadty and thus
allowsfor dramatic time compressionof chromatogramsFor
mixture componentswith significantly different fragmena-
tion patterns,autanateddeconvdution is achiewed if two or
more spectracanbe obtainedbetweenthe peakapeyes. With
a 500Hz spectal acquisition rate, the corresponthg mini-
mum temporal separéion of the peakapexesis only 6.0ms.
This givesa maxmum peakcapadty of abaut 167 peals per
secondlf this available peakcapacitycanbe usedwith only
5% efficiency, an80-compmnentmixture could be conmpletely
charaterizedin a 10-stime window.

Pressurdgunable column ensenbles for high-speed GC are
lessuseful for mixtures cortaining more chenically similar
compounds such as hydrocarbonmixtures. Usualy critical
comporent pairsshowsimilar behavioron both columnsand
thus large chargesin elution patternscannotbe obtaned.
Relative peak shifts of less than one peak width over the
entire tuning pressue range are common for hydroarbon
mixtures. However for GC/TOFMS, much smaller peak
separations areaccepable.In mary case, an unknown com-

J.High Resol.Chromatar.
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Figure 6. Time-compresseéxtracted-ionchromatograms$or mixture A
in Tablel from the GC/TOFMS system.Peak numberscorrespondto
compoundhumbersn Tablel. The GC oventemperaturevas80°C and

the spectralacquisitionrate was 200Hz. Extractedion chromatograms
areshownfor masse#3,45,57,58,59,70,71,78,91,and97.

ponentpair, which conpletely co-elutesat a certaincolumn
tuning pressue, can be chamacterizedif a separatio of only
6 mscanbeobtainedat a differenttuning pressue.

Figure 6 shows an exanple of a time compressedextraced-
ion chromatogramfor 18 componentsof the multifunctional
mixture A in Tablel. Methanol, n-pentanol, and 2-hexanol
were not presentin the sampe. Extracted-im massef 43,
45,57,58,59,70,71,78,91,and97 aredisplayedsothatall
mixture componentscoud be obsened. The spectralacqusi-
tion ratewas200Hz. This requiresa minimum peaksepara-
tion of 15 msin orderto obtain spectraldecawolution.

The pressue tunablecolumnensenble used10-meterlengths
of 5% phenyl dimettylpolysiloxaneand polyethylere glycol.

In order to increasethe speedof the separation,a column
temperaure of 80°C wasused.This wasthe highesttempera-
ture for which baseine separatio of ethylberzene(compo-
nent 19) and m-xylene (compnent 20) could be obtaned.

The fragmenation patternsof thesecompoundsaretoo simi-

lar for spectraldeconvdution.

At 80°C, numerousco-elutionsoccurin the early portionsof
the chromatogram, which is shown on an expandd time
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Figure 7. Plotsof overallretentionfactorsfor the component®f mixture
A (a) andmixture C (b) in Tablel for a columnjunction pressureof 40
psia vs. valuesfor a junction pressureof 16 psia. Data are from GC/
TOFMS measurementwith an 80°C GC oventemperaturdor plot (a)
anda 50°C oventemperaturdor plot (b). The spectralacquisitionrate
was 200Hz. The numbersby the points correspondto the compound
numbersn Tablel.

scalein part (b) of Figure6. Experimentswere conductedat
severalcolumn junctions-point pressuresFor Figure6, the
junction-point pressurewas 25.4 psia, and the autanated
peak find and deconvdution algorithms in the instrument
softwae succeshully chamcterizedthe complee mixture.
Note that 11 componentswere charaterizedin a time win-
dow exterding only from 16to 22 s.

The combination of a pressure-tnable column ensenbles
and TOFMS s cleatty very powerfu for high-sgedchaiac-
terization andanalysis of multifunctional mixtures.A greater
challengefor this combination of techrologiesinvolvesthe
high-speed charcterizaton of hydroarbonmixtures, which
exhibit a much smaler rangeof polarites. The polarities of

the comporents in mixtures A (multifunctional) and C

(hydrocarbas only) from Tablel for the column ensenble
usedin these GC/TOFMS studiesare shownin Figure?.

Theseplots show overall retentionfactors k, obtainedfrom

GC/TOFMS experimetts at a column junction-poirt pressure
of 40 psiavs.valuesat a pressue of 16 psia.Thisis aboutthe
usefulpressue range for the system The low pressue endis
limited by the atmospleric-pressug vent usedwith the pres-
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Figure 8. Plotsof overallretentionfactorvs.columnjunction-pointpres-
sure (a) and peak separationvs. junction-point pressurefor co-eluting
peak pairs (b) for the first 11 eluting componentsof mixture A from
Tablel. Dataarefrom GC/TOFMSmeasurementaith a50°C GC oven
temperatureThe spectralacquisitionrate was 200Hz. Numbersby the
plotscorrespondo thecompounchumbersn Tablel.

sure contoller, and the high presswue end is limited by the
GC inlet pressureThe numbersby the points correspnd to
the compoundnumbersof the resgective mixturesin Tablel.
Note that datafor the multifunctional mixture were obtaned
at 80°C, and the data for the hydrocarbon mixture were
obtainedat 50°C.

If the overall polarities of the tandem-colmnensenble were
the sameat the two different junction-point pressues, then
the points representing the various mixture comporents
would lie along a straghtline, andno overall selectvity con-
trol could be obtained The scatterin the plots represets the
degreeof orthogorality in the selectiviies obtainedat the dif-

ferent junction point pressuresThe points represering the
hydroarbon compounds in Figure7(b) show significantly
greatercorrelation at the two junction-poirt pressue values
thanis the casefor the multifunctional mixture. Compaents
5 and15, which arefor aromaic compoundsand12 and13,
which arefor cyclic compoundsareimportart exceptons.

Figure 8(a) showsplots of overall retenton factor vs. junc-
tion-poirt pressurefor the first 11 comporentsin the hydro-
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Figure 9. Extractedion chromatogram$or component$—210 from mixture C in Table1 usingcol-
umn junction-pointpressurevaluesof 17.6 psia(a), 20.4 psia(b), 23.2psia(c) and 28.0 psia (d).
The GC oventemperaturevas 50°C, andthe spectralacquisitionrate was 200Hz. Peaknumbers
correspondo compoundnumbersin Tablel. Vertical lines correspondo peaklocationsfrom the
automategeak-findTOFMS software.Chromatogramaredisplayedfor masse$5, 63, 85,and99.

carbonmixture. The plots are not shown for the remaining
comporents so that the first 11 could be presentedon an
expandedrertical scale.Numbersby the plots correspondo
the numbergor mixture C in Table 1. Hold-uptime for reten-
tion-facta calcdationswasmeasure@sthe retentiontime of
the N," ion from the headspce sanples. Correlationcoefi-

cientsfor the linearregresion lines arein the range0.981-

0.991. For this study hold-up times for the individual col-
umns were not compued, and junction-poirt pressurewas
useddirectly asthe indepementvariablefor the plotsin Fig-
ure 8(a). Previous work hasshown that the fractional contri-
bution of thefirst columnin the ensenble variesnearlyline-
arly with junction-pont pressue [20].

All of theseplots havenegative slopesexceqt for exceqt for
plot5 (benzeng Toluene(not shown in the Figure)alsohas
a positive slope Negative slopesare expeced for theserela-
tively non-polarcompoundssincethe fractional contribuion
of thefirst (polar) columnincreasesvith increasng junction-
point pressureNote that the plots for components3 (1-hep-
tene)and6 (2-heptemr) havesigrificantly smaller slopesthan
the plots for the saturatedydrocarboncompounds.

Figure 8(b) shows plots of peakpair separatia for all com-
ponentpairsfrom Figure8(a) which co-elue for somejunc-
tion-poirt pressue value. Thesepeaksepaation valueswere
founddirectly from the autamatedpeakfind algorithm avail-
able with the TOFMS software. Zero valuesof peaksepara-

J.High Resol.Chromatar.

tion indicate that only one peak was indicated. The corre-
spondimg junctionpoint pressurevaluesdo not provide for
complet charcterization of the mixture. Note that for com-
ponentpair 7 (methylcyclohexar) and 8 (2,5-dimehylhex-
ane),deconvdution failed over a corsiderablerange of junc-
tion-point pressurevalues. This is becauseof the low sensi-
tivity with respectto junction-point pressue for the peak
separatia of this componentpair. Plots of the type shownin
Figure8(b) can be usedfor the selecton of junction-point
pressue values which will obtan complet characteization
of atargetmixture.

Figure 9 showsportionsof extractedion chromatogramsfor

four values of junction-poirt pressue. For case(a), the pres-
surewas17.6psia,andfrom theplotsin Figure8(b), all com-

ponentsshoud be adequatly sepaatedfor completecharac-
terization of the mixture. While peaks7 and 8 show sevee

overlap both peakswerefound anddeconvdution wassuc-

cessful For case (b), the junction-point pressuve was

increasedto 20.4psia. For this case,only a single peak
shouldbe found for peakpair 7/8 andalsofor peakpair 5/6.

This is confirmedin the extracta&l-ion chromatogramsWhen

the pressue is increasedo 23.2psiafor case(c), component
pair 5/8 showsnealy complet overlap and deconvolition

was not successfl Finally, for case(d) the pressue was

increasedto 28.0psia, and all comporents are adequately
separatedor conplete chamacterizaton of the mixture. This

is predictal from the plotsin Figure8(b).
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4 Conclusions

Pressurdgunablecolumn ensenblesusing electronicpressure
control are very usefulfor high-speedcC and GC/TOFMS
With electronicpressurecontrol, very precise peak position
control can be achieved, and window-dagram procedues
can be usedto reliably predict the junction-point pressure
valuesneededfor the most complet sepaation that can be
obtainedfor a specifiedsetof targetcompoundsusinga patti-
cular pair of stationay phasesAll of the studiesrepoted
hereinvolved isothemal column operation. While pressure-
tunablecolumnensenblescanbe usedwith temperaturepro-
gramming the predicion of peakelutiontimesis more diffi-
cult andwasnotattempedin thiswork.

By the useof a ventline betweenthe pressue contoller and
the column junction point, a very wide tuning rangecan be
achiewed without risk of contaminating the controller How-

ever for the extremeendsof the tuning rangethe pressue

drop along one of the columnsbecanesvery smal, andthe
averagecarrier gasvelocity in that columnbecanesso low

that column efficiency andseparatiortime both areseriously
degradedIn addition, whenthe controller set-poirt pressure
is below the value that would normdly exist at the junction

point in the absenceof external connectons, some of the
sampleis lost throughthe vent. The implications of this for

accurae quantitdion areunder investigaton.

The devebpmentof a pressure-tnable systemfor vacuum-
outlet opeation is significant and may impact on the design
of small, porteble instrumenation usingatmosphéc-pressue
air ascarriergas.Columnstabiity studieshaveindicatedthat
both dimethylpolysiloxane and trifluoropropylpolysioxane
columnsshow good stablity in air at tempersauresup to at
least150°C. The useof vacuumoutlet operaton alsosignifi-

cantlyincreasegolumn pefformanceat higherflow rates and
reduceghe deadtime of closedcell detedors.

Therecer introducion of TOFMSfor GC detecion provides
powerfultechrology for high-speedmixture charaterization.

The combindion of TOFMS and pressue-tunabé column
ensembleshouldallow for very rapd and complet chaiac-
terization of complexmixtures.The resultsreportedhere are
very encourging and show that evenfor hydroarbonmix-

tures, the combination of dimettylpolysiloxane and poly-

ethyleneglycol columnscanachiewe consideable control of

elution patterrs. This contol coupled with the ability of

TOFMSto automaically find anddeconvdute severdy over

lapping chromatogaphic peals shouldbe very usefulfor the
high-speed charaterization of complex hydrocarbon mix-

turesof interestto the petrokeumindustry.
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