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Abstract

Comprehensive twdimensional gas chromatography (&&C), is a separation method
recognized as offering far greater peak capacity than conventiordiraeasional separations.
Today, the most frequently used &&C systems require consumables such as liguidMNhe
trapping function of the modulator. Although these systems are recognized as being very
effective, their initial and running costs are a hindrance to more widespread use. A consumable
free, singlestage thermal modulator for GC has been deloped to overcome these
problems. The device traps analytes through the use of a specially prepared coated stainless steel
capillary compressed between two ceramic cooling pads. Analytes are thermally released from
the trap into the secondary column \esistive heating. Thermal treatment of the trapping
capillary plays an important role in the function of the device and advanced imaging and material
characterization techniques were used to reveal changes in the stationary phase coating of the
trap. Thesexperiments revealed tiplydimethylsiloxanestationary phase coatirvgas being
converted to carbon doped, oxygen rich silica nanoparticles. These spherical particles coated the
internal surface of the capillary evenly and provided an effective and highly sorptive phase for
useinGEGC modul ation. This modul atords perfor man
world analytical challenges. Samples such as honeybush tea vopailiglorinated biphenyls
perfumes and petroleum products were successfully analyzed with performance comparable to
commercially available instruments. This work demonstrifiesinglestage, consumableee
GCxGC modulation system described herein is an exceitesttumentabption for analysts
across a wide breth of application areas in the world of complex volatile and saxatile

analysis.
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Figure 1.1 When a modulator is absent between the primary and secondary columns, analytes
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(B) in the secondary column and-elute. Analytes retained more strongly in the primary

column might catch up or even overtake earlier eluters in the secondary column (C). In a
GCxGC setup, the first of two closely eluting bands is trapped in the modulator (E). It is then
focused and ilected into the secondary column as a nafimwsed band (F), while the

following band is trapped by the modulator, thus preventing theuton. Due to the

difference in selectivity between the stationary phases, analysdstorg at the outlet ohie

primary column might become separated in the secondary coluran§@)é é é € ¢ é € . 7

Figure 1.2 Schematic diagram of the original TDM, based on refe[8BLd he primary
column (A) is connected to the secondary column (B). Gold paint (C) is applied to the beginning
segment of the secondary column. Electrical leads (L1, L2, L3) allow current to flow alternately
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Figure 1.3 Schematidiagram of RTM, based on refererid®]. The rotating slotted heater
(RSH) periodically passes over the modulating capillary (MC) as four main functions occur:
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Figure 1.4 Schematic diagram of LMCS, based on refefi@ddeModulation with this device
was accomplished by moving the cryogenic trap longitudinally along the column towards the
detector to trap components (&) away from the detector to release th@ye ¢ € € é é . .14

Figure 1.5 Schematidiagram of single jet delay loop modulator, based on refer¢g#@gsWith

the cryojet activated (A) analytes would be trapped and focused until the warm air jet was
activacted (B), volatilizing them into the carrier gas and through the delay loop. Analytes would
be trapped and released again into the second coluenraaecondary pass through the cryo/warm
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air jetseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee.

Figure 16A gener al scheme of Brucknerdés diaphragm
[113. During the sample phase (A) effluent from the faishension column is directed to the
seconddimension column. Auxiliary gas is vented to the atmosphere. During the Sample phase

(B), first-dimension effluent is vented to the atmosphere as the auxiibavynioves through the
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seconddimensio é é é ééééééééééééeééeeéececeeeeee. . ée. 28

Figure 17 Schematic diagram of the flow switching modulator based on refergBtle During
phase A, the capillary attached to T2 is filled with first dimension effluent, while the contents of
the capillary attached to T3 is flushed to tfi&dmension column. In phase B, auxiliary flow is
switched by the solenoid valve (SV) and the recently filled capillary is flushed into the second
dimension, allowing the alternate capillary to fill with tiédimension eluate. Arrows indicate
directionofgasflow e é é e ¢ éééeééeééeéééeceééeéeéeeéé. e. 30
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Figure 18 Schematic diagram of the stop flow modulator based on refefgage During

sample phase A, one dimensional eluate proceeds alof twumn, through the-port

solenoid valve. A piece of fused silica connects the valveéRmblumn where the cryjet

focuses peaks exiting tAB column. During stofflow phase B, the valve is actuated and flow

from the'D column is stopped due the terminus of #ecolumn now being a blocked port of

the valve. Flow now proceeds through the tee and onwards towards the secondary column. The
cryo-jet is off in phase B allowing the liberati of analytes along tH® column for further

separation while th&D column flow remains stopped. The X markers indicate a plugged valve
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portt € 6 6 € éééééééeééécééeééeeééeceééeceéeecée. . . éé..33

Figure 19 Schematic diagram of the simple fluidic modulator based on refef&6e During

fill phase A, the sample loop interfaced between T1 and T2 was filled with first dimension
effluent, while the auxiliary flow was directed to T2 onwards to the secondary column. In flush
phase B, auxiliary flow was redirected via the solenoid vg®%8 to T1, which quickly flushed

the contents of the sample loop onto the head of the secondary column. The system quickly
reverted back to fill phase A, which allowtdte sample loop to refill while the eluate injected

into the 2D column became separated prior to detection. Arrows indicate direction of ga&5flow.

Figure .DA gener al scheme of Wangdés dif f[@3enti al
Valves V1 and V2 would be actuated at the same time to either fill or flush the transfer lines into
the’Dcolumré ¢ é 6 ¢ ééé¢éé¢ééeéeééeeéeeééeeééeé. .. é. 309
Figure 1.1 The RFF modulator developed by Griffiths andvearkers[14Q. In fill mode A, D

column effluent enters the first CFT plate and transits through the collection loop to the second
CFT plate and exits out the bleed line if no valve actuation occurs. Auxiliary gas flows through
the first CFT plate and provides a separate souré® oérrier gas. In flush mode B, the solenoid
valve is actuated and auxiliary carrier gas is sent to the second CFT plate where the majority of
flow is diverted through the collection loop, sending its contents towards the headf the
column. Pressure fronhé D column impedes the flow of collection loop contents in to'Ehe

column forcing their diversion to the lower impedafDecolumn. This step happens for 100 ms

to 500 ms depending on the loop volume before returning tofillstagé A é é ééé . . . . 41

Figure 1.2 The INSIGHT modulator developed by SepSolve (based on refererije [THe
operati onal principle is fundamentally the sa
that all connections are made on a single microfluidic&lipt ¢ ¢ é é é é € éééé. . 44

Figure 1.B GCxGC mntour plots for differentD columns coupled with a BPZD column.
Parts (Ai E) correspond to column designation accordintpt@olumns shown in Table 2.
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Figure 1.5 Undecane peaks from the mixture of pure compounds (A, C) and the 1000x dilution
(B, D) run on the 100 urfD column (A, B) and the 250 uAD column (C, D). Reproduced from
referencg184é é e é éeééecééecééecééeééeceééecééecééee. e. . bbb

[256é é eeeéééeeceéééeeceééééeeceéééeeeceeééeee. . . T1
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(A) and after compression (B)éeeeeéeéééececeececté

Figure 2.2 General setup for the thermal treatment procedldlatened trapping capillary

would be connected to the compressed air source through a siltite union. Electrical leads would
be attached to the trapping capillary using alligator clips, the distance between them being the
section of capillary receivindhermal treatment. The air source would be turned on prior to
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applying capacitive dischargeéeeeeéeééééececeeccecce
Figure 2.3 A completed trap assembly including connecting ferrules ard éwdsé € € é 7 7

Figure 2.4 Schematic of a basic thermoelectric cooling dewten a DC voltage is applied

across the {type semiconductor the charge carriers (positive holes) move towards the negative
pole of the circuit carrying heat with theit the ntype semiconductor, the charge carriers are
electrons which move towards the positive pole, carrying heat. Whgrerand gype
semiconductors are connected serially by a conductor in an array, their charge carriers (positive
holes and electrojysand consequently heat, will move in the same direction creating a hot
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junction and a cold junctionééeeéeeééééeeeeeecéeé

Figure 2.5 Rendering A is the conceptual design for the Mk | modulator with the trapping
capillary looped up in between the TEC pads from the GC oven. The bracket was designed to
securely hold the heat sinks in place while separated and compressedeagdirtgher. Image B

is a photography of the apparatus in use. Electrical cables from the TEC devices can be seen
drawn up from the center of the bracket away from the heat of the GEévéné ¢ ¢ é . . . 8 3

Figure 2.6When manufactuing capillaries with sections of untreated PDMI& area to be left
untreated wouldirst be measured andarked with éblack permanent markeNext alligator

clips connected to the capacitive dischgogever supplywould be attached to the capillary and
current passed through the section of capillary to be thermallydré&die process would be
repeated for the opposite side ofthe PDMS phase ¢ ¢ ¢ € é é ééééeéeéeéeé. .. . 85

Figure 2. ™Measured temperature decrease of the TEC with increase in power stigpléeed 8 7
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Figure 2.9 Separatiortd gasoline (A)by Pedroset al, 2008 whichserved as the model
chromatogranf259. Also shows are separations of white spirit (B), kerosena@ thinner
(D)é éeééeeééeecééeecééeecéeceééeéeéeecééececéeecée. 89

Figure 2.11Separation of gasolingith a 40 cm x 0.25 mm wax column in tHiaé é é é . .91

Figure 2.12Gasoline separations with2 cm PDMS trafA) showing better peak widths and

less breakthrough thartilizing a8 cm PDMS tragB). Both experiments were completed under
the same injection and chromatographic conditidndoseup view of the early eluting
compounds is shown forgreaterdaitail € é € é é € é éé e éééeééééeééé. . 93
Figure 2.13 A series of linear alkanes shown inheiew. An ideal number of modulations per
peak B to4) is seen for early eluter§hree to four samples per peak has been demonstrated to
be sufficiently frequent to preserve thiz column separatio[83] . The number of modulations
per pealgrowsquickly as the alkanes become less
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volatlee e e ¢ ééééééeceeceeeéceececeeceeé..eee. . éééeeée. e. 93
Figure 2.14 Rendering of the MK Il bracket design (A) and image of the finished produ&gB)
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the GC oven where oven air was allowed to escape up past the extrudetbfihe laboratory
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Figure 3.2SEM image from the inside of the MXT capillary before treatment. The light area
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Chapter 1. Introduction to multidimensional separations

1.1Introduction

It has beemearly 20 years since the RusskHtalian botanist Mikhail Tswett revealed
in the Journal of the German Botanical Society his seminal papers describing the
chromatographic separation of plant pigments on a packed column of calcium cafboPjgte
Since this time several brilliant chemists have significantly improved our ability to separate
chemical mixtures into their individual components, and efforts to increase this abiliipue
to this day. Readers interested in learning more about the fascinating history of chromatography
are directed to referencg&5]. Single column separations have continuously been and remain
standard practice today. However, effective separation of complex mixtures remains a significant
challenge. Several authors including Giddings, Davis and Guiochon have published important
worksdescribing the theoretical limitations of edinensional (1D) separation techniques in
great detai[6-8]. The ability of a single column separation technique to resolve a mixture of
compounds is often described in terms of its peak capagciyhich is calculated for some
retention time window. For one to be able to always resolvi® ®8the components in a sample,

the peak capacity must exceed the number of components by a factor®f. W often cited

I Thischapteiis based on the following publicatian

M. Edwards, A. Mostafa, T. Gorecki, "Modulation in comprehensivedimmensional gas chromatography: 20
years of innovation,Analytical and Bioanalytical Chemistrypl. 401, pp. 2332349, 2011.

Author contributions include original concept, primary manuscript contributor, review and editing.

A. Mostafa, M. Edwards, T. Gérecki, "Optimization aspects of comprehensivditmensional gas
chromatography,Journal of Chromatography Apl. 1255, pp. 3&5, 2012.

Author contributions include original concept, secondary manuscript contributor, review and editing.



example that demonstrates the limitations of single column separation was provided by Berger in
1996[10]. Using a column measuring 450 metres in length, a separation of gasoline was
performed. The analysis lasted 11 hours and the column was calculated to have®1.3 x 10
theoretical plates and a peak capacity of 1000. Although these values represent a highly efficient
system, the separation was deemed inadequate as numerous coelutions and an elevated baseline
were observed. While this column setup may be adequate faoleggex samples, factors such

as onerous analysis times and inlet pressures exceedinpil®@ke the use of long columns
impractical for most analyses. Liquid chromatography techniques also suffer from fundamental
limitations stemming from the small particle size of stationary phases, which leads to excessive

head pressures that currentlyyaet them from fully resolving complex mixturgisl].

With the theoretical limits of 1D separations well understood, multidimensional (MD)
separations wertheorizedas an alternative means to achieve gains in peak capacity. A MD
separation is commonly defined as one in which a sample is subjected to two or more
independent separation mechanisms, and separation achieved in prior dimensions is maintained
throughout sukequent oneld 2, 13] The MD separation can be referred to as comprehensive
multidimensional separation (CMD) when the entire sample is subjecaticseparation
dimensions. This definition is derived from the work of Giddings in the 1p80<13] For a
separation utiiing two columns offering different selectivities with peak capacitias ahdn,,
respectively, théheoreticatotal peak capacity then is the product of these vahidsy,.
Theoretically, CMD separations utilhg two separation dimensions can provide peak capacity
values an order of magnitude greater than that of conventional 1D techniques. In practice,
technical hurdles, challenging samples anderutilizationof the separation space make

achieving these theoretical peak capacity values difficult. Several excellent reviews and book



chapters have been published that discuss the theory and function of multidimensional

separations in great det§lil-26].

Although almost all CMD techniquesilize two independent separation mechanisms,
threedimensional systems have been attempted and may hold promise for some future
applications. Therefore, the term CMD will be used throughout to describe all techniques using
multiple separation dimensions compeakively. Furthermore, the CMD systems described
hereinutilize some form of chromatography column to facilitate the separation.
Multidimensional separation systems have been designed without tbealsematography
columns. They include such techniques as-dimoensional polyacrylamide gel electrophoresis
(2D-PAGE) andwo-dimensional thidayer chromatography (2DLC) [27-31] . The focus of
this thesis is dedicated to GCx@@d separation systems with chromatography columns playing

a critical role, therefore other gel or pldtased techniques will not be reviewed.

Today, CMD separation technologies can be classified into several different categories.
The first is comprehensive twdimensional gas chromatography (GCxGC). This technique is
used for the separation of complex volatile and sastatile chemical mixtures sucs
petrochemicals, flavours and fragrances, and environmental samples. Gkt&Stwo
capillary columns connected serially through a modulating interface. The large number of
available stationary phases allows for numerous column combindiigrsets based on
contrasting polarities remain the standard. The degree to which column chemistries differ from
each other is often referred to as column set orthogonality. For example, a column combination
featuring a nofpolar column with 1006 polydimethylsiloxane (PDMS) in the first dimension
(*D) and apolar wax-type column in the second dimensid®) would be considered highly

orthogonal. Column sets with similar column chemistries or polarities would be considered

3



poorly orthogonal. High degree of orthogonality is frequently desired when designing column

sets as to maximize the peak capacity and the selectivity of the separation system.

1.2 Comprehensive twedimensional gas chromatography (GCxGC)

First introduced in 1991 by Phillignd Liuat Southern Illinois University, GCxGC has
seen considerable development and adoption in recent[@@ar§o describe this technique in
general terms, GCxGC utilizes two capillary columns of differing selectivities connected to each
other through a modulating interfadéne objective of the modulator is to trap or sample the
primary column effluent and reinject the collected fraction into the secondary column for further
separationlt is mandatory that each compound eluting from the primary column should be
sampled between-@&times to maintain the integrity of the primary column separ§88h
Since capillary columns will be featured extensively in this thesis, the common terms by which
they are described should be defined. Column length is described in metres (m), column internal
diameter (id) in millimetres (mm) and the stationary plasding thickness (din micrometers
(um). Although column lengths and diameters vary considerably depending on the application, a
generic GCxGC system would likely have a fpmfar primary column such an a Rki(e.g. 30
m x 0.25 mm id 0.25 pm d) interfaced with a polar secondary column such as a Stabilwax
(e.g. 1.5m x 0.18 mm id x 0.18 ury,dor a midpolarity column such as an a RKrSil MS (e.g.
1.5m x 0.18 mm id x 0.18 pm)d The modulation period (B is both the primary column
sampling period and the time that is allowed for analytes to become separated in the secondary
column. It can typically rangieom 1 to 10 seconds, depending on the modulation system and
application. If the modulator allows some of the trapped primary column effluent to enter the
secondary column before the end of the &alyte breakthrough is said to have occurred.

Substantial efforts have been made by those designing GCxGC systems to prevent breakthrough



from occurring as it compromises the integrity of the-thimensional chromatogram. However,
when analying sampls containing compounds at high concentrations (> 100 ng/ul), performing
splitless injections, or injecting large volumes of solvent, breakthrough is very challenging to

prevent.

Another often encountered phenomenon when performing a GCxGC analysis is peak
wraparound. This arises when the retention time of an analyte 3D t@umn exceeds the
length of the R. In the aforementioned generic Rpaolar/polar GCxGC system, analytes would
be separated in the secondary column according to their polarity. Compounds such as alkanes
would elute quickly, esters more slowly, and alcohols even more slowly. The eluterobrd
these compounds along thewis of a twedimensional chromatognawould reflect the relative
strength of their interactions with the stationary phase from weak to strong. Modulation periods
shorter than the retention time of a strongly retained analyte cause this analyte to elute during the
next period. After procesgin this analyte then appears at a misleading position alongakis.y
Fortunately, peak wraparound can be identified in a GCxGC chromatogram relatively easily.
Since separation in the secondary column is a virtually isothermal process, the longer the
compounds are retained, the greater is the effect of band broadening phenomena such as
longitudinal diffusion. Peaks eluting early along thaxys, but significantly wider than those of
other analytes with similar second dimension retention times, are tikekly wrapped around.
Although most GCxGC methods strive to reduce peak wraparound, an understanding of this
condition can allow the user to use more of the-tivoensional separation space and further
optimizetheir separation. To eliminate wrapand, the analyst can increase the length of the P
increase the flow rate, increase the oven temperature programming rate (to increase the elution

temperature), or use a secondary oven. These variables often have an effect on other GCxGC



parameters, of which there are many, increasing the skill required to propenhyzea GCxGC

separatiorj34].

1.2.1 The GCxGClnterface

The modul ator is often referred to as the
crucial role in thesuccessful completion of a GCxGC analysis. In the absence of a modulating
device intermittently sampling the first dimension, chromatographic peaks that were previously
separated on the primary column mayedate at the outlet of thé'@dimension. This would
compromise the integrity of the 1D separation, thereby violating a key GCxGC requirement
(Figure 1.1). Since the Phillips modulator was introduced in 1991, there have been significant
advancements in modulation technology. Modulatars be classifieds either thermal or valve

based devices.

1.2.2 Thermal Modulation Systems

Heaterbased interfaces trap primary column effluent at or above oven temperatures,
usually with the help of thick stationary phases. Cryogenic interfaces trap primary column
effluent below oven temperatures with the use of various cooling mechanismwuicf$tage
thermal desorption modulator (TDM) was designed and implemented by John Phillips in 1991
and has the distinction of being the interface that allowed Phillips to perform the first truly
comprehensive twdimensional gas chromatography separatiat $ame year. First designed
as a single stage sample introduction device in multiplex andsipiggad gas chromatography,
this simpleapparatusvas applied to GCxGC with very little alteration to its original design other

than the use of two trapping stag@s, 36]
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Figure 1.1 When a modulator is absent between the primary and secondary columns, analytes with
close retention times at the outlet of the first dimengéfgnmay coalesce into a single
band (B) in the secondary column andetate. Analytes retained more strongly in the
primary column might catch up or even overtake earlier eluters in the secondary column
(C). In a GCxGC setup, the first of two closelytglg bands is trapped in the modulator
(E). 1tis then focused and injected into the secondary column as a narrow focused band
(F), while the following band is trapped by the modulator, thus preventing the co
elution. Due to the difference in selectiviigtween the stationary phases, analytes co
eluting at the outlet of the primary column might become sepavdted injectednto
the secondary column (G).

The GCxGC system used by Phillips utilized a 250 pum id, 21 m long open tubular primary
column with 0.25 pum SupelcoweaO stationary phase, and a 100 um id, 1 m long open tubular
secondary column with 0.5 um methyl silicone stationary phase from Quadrear&oon. The

two columns were joined together by shrinkable Teflon tubing along with a small splitter to
adjust the flow rate through the second column. Electrically conductive gold paint was applied to
a segment at the beginning of the second columrghalias looped outside the oven and
maintained at room temperature. The electrical resistance of the film was calculated after each
coat of paint until a desired resistance was achieved. The total length of the modulating section
was 15 cm. Electrical lead®nnected to the column provided current from &40C power

supply to either end of the interface. Schematic diagram of the interface is shown in Figure 1.2



L1 L2 L3

Figure 1.2Schematic diagram of the original TDM, based on refergigle The primary
column (A) is connected to the secondary column (B). Gold paint (C) is applied to the
beginning segment of the secondary column. Electrical leads (L1, L2, L3) allow
current to flow alternately between stage one (S1) and stage two (S2) during
modulation.

As effluent from the primary column (A) entered the second column (B), it would become

trapped and focused by the stationary phase cokipigbelow the oven temperatubdectrical

current was then applied to first stage of the trap (S1) through leads L1 and L2. This caused rapid
heating of the gold paint layer (C), forcing analytes trapped withinap#ary to partition into

the carrier gas. Once in the mobile phase, the effluent was swept to the second stage (S2) of the
capillary, where it became trapped once again. At this, tineefirst stage of the modulator had

cooled and would continue its trapping function, as the second stage was pulsed through the
leads L2 and L3, injecting the trapped components as a narrow band to the secondary column.
The pulses were applied to eachget 100 ms apart for a duration of 20 ms. Modulation occurred
every 2s. The experimental results collected were acceptable but left much to be desired. Wider
than preferred injection pulses and component overlap were the main problems. These issues
were recognized by Phillips and the delgeTDM was modified by increasing the length of

the first trapping stage, as well as increasing the time between electrical pulses. It was shown that
by making these modifications, sample breakthrough in the first stage was minimized, while the

shorter second gia provided satisfactofpcusing and injection of compounds into the second



column[37-39]. Although the TDM was vital in achieving the first fully comprehensive GCxGC

separation, the goldainted capillaries were not very robust and often required replacé4fgnt

An attempt was made at improving Phillips design by de &eakin 1997 by
evaluating a single stage version of the TPMI]. The focus of this group was to increase the
longevity and improve the modulation function of the TDM by experimenting with different
electrically conductive materials applied to the outside of the capillary, as well as optimization of
parameters such asltage, pulse length and pulse interval. Some of the electrically conductive
materials tested included an acryl resased coating containing metallic silver, pure metal
silver and aluminum that were applied through a metal evaporation technique, padwop
that was tightly coiled onto the capillary surface. The authors found that pure alunaingim
silver-plated modulators outperformed their metallic painted counterparts, but were inferior to
the copper coiled interface, which proved to be the maimist. Unfortunately, this design
suffered from high power requirements due to its large thermal mass. The authors also showed
that pulsed heating prevented the modulator from reaching undesirably high temperatures and

was a good alternative to constagating.

Although the TDM was made more reliable, Phillips and his grougpbgdndevising a
new mechanical version of the resistively heated modulator referred to as the rotating thermal
modulator (RTM). Development of resistively heated modulators did not stop here, however, as
the benefit of no moving parts, as well as simplicityesfistive heating were very attractive
features that drew the attention of some researchers to this method of modulation. In 2000, Lee
et al compared various modulating interfaeetinologies and sought to use a new type of
interface material, stainless steel capillpt®]. These capillaries were coated internally with 3

pm of PDMS and used in the same fashion as the previously describsthtyeoTDM. When



compared to metal patebated fused silica modulators, the stainkisel interface produced
significantly broader peaks, although the superior mechanical properties of the material

improved the robustness of the device.

An interface designed by Burget al utilized a stainless steel capillary jacket in which a
thick film fused silica capillary was hous@tB]. Attached to the jacket through spot welds were
a series of stainless steel connectors. Electrisa&ntcould be supplied to each of these
connectors individually through copper leads and an electrical sequencing system, thereby
heating small sections of the capillary in sequeand consequently shuffling analytes down the
modulator. The authors used this system successfully for three years without any modulator
burnout and obtained pulsed widths at half height on the order of 145 ms, a resultatdmpar
with other TDM systems. Stainless steel capillary columns helped improve the performance of
resistively heated modulators, but also signaled the end of improvements that would be made to

this style of interface for some time.

The development of alternative methods of thermal modulation began shortly after the
TDM was proven as a functional GCxGC interface. First introduced in 1996, Phillips described
the theory behind a rotating therewadl, naosd uwealtlo
its potential to improve fielghortable gas chromatography (GC) instrumés. It was not
until early 1999 when its construction was described in detail along with two years of prototype
performance resulfgl5]. The RTM had four main functions: accumulate (A), cut (B), focus (C)

and launch (D)45] (Figure 1.3).
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Figure 1.3 Schematdiagram of RTM, based on refererid®]. The rotating slotted heater
(RSH) periodically passes over the modulating capillary (MC) as four main functions
occur: accumulate (A), cut (B), focus (C) and launch (D).

As components exited the primary column, they would start to accumulate in the thick stationary
phase of the modulator capillary (MC) (A). The RTM cycle would be engaged via computer
control, causing the slotted heater (RSH), which was kept at aroun€Xb¥e the GC oven
temperature, to begin to rotate. The heater would move over the upstream portion of the
capillary, rapidly heating a zone that, moved
in the direction of the carrier gélsw, provided the linear velocity of the carrier gas was higher

than the linear velocity of the heater along the M@alytes trapped in the capillary were

instantly mobilized into the carrier gas by the moving hot zone, resulting in the creation of a thin
Asliceo of accumul ated components (B). FI owi n
migrate far before beooing trapped and focused once again into a section of the capillary not

yet exposed to the slotted heater (C). As the heater continued its rotation, the moving hot zone
propelled the focused analyte band, ultimately launching it out of the capillarg shiort

section of uncoated capillary and onto the secondary column (D). Trap cooling time was reduced
by applying forced air cooling to the interface. The RTM prototype initially worked quite well in

two of the five laboratories in which it was first &3{45]. Apart from its early success, the
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RTM experienced several technical issues related to keeping the capillary aligned between the
slotted heater and preventing mounting hardware from experiencing thermal expansion at high
oven temperatures. A temperature differential of about 100 °C wareglsioed for proper

launching of the analyte bands, meaning that compounds with higher boiling points often had to
be excluded from the analy$#0]. Even with some significant technical issues, the RTM

became the first modulator to be commercially available and successfully functioned in many
applications such as analysis of chlorinated biphenyls and toxapt&nsemivolatile

aromaticq47] as well as other complex organic samp53]. Dalluge reported that ca. 30

of all papers published in GCxGC before the year 2003 used the[BR[Mts applicability to a

wide range of samples, particularly those with very low or very high boiling points, was
guestioned by those experimenting and reviewing a new type of thermal modulator, the
longitudinally modulated cryogenic system (LMJS$-58]. This was disputed by other
researchers who were intimately involved with the RTM and had demonstrated its applicability
in many analyses, albeit with a fair amount of customizdb8n5963]. The RTM is today
considered inferior compared to other methods of modulation and is no longer commercially

available.

As Phillips was developing thermal methods of modulation, Marriott and coworkers were
engineering a new kind of thermal modulator that utilized a cryogenic agent to trap analytes.
Whereas both TDM and RTM trapped analytes at oven temperature and irjecteatthigher
temperatures, cryogenic modulators trap analytes at temperatures significantly lower than that of
the oven and inject compounds into the second dimension at or close to the oven temperature.
Mar ri ot t 6 sfthé LIMCS operatezl sn sgprinciple[64]. This design was based on the

groupdbés previous work on cryogenic trapping
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chromatographic bands before the detector to provide sharper elution profileg66]Gtheir

first cryogenic trap was constructed from two concentric steel tubes of differing lengths and
inside diameters that formed a cavity to which cryogen could be pumped in and out. The
analytical GC column was placed within this trap approximatelyd@om the detector. Liquid

CO, was pumped through the trap while peaks of interest were eluting. The flow of the cryogen
was then shut off, allowing the cooled capillary segment to return to oven temperature, thereby
releasing any trapped analytes as seclibands into the detector. It was found that a GC analysis
of n-alkanes (@1 Cie) utilizing this trap produced greater sensitivity and lower detection limits
than conventional GC. The main disadvantage was the time required for the capillary to reach
temperatures high enough for effective desorption of trapped analytes. Their stolliisn

problem was to expose the portion of the capillary where components were trapped to the
elevated temperatures of the GC oven, allowing for desorption of anaydesur while

trapping continued upstream of the desorbed peak. In this way, the LMCS was born (Figure 1.4)
[64]. Modulation with this device was accomplished by moving the cryogenic trap longitudinally
along the column towards the detector to trap components (A), or away from the detector to
release them (B). The LMCS was applied to GCxGC for the first time in, B9@8the

separation of a commercially available kerosene sample was briefly described by Marriott and
Kinghorn in a short communicatig66]. Little modification from the original design was made
and the authors demonstrated that LMCS was a viable alternative to the RTM, if not a superior
method of modulation. Some of the benefits highlighted included no need for a separate
modulator capillarythe independence of oven temperature and modulator temperature (a major
issue with the RTM), and the use of a single column connection. The LMCS proved to be

applicable to other GC applications as W}él, 68] After several years of use, the design of the
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LMCS was improved to deal with several operational issues such astuapn freezing,

temperature control, and inconsistent functionality during extendej@@ilse

Direction of flow

»

Cryotrap
Trapped Analyte

P Column
7 ] /
A ) |

B | |

Figure 1.4 Schematic diagram of LMCS, based on referf@d¢eModulation with this device
was accomplished by moving the cryogenic trap longitudinally along the column
towards the detector to trap components@Aaway from the detector to release them

(B).

A high speed, electrically controlled, pneumatic ram that quitkdyed the trap away
from the cold zone of the column in less thami®was installed. This exposed the cooled
portion of the column much faster than in previous LMCS systems and allowed for rapid heating
of the column. The trap was modified to includeoat fior gaseous Nand was secured to control
guides within the oven to ensure precise movement along the capillary column. The addition of
gaseous bhelped prevent ice buildup within the trap. It was also reduced in size from 5 cm to
2.8 cm. The overajperformance of the system was improved by utilizing a digital timer,
controlled by computer software, to direct trap movement and controV&@ operation. The
authors studied the effect of this device on solute trapping and injection with great detalil,
evaluating the distribution of solute within the trap, the speed and time of remobilization of

peaks, as well as its applicability to vaso@CxGC problems. The LMCS was arguably the
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biggest innovation in modulation technology since the RTM developed by Phillips. The LMCS
was used extensively by the authors, as well as other scientists, to improve the quality of
GCxGC separations, thereby bringing attention to this still new andsedatibscure method

for separation of complex mixturgg0-72]. It was estimated that by 2004, cryogenic modulators

had likely replaced almost all of the thermal desorption modulators 7 8ke

Although the LMCS was a significant improvement over thermal modulators, it was only
able to cool the trap to a temperature of approxima€ly’C, which was insufficient for
trapping many volatile organic compounds (VOCSs). It also utilized a series of moving parts, an
undesirable feature for loigrm, maintenanctee use. Thus, the next stage in the evolution of
cryogenic modulators was tdilize more effective cryogens and minimize the use of moving
parts. One such device was developed by Ledfor@@® 2t utilized two liquid CQcold jets
andtwo hotgasijef§4. Thi s design was based on Ledfordo:
cooled between sweeps by a jet of liquigdddoled ga$75]. As analytes exited the primary
column, they were trapped in a cold spot created by the first (upstream) cryojet of the modulator.
The first stage hot jet and second stage cold jet would then be engaged simultaneously,
transferring trapped analytes to gerond focusing stage of the modulator. To inject the focused
chromatographic bands, the second hot jet was engaged and desorption of trapped analytes
occurred. To prevent breakthrough while the second stage was hot, the first cryojet was engaged
as injetion occurred. Cryogenic modulation would evolve once again with Beteals
developing a system that utilized two liquid £€yojets for trapping and ambient oven heat for
analyte desorption and injectipr6]. Thi s was a si mpl i f-jetenddelver si or
and proved to be one of the most effective modulators at the time. This design would be

modified further by the same group by using a single liquid €@{djet to accomplish single
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stage modulatiofi7]. As component breakthrough has been recognized as the main issue with
single stage modulation systems, the authors evaluated this problem by studying the
characteristics of the"®dimension peak as a function of the 8@lve switching times. Peaks

of quality almost identical to the duatyojet system were achieved, and the single jet/single
stage system was deemed a sucf&gs Another interface, developed by Goérecki and Harynuk,
utilized Silcosteel capillaries contained within a cryochamber, cooled with liquid Nap and
freeze analytes eluting from the primary colupi8]. Reinjection was completed by resistively
heating the Silcosteel capillaries, in singtage or duastage modes. This modulator was
effective in trapping VOCs and provided precise control over injection timing. The main
drawback of this system was thiguid N> leaks often developed at the capillary entrance and
exit locations in the cryochamber. This issue led to cold spots along the trap and as a

consequence band broadening occurred.

Ledfordet al designed an alternative version of the single cryojet system that exploited a
looped capillary to enable dual stage modulation by cooling two segments of the safii®]loop
This system was investigated in detail by Gaines and Fryqdi@@eand was also made
commercially availabl¢81]. As analytes travelled out of the first column, they would become
trapped at the upstream cooled position on the capillary. The cryojet would be shut off and the
hot jet engaged, allowing the fraction, along with some breakthrough, to travel througbghe |
The cryojet would then be turned back on, allowing further trapping of components arriving
from the first column. The same jet would also serve to focus the analytes traveling through the
loop that had arrived at the second cooled section. Turningytbget off and the hot jet on
would allow another fraction to be flushed into the loop, while the focused analytes from the

previous modulation would be injected into the second column for further separation.
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Further innovation in cryojet modulation technology would come from Hyotylginen
Kallio and coworkers in the form of rotating cryojet modulation. Their first design included two
cryojets aligned on a single liquid @8upply tube that would rotate alternately to spray the
modulating capillary, effectively trapping analytes in two separate trapping E8je$he two
zones were also fitted with a heating wire that could heat the area rapidly. The modulation cycle
would proceed with the first cryojet trapping analytes arriving from the primary column. The
CO, supply tube would rotate to expose the second cryojet to the modulator capillary as the first
cryojet was moved away and the first cold stage desorbed by the coiled wire heater. Analytes
which were now trapped at the second cooled stage would be debygrthedsecond coiled
heater as the cryojet moved kdo its original position, no longer exposing the capillary to
liquid CQp. Their second design, referred to as the semaiting cryogenic modulator, used one
rotating CQ cryojet instead of two. It also dispensed with the wire heaters, as the authors
believed that oven temperature was sufficiently high to release the trapped dBalytBsth
designs were successful and provided results similar in quality to other cryogenic modulators
utilizing liquid CQs cryojets. This design has been modifiednclude a new modulator control
program unit, increasing retention time reproducibility. The authors successfully used the

modified system to analyze a sample of forest aer¢88]s

Although some great advancement had been made in cryagedidation through the
use of liquid CQcryojets and intelligent designs, some difficulty was still being experienced
with trapping VOCs. The next stage in cryogenic modulation saw the expanded use ofdiquid N
as a means of trapping analytes in the modulation capillary. Gérecki and Harynuk developed a
cryogenic modulation system, based on the previous work of Led®}dwhich utilized a

single cryojet interface with a delay loop for effective dual stage modulation (Figui&4].5)
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Figure 1.5 Schematidiagram of single jet delay loop modulator, based on refer¢nggavith
the cryojet activated (A) analytes would be trapped and focused until the warm air jet
was activacted (B), volatilizing them into the carrier gas and through the delay loop.
Analytes would be trapped and released again into the second column after a
secondary pass through the cryo/warm air(&js

A Dewar filled with liquid Nowas used to cool thouse pressurizedzgas to just below its

boiling point. This was done by passing the pressurizegbh first through a heat exchanger and
then through a length of coiled copper tubing that was immersed in the liguassdel. Once
cooled sufficiently, the now near boilingMas directed to a phase separator which prevented
gaseous Blfrom entering the cryojets. The liquicEntered a custoimade low volume T

fitting with the cryojet connected to thengpendicular port and an insulatedmdcycling line
connected to the opposite port. A set of solenoid valves worked in alternative fashion to direct
the liquid nitrogen either to the cryojet, or back to the Dewar via the recycling line. Trapping
(Figure 1.5 A) and launching (Figure 1.5 Braoed within a deactivated fused silica capillary
with alternating hot and cold jets functioning in the same fashion as the previously described
cryojet system by Ledforf¥9]. Effective trapping of a propane sample for one minute was
observed with no component breakthrough occuifi@dg A mixture ofn-alkanes in Csand a

commercially available unleaded gasoline sample were analyzed as well with no tailing or
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breakthrough occurrinf4]. Day-to-day reproducibility was also very good. This system has

been used successfully for other analyses as[@ll

Purschet al designed a similar system that utilized liquid nitrogen directly from the
Dewar, a second cryojet, and the beginning segment of the secondary column as the modulator
capillary[86]. This system was also successful and provided quality separations of diesel and
odour components in polymer coatings, as well as other safBglesiquid N.interfaces
proved to be the modulator of choice for the analysis of VOCs, as significantly lower trapping
temperatures could be achieved with these devices. Although Goérecki and Harynuk were able to
minimize liquid N. consumption to about 30 L/day, the use of this cryogen proved to be
expensive, thus the search for a GCxGC interface capable of trapping volatile compauinds (C

Ce) without the use of expensive consumables is an important task.

Mostafa and Gorecki designed a singlage cryogenic modulation system which for the
first time demonstrated the ability to trap solvents and-ulbtatile species using a cryogenic
system[88]. The authors used a specially designed trapping capillary interfaced betwé@n the
and?D columns that featured a plug of glass wool and quarts fiber filter at the center of a 10 cm
x 0.32 mmid deactivated fused silica (DFS) capillary. The presence of this glass wool plug
served two purposes. The first was to increase the surface area analytes were exposed to as they
passed through the trapping capillary without significantly increasing thikacapitisermal
mass. This would increase trapping efficigaad reduce the likelihood of breakthrough as the
exposure to the cryogenically cooled surface would be increased. The second advantage the plug
provided was its impact to carrier gas flow when the trap was atrapping temperatures. Due
to the increasd viscosity of gases at higher temperatures, carrier gas flow through the trapping

capillary would be reduced in the period when the trap was being heated o+t ppng
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temperatures. This increased gas viscosity within the plug prevented breakthrough of analytes
from the'D column through the trap in the period in which it was moving from a heated state to
a cooled state. Trap cooling was provided by a specially designed liquid nitroggrd@liMery

system that sprayed LNrom a jet directly on to the trapping capillary instead of cooling&s.
Heating of the capillary was provided byhouse compressed air that was heated using a
resistively heated rope heater wowardund the warm air jet coil. It was noted that the LN

delivery system used in this study reduced cryogen usage to approximately 30 L/day, a
significant decrease from the industry average of approximately 100 L/day. Samples of gasoline
and diesel were evaluated with excellent results. The most impressive feass this

modulators trapping capacity and ability to modulate solvents without breakthrough. The authors
demonstrated this by modulating £8& accomplishment yet to be achieved by any commaerciall
available cryogenic modulation system. Several cryogenic modulators are commercially

available today through various instrument manufacturers.

Trapping in the modulator capillary assisted by compressed or cooled air has also been
explored. A singlestage modulator was brought forward by Libardetral which utilized a
resistively heated stainless steel trapping capillary, with cooling assisted by a continuous flow of
cold air[89]. An aluminum block was fashioned to accommodate the trapping capillary, as well
as entry and exit points for the cold air. A tatage refrigeration unit served to cool a heat
exchanger in which air was circulated at a rate of 35 L/min. This air wouleé fnaw the heat
exchanger, at a temperature-45° C, into the aluminum block, and cool the modulator to a
temperature betwee32° C and20° C, depending on the status of the chromatographic
analysis. Thenodulatorwas used to successfully analyze mgk of gasoline and a 40

component test mixture spanning a range of volatiljB%. However, component breakthrough
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was recognized for more volatile compounds. The authors attributed this to a relatively high
trapping temperature compared to cryogenic devices, as well as a slow modulator cooling rate.
This allowed components to evade trapping, and escape into the setand in the time
immediately after the electrical pulse had been delivered and before the trap had fully cooled.
The device was later modified to use circulating ethylene glycol in place of coo[6@]aiihe

design was altered once again in later years to become-atdgalmodulator with circulated air

cooling[91].

Joveret al. created an interface that employed two compressed air jets to trap analytes in
a segment of the secondary column, and ambient oven heat for reinj@2lidrizzutiet al
developed a very similar system with a more robust construy@gjnBoth designs were
successful in producing good separations of lipids and pesticide residues. The downside to these

instruments was their incapacity to trap alkanes belxa.

Forced air cooling has also been successfully used recently in a modulator designed by
our group for the purpose of-situ analysis of the semplatile fraction of organic aerosdia4].
The device featured a uniquely flattened deactivated staistieskcapillary coated internally
with PDMS at two individual trapping sections measuring 3 cm in length. The 15 cm capillary
was looped outside the oven and exposed to a cooling blowafastex cooler, depending on
the application. Twestage thermal desorption of components trapped within the flattened
capillary was accomplished using a custouilt capacitive discharge power supphhis
modulator was successfully used in the thermal desorption aerosol comprehensive two
dimensionalgas chromatographyass spectrometry system (AIAG) developed by Goldstein

et al [95].
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Additional advancements in thermal modulation technology have come in the form of
miniaturising the deviceKim et al reported the micréabrication of a duastage,
thermoelectrically cooled modulator for use in |XpGC [96]. The authors utilized a boron
doping process to create miectbannels in an oxide layer that was thermally grown on a wafer.
A more detailed description of the fabrication process can be found in the article. These micro
channels were coated with PDMS andasured 4.2 cm and 2.8 cm in length for the first and
second stages, respectively. Inside dimensions were 250340 um with a wall thickness of
30 um. The heating of each stage was completed by providing voltage to micro heaters attached
to the top pdion of the micrechannels. Rapid cooling was accomplished by a thermoelectric
cooler (TEC) secured to the bottom of the two stages. As analytes arrived at the first stage, they
would become trapped in the first cooled michmannel. The micrbeater woud be engaged
briefly to allow transfer of the analytes to the second cold trapping stage, where further focusing
would occur. Once the first stage had sufficiently cooled, the second stage would be heated and

the analytes injected as a focused band tee¢lsend column. The TEC would remain operational

throughout the whole analysis to prevent breakthrough while desorption of the analytes occurred.

The authors could operate the modulator within the rang@&0ab 250 °C and effectively trap
less volatile V@s. This novel technique represented a move towards chip based GCxGC
interfaces and showcased reasonable VOC trapping capabilities at relatively low temperatures

without the use of expensive consumalp@&s101].

Moving forward to 2016, a new consumafiiee modulation system was described that
borrowed a page from the past and shamde design characteristics with the LMCS introduced
by Marriott and colleagues in 200BPhe device was referred to as the thermal independent

modul ator (TI M) and featured a O6modul ati on
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second dimension separation columns. To facilitate trapping of analytes from the first column, a
TEC device was staged in between two entry and exit heating zones. The modulation column
would physically move in to and out of these hot and cold zonesdpetly trapping and

releasing analytes from the modulation column in to the second dimension column. The first
iteration of the system featured a porous layer open tubular (PLOT) column as the modulation
column to help trap volatile species that wereiciff to retain. The system was first described

by Luong and coworkeid02]. In this publicationthe authors noted that injection bands

produced by the device were wider than those produced by commercially available modulators
of the time. This was attributed to the use of 0.25 mm id fused silica for the modulation column
which produced a larger vahe of vapour when analytes were mobilized into the second
dimension relative to other modulators which used narrower column widths for modulation.
Further, an additional length of capillary column in the exit hot zone facilitateddvaadening
before the analytes could reach the stationary phase D th@umn. Although injection peak

widths were noted to be unconventionally wide, good separations of hydrocarbon standards and a
winter diesel were achieved. Retention time standard deviations (RSD) were observed to be of
acceptable levels at 0.008 in the'D and 0.008% in the?D. Peak area RSD was reported to be
under 5% for a series of aromatic species analyzed. The ultimate limitation of this device was
the limited volatility raige of the modulation column. PLOT columns are useful for trapping
VOCs, but performance suffers for less volatile compounds as they are too strongly retained and
require more heating events to be effectively mobilized into the second column. Alternatively,
wall coated open tubular (WCOT) columns offered good performance for trappingceitiie
organic compounds (SVOC) but were ineffective at trapping VOCs. The impact of modulation

column internal coating thickness and internal diameter has recentlgbaeated by Giocastro
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and ceworkers[103]. Although the device offers a limited effective range of volatility, it has
been successfully applied to the study of bitumen sanipd&y, organic aerosold.05], VOCs
[106], and monoterpenes in various citrus species leafldiig. The modulator has also been
commercialized under the narSelid State Modulator (SSM) by J&X Technolog{&hanghai,

China)

The last contribution in this chapter describes a system that was inspired by the chip
based thermal modulation systems described herein and the constnealthermal modulator
system described in subsequent chapters. Coined as the thermal desorpalaom@DM),
this dait-yourself design was proposed to address the perceived complication and cost of other
consumabldree thermal modulation systerfi©8]. The design interfaced 1 m of MX3 0.25
mmid, 0.50 um @metallic column between tH® and?D columns. The first and last 20 cm of
this metallic column served as the first and second modulation stages, while the 60 cm central
portion served as the modulation loop. Electrical connections at both ends of the 20 cm segments
allowed current to be pssd along these sections, facilitating rapid resistive heating and
subsequent volatilization of analytes from the sorbent contained in these sections. Metallic
columns of wider bore were initially tested but rejected due to their larger thermal mass and
therefore longer required cooling periods before the next modulation event. Once thermally
desorbed from the first modulation stage through a 355 to 500 mschpalse, analytes
travelled along the 60 cm modulation loop until they encountered the second 20 cm modulation
stage. Additional desorption events volatilized the analytes absorbed within the second stage into
the carrier gas and along to the secondamyronl The entire apparatus was contained within the
GC oven andvaskept atoven temperature by circulating oven air. The authors experimented

with various lengths of modulation stages and modulation loops before deterthatia cm
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for the trapping stage and 60 cm for the modulation loop offered the best performance. The
authors demonstrated the modul&arapability with separations of hop oils and petroleum
distillate blends andeported run to run peak retention time reproducibility undéx: Although

a novel proof of concept and certainly more cost effective tltmmanercially available system,

this modulatoprovidedpoorchromatographic performance.

Thus far the GCxGC modulation devices described herein have used temperature
differentials to trap and inject primary column effluent components into the secondary column.
During the period when Phillips was evaluating the RTM, a new style of modulatoitiexp
valve-based technology and pressure differentials was being developed that would eventually
expand into its own category of modulation interfaces that today come very close to matching

the sensitivity and separation ability of their thermally matingy cousing109].

1.2.3 Valve and Flow Differential Based Modulation Systems

Unlike thermal modulators which trap effluent from the primary column using
temperature differentials, vahlmsed systems utilize pneumatic means to accomplish
modulation of the primary column effluent. There is one exception which utilizes both cryogens

and valves to modulate chromatographic peaks.

The diaphragm valve modulator (DVM) was the first vabased interface to be
successfully applied to GCxGC (Figure 1.6 A). Brucketeal first described their design in
1998 and suggested it may be used in place of thermal modulation, especially in the analysis of
VOCs[110]. The system utilized a wide bore, PDM8ated primary column and a narrow bore,
polyethylene glycetoated secondary column. A giort diaphragm valve with low dead

volume fittings, was interfaced between the two columns within the oven. Actuationvafiviee
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was completed with nitrogen gas controlled by a tHp@# normally closed solenoid valve. The
nitrogen delivery system was modified to includeladressurized reservoir and large diameter

gas lines connected to the solenoid valve to ensure no dropsisupe would be experienced

during actuation. Makeup helium was provided to the diaphragm valve, as was a vent line.
Overall, four of the 6 ports were used. The flows of helium and the vented effluent were
controlled using a lovilow controller and fine ratering valve, respectively. Gas flow was split
between the second column and ar.tength of fused silica capillary column to decrease the

flow rate in the second dimension. The excess carrier gas was vented to the atmosphere. The
diaphragm valvevasactuated twice per second for a very short time, allowing a small portion of
the first column effluent to enter the second column (Figure 1.6 A). As separation was occurring
in the second dimension, all effluent from the first dimension would be vented &tmosphere
(Figure 1.6 B). Bruckner used the system to successfully analyze a sample of white gas (camping
fuel) spiked with toluene, ethylbenzenexyiene, propylbenzene andxglene [110]. Good
repeatability between GCxGC runs was observed, but modulator performance was not studied in
great detail. The same system was also used to analyze aromatic isomers ifiljgijuas well

as aromaticen naghtha[112]. Although rapid actuation allowed very narrow peaks of effluent to
enter the second column, ordipoutl0% of the primary column effluent was sampled and
reinjected, leading to significant analyte mass loss and the inapplicability of this system to trace
analysis. Another issue was derived from the thermal limitations of the diaphragm valve. The

valve could mly be operatedp toa maximum temperature of 176, restricting analysis to

VOCs, thereby Il imiting this suyisgtvavmacwatienpp |l i cab

were also seen as a potential detriment to the system.
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Seeleyet al first introduced differential flow modulation (DFM) in 200013]. The
design and function were based upon the recently invented DVM by Bryadi@dr
Unsatisfied with poor sample transfer between the first and the second columns, Seeley devised
an interface capable of transferring significantly more of the primary column effluent into the
second column. The design utilized-pdt diaphragm valve \th a similar configuration as the
aforementioned authors, but featured the addition of a sample loop, thus making use of all six
valve ports. The interface was kept outside of the oven and its temperature was maintained at
125°C by block heater&ffluentwas transferred into and out of the interface by deactivated
fused silica capillaries that were connected to the primary and secondary columns with fused
silica unions. The modulator had two main stages: collection and injection. During the collection
stage, effluent from the primary column entered the valve and was directed to a deactivated
stainless steel sample loop measuring 10 cm long by 0.51 mm id. Effluenthvexmdtieciedin
this loop and be vented to the atmosphere once maximum volume haskbeeted During the
inject stage, the valve would be actuated, allowisg@ndary flow of carrier gas to enter the
sample loop and effectively sweep away the collected fraction into the secondary cidiemn.
flow rate in the secondary column was 20 times higher than in the primary column in order to
produce compressed injection bands and allow fast separation. For a 1 s modulation cycle, the

collection stage would last 0.8 s, and the injection stage 0.2 s.
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Figure 16A gener al scheme of Br uck(Dw)lasedahi aphr agm
referencd110]. During phase (A)effluent from the firsdimension column is
directed to the secortimension column. Auxiliary gas is vented to the atmosphere.
During phase (B), firstimension effluent is vented to the atmosphere as the auxiliary
flow is directed tahe secondliimensioncolumn

This i mproved version of Bruckneroés DVM incre
second column from ~1% to ~80%. The system proved to be robust but was still restricted by

the maximum operating temperature of the diaphragm yal4g. High flow rates in the second

column also eliminated the possibility of using mib@re columns, as very high head pressures

would be requirefl15]. Recognizing the temperature limitations of the diaphragm valve design,

steps were taken to increase its functionality at higher temperatures. SghaVvesstablished

that the valve temperature limitations were due to polymeriogs contained within the valve.

Their solution was to mount the valve in such a way as to keeprthgsoutside of the oven,

while the diaphragm and sample loop were keptlaid 16, 117] With the oven programmed to

250 °C, the sample loop was found to reach 247 °C, while the portion of the valve containing the

o-rings maintained a temperature of ~80 °C. With the diaphragm valve components exposed to
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effluent now capable of reaching higher temperatures, the range of compounds this interface

could effectively modulate had increased to include senfatiles[116].

Although differential flow modulators had been improved, vddased interfaces were
still inapplicable to the analysis of complex samples containing higher boiling point compounds
(> ~200 °C). These limitations would not plague those in the field for noncjer, as Seeley
was developing a novel system that would see the removal of the diaphragm valve from the flow
path. Seelegt al devised a flowswitching system that featured no valves within the GCxGC
oven and used materials capable of handling a mwohér range of temperatures than the
problematic valvg118] (Figure 1.7). Attached to the exit of the primary column wasuidn
(T1) that allowed carrier gas to travel either left or right through deactivated fused silica tubing
to two additional Tunions (T2, T3). T2 and T3 were both connected to an auxdasysupply at
their top port, and to a sample loop at their bottom port. All connections between unions were
made with deactivated fused silica tubing. The auxiliary gas supply was controlled by a three
port solenoid valve (SV) capable of directing gasvfto either T2 or T3. Both sample loops
were connected at the bottom of the apparatus with anotheioh (T5), whose bottom outlet
was connected to the secondary column. Effluent from the primary column would be directed to
either the fill or flush samplloop, depending on the direction of the auxiliary flow. This would
allow one sample loop to fill with the effluent, while the other was flushed with auxiliary gas. As
the sample loop reached its effluent capacity, the solenoid valve would be actwéistng
flow to the opposite side of the interface, allowing the auxiliary gas to inject the contents of the
recently filled sample loop into the secondary column, while the now flushed sample loop
functioned as an effluent collector. The auxiliary gasvflzalve would be switched at regular

intervals to achieve consistent modulation throughout the chromatographic run. Differential flow
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was also featured in this design, with the ratio between the primary and secondary column flows
ranging between 25 and 30, depending of the analysis. The authors successfully used the flow
switching system to analyze a mixture of VOCs, diesel fuel, andadics in gasolingl18,

119]. Narrow injection bands were observed throughout the chromatographic run. Placement of
the switching valve outside of the oven and all components in contact with the effluent within the
oven allowed this interface to expand the range of analytes to énlessl volatile species.

Another advantage of this interface was the removal of a primary column effluent vent.

Auxiliary flow Auxiliary flow

From ID From 1D

T2 3

Flush Fill

To 2D

Figure 17 Schematic diagram of the flow switching modulator based on refergBtle During
phase A, the capillary attached to T2 is filled with fdshension effluent, while the
contents of the capillary attached to T3 is flushed to thdithension column. In
phase B, auxiliary flow is switched by the solenoid valve (SV) and the recently filled
capillary is flushed into the second dimension, allowing the alternate capillary to fill
with the F'dimension eluate. Arrows indicate direction of gas flow.
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This ensured 10% mass transfer from the first column to the second column, a significant
improvement from the ~1% to ~80% mass transfer of the previously introduced vdlaeed
modulatord110, 120] The disadvantages of this system were mainly derived from its

inflexibility [121]. Balancing gas flow rate with sample loop volume and modulation timing was

a careful operation. If any single parameter was altered, the whole pneumatic system would have
to be reevaluated ande-optimized, a rather tedious exercise. Modulation periods were also

limited to around 2 s, thereby forcing separations in the second dimension to be very fast and

perhaps not as effective as longer second dimension separations.

The next innovation in flow modulation would see the improvement of both the first and
second dimension separations through employing an interface that combinedassdde
techniques in combination with cryogei®. preserve the first dimension separation, multiple
samples of the primary column effluent should be taken and injected into the secondary column.
As previously mentioned, each fraction eluting from the primary column should be sampled at
least three ordur timeg33]. With the need to sample the primary column so often, short
modulation periods are often required, therefore fast and sometimes less resolved separations in
the second dimension can occur. The concept offslapmodulation was first introduced by
Harynwk and Gorecki in attempt to remedy this wallown compromise between first dimension
resolution and second dimension separation fr2]. The authors designed a system whereby
flow in the first dimension could be stopped to allow the separation of primary column effluent
in the second dimension to progress to completion (Fig8jeThe design utilized an air
actuated, high temperature, low deadume 6port valve capable of withstanding up to 300 °C.
Three of the 6 ports were blocked. Connected to one port was the primary analytical column.

Connected to a second port was a secahgmn with the same pneumatic resistance as the
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primary column. This bypass column was connected to the primary gas supply using a Swagelok
T union at a location just before the injector. This was done to make certain that equivalent gas
pressure was supplied to the inlet of both columns, and to presedental transfer of sample
components into the bypass column. Connected to the third port was a section of deactivated
fused silica tubing which was connected to the second analytical column. The segment of
deactivated fused silica tubing served aspging capillary when cooled with a previously
described liquid nitrogen cryojet interfajde3]. After injection, the sample would make its way
through the primary column, becoming separated. As the first components began to elute, the
valve was in the sample position, and the eluate migrated through the valve to the deactivated
silica capillary whee it was trapped and focused by the liquiccojet. After a predetermined
trapping time had passed, the valve was actuated and moved into the stop position, while the
cryojet was halted and the warm jet was activated. With the valve in the stopmasiticarrier

gas flowed in the primary column. Carrier gas was now delivered instead through the bypass
column, into the valve, and through the deactivated fused silica capillary, flushing the focused
analytes into the secondary analytical column. Onparstion was complete in the second
dimension, the cryojet was engaged and the valve actuated. The primary column separation
resumed once again, as did trapping of the effluent in the cryojet interface. Periodic stopping of
the flow in the primary analytad column allowed each second dimension separation to proceed
independently of the length of the trapping stage (which determines tinesandard

modulators), permitting the adjustment of individual parameters, such as column length and
stationary phase, to create optimal separation conditions. This interface was compared to
conventional GCxGC systems and proved to be superior by prguétter resolution for early

eluting peaks. It also allowed the use of long, efficient secondary dimension colypmoas$(m
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x 0.15 mmid), and consequently an increase the separation power of the system (albeit at the
expense of longer separation time). Wrap around peaks were also eliminated, as enough time was

permitted for a full separation on the secondary column to od@#|.

The design was altered in later years with the removal of-fegtésalve from the
effluent path, and the inclusion of a pneumatic system to stop the flow in the first cfl@5in
A diesel fuel sample was successfully analyzed using this method and the authors also saw better
overall performance. The main disadvantages of#top GCxGC are its somewhat

complicated setup and long analysis times.

A B
Inlet B Tee D Inlet Tee —
1D Column l 1D Column l
j 4_
v
| l
Cryo-jet Cryo-jet
2D Column 2D Column

Figure 18 Schematic diagram of the stop flow modulator based on refefga2k During
samplephase A, one dimensional eluate proceeds alontPtiselumn, through the-6
port solenoid valve. A piece of fused silica connects the valvéedlumn where
the cryojet focuses peaks exiting th® column. During stogflow phase B, the valve
is actuated and flow from tH® column is stopped due the terminus of thecolumn
now being a blocked port of the valve. Flow now proceeds through the tee and
onwards towards the secondary column. The-@ye off in phase B allowing the
mobilization of the analytes along th&D column for further separation while the
column flow remains stopped. The X markers indicate a plugged valve port.
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Seeley would later introduce an alternative form of the flow switching modulator called
the simple fluidic modulatdil26]. This interface featured the primary and secondary columns
connected with two -Tnions, and a deactivated fused silica capillary in between. An auxiliary
gas flow of 20 ml/min was introduced to the remaining port of tumidns. Control of the
auxiliary flow was accomplished by a thrpert solenoid valve. A short segment of deactivated
fused silica tubing was used to join the solenoid valve and the primary column, while the
secondary column was joined with a long segment. The modulator operated iages §tl
and flush. During the fill stage, effluent from the primary column would enter the sample loop
for a desired time, while auxiliary gas flow moved through the secondary columrmoii and
into the second dimension. The second stage began whsoléheid valve was actuated,
forcing auxiliary gas flow in the opposite direction through the primary columanidn. The
significantly higher flow rate of the auxiliary gas temporarily stopped the flow of effluent from
the primary column, and quickly #ihed the sample loop into the second dimension. Each stage
would alternate to effectively sample first dimension peaks. Seeley used this modulator to
analyze a sample of gasoline and obtained results of the same quality as those achieved by the
previouslydescribed flowswitching interface§l26]. This modulator can be seen in Figure 1.9.
Seel eybs design would be commercialized in 20
Flow Technology (CFT), which is based on a monolithically constructed manifold with
integrated microfluidic channe]$27]. In later years, this method would be investigated and
modified further by Amirawet al to become what is now known as the pulsed flow modulator

[128, 129]
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Figure 19 Schematic diagram of the simple fluidic modulator based on refef&p6f During
fill phase A, the sample loop interfaced between T1 and T2 was filled with first
dimension effluent, while the auxiliary flow was directed to T2 onwards to the

Seeleyet al. once again introduced an alteimatapproach to modulation featuring a

microfluidic Deans switcli130]. Their design resembled previously described differential flow

mo d u |

with five ports and a thre@ay solenoid valve. Two ports of the CFT manifold were connected

secondary column. In flush phase B, auxiliary flow was redirected via the solenoid

valve (SV) to T1, which quickly flushed the contents of the sample loop onto the head

of the secondary column. The system quickly reverted back to fill phase A, which

allowed the sample loop to refill while the eluate injected into the 2D column became
separatd prior to detection. Arrows indicate direction of gas flow.

ators

with a few modifi

cati

ons.

The

S Wi

to thethreeway solenoid valve, which directed the flow of auxiliary gas to one of the two ports.

One of these two ports was connected withunibn to the 2 column and the®column, while

the other port was connected to a flow restricting column andritn@ny column. Primary

column flow was split with a -Bection that was connected to both of the previously described

unions.
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The CFT manifold portion of the switch remained in the oven, while the solenoid was kept
outside. The Deans switch operated in two stages, bypass andlfdcilhe bypass stage
involved the solenoid directing an auxiliary flow of gas in such a way that effluent from the
primary column was directed away from the secondary column and towards the flow restricting
column. No separation occurred on this columnt a&s made of deactivated fused silica and
functioned only to maintain gas pressure within the system and to vesangaied effluent.

During the inject stage, the direction of auxiliary gas flow was reversed, and primary column
effluent was directed towds the secondary analytical column. The switch remained in the inject
state for only 510 % of the Ry, thereby producing sharp injection bands into tie@umn. The
Deans switch permitted a greater range of oven temperatures to be used, extending its use to
semivolatile compounds. The greatest disadvantage of the Deans switch modulator, similarly to
that of the first diaphragm valve interface, was thdy @ small portion of the primary column
effluent was directed to the secondary analytical column, greatly reducing sensitivity.

Consequently, this interface is not suitable for trace analysis.

An additional development in vahkased modulation was introduced by Wang. It
utilized two fourport, two-position switching valves that were actuated electroni¢aBy]. The
interface operated in two stages, referred to as X and Y by the author (Figdrénlsiage X,
effluent from the primary column entered the first valve (V1) and traveled down a transfer line to
the second valve (V2). Effluent would be vented to the atmosphere if the transfer line volume
was exceeded. During this stage, auxiliary ¢@s ntered the second valve (V2) and swept
through the opposite transfer line, flushing it into the secondary column. -Bheg¥ began
when the valves were actuatetb their second position. First dimension eluate that had filled

the transfer line was now flushed into the secondary column by the auxiliary gas flow. Eluate
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leaving the primary column would now fill the opposite transfer line, with excess being vented
once maximum volume was exceeded. The valves (V1, V2) were actuated between these two
stages to achieve modulation. Wang tested this device by analyzing safmaetha, diesel,

fatty acid methyl esters and PCBBE31]. According to the author, performance equivalent to
thermal modulators was observed. Complete transfer of the effluent from the primary column to
the secondary column was accomplished. The valves used were capable of withstanding
temperatures of up to 38C, allowing for a wider range of analyses to be performed with this
device. Wang utilized high flow rates and a wide bore column for second dimension separation,
an attractive feature as a greater variety of stationary phase coatings are availaklénfdnisis

type of column[132]. Swapping the two foyport, two position valves used in the study for one
twelve-port, two position valve or one eighort, two position valve was described as a simple
alternative. Wangobés differential f pedosmechodul at

by valvebased modulation.

Mondello and coworkers explored a lgpgessure flow modulation setup based on
Seel ey 6s H26r183136]. Thenoodulatorutilized a high volume external sampling
loop and a wide bore secondary column. This flow modulation setugrbatly reduced flows
in the secondary column allowing MS to be paired with the device. The authors also reported no
loss in sensitivity relative to other flow modulators since splitting of the secondary column
effluent was not necessamfowever, the lowefD flows combined with wide bore columns
reduced the separation capacity of the second dimension significantly relativartalthe

modulation devices.

Lewis and coworkers explored their own version of the flow modulator based on

Synovecbs earlier designs t hpott twedositbn zed a f Il e
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diaphragm valve[137-139]. Although the diaphragm valve limited the operating temperature of

the GCxGC system, the modulator was shown to be a low cost, effective solution for the analysis

of volatile samples. Moving forward to 2012, a group of scientists from the Dow Chemical
Conmpany in the United States, Canada and the N
design. Led by J. Griffith, the reversidw differential flow modulatoyor the reversed fitflush

(RFF) modulatarwas developed to alleviate some of the mordl@hging operational aspects of

the column connection system used to recreate
[140]. Creating leak free and low deadlume column connections with Valco Tees was not

trivial and would often impact the performance of the device should they not be precisely set by
the operator. Again utilizing atharslwereadblée® CFT m
devise a system of channels and connections that was leak free and minimized dead volumes
throughoutl n Seel ey 6 s oauthogsipainadut thatamsalytgsrare flushkdeout of the
collection channel in to the primary colummthe same direction they are collected. During this

flush state, primary column eluate continues to elute into the collection channel and those

analytes eluting late in the cycle can enter the secondary column more slowly causing tailing

peaks. By reversg the flow direction during the flush phase, the collection channel can be fully
evacuated with a plug of analyfiee auxiliary carrier gas separating subsequent injection bands.

This reduces tailing and allows for a complete return to baseline evieiglidy concentrated
peaks.Themodulatorwas built using a three port CFT purged splitter and a three port CFT

unpurged splitter. On the purged three port plate, port one received the primary column, port two
interfaced a collection loop atainlesssteel capillary column to the unpurged three port plate

and port three connected the secondary column.
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Figure .DA gener al scheme of Wangdés dif f[@3llenti al
Valves V1 and V2 would be actuated at the same time to either fill or flush the
transfer lines into théD column.

The purged line provided auxiliary flow from a secondary flow source directed by axtayee
solenoid valve in the normally on or o6fill &6 p
received the end of the steel collection loop, port two was ctethéx the auxiliary flow line

connected to the valves normally closed posjtaom finally the third port included a bleed line

that served as a flow restrictdfigure 1.1). This modulator had two modes of operation, fill

and flush. In fill mode, eluatfrom the primary column would enter the purged CFT plate. It

would be directed to the collection loop, over to the unpurged CFT plate and out the bleed line

which was usually some length of 0.100 nthdeactivated fused silica. This bleed line could be

connected to a monitoring detector such as a flame ionization detector (FID). Auxiliary flow
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provided by a pneumatic control module (PCM) would be diverted through the normally open
port of the solenoid valve to deliver flow to the secondary column. Proper balancing of the flow
differentials between the primary column flow rate and the secondamnn flow via the PCM

was necessary to ensure analytes did not break through the internally etched channel connecting
the primary and secondary columns. When optimized correctly, analytes would proceed from the
primary column to the collection loop as diaxy flow passed into the secondary column

without interference. Itheflush modethe solenoid valve would be actuated and direct auxiliary
flow for between 50 and 500 ms through the normelibgsed port of the threeay valve. The

flow would be split in the unpurged thraeay splitter between the narrow bore bleed line and

the wide bore collection loop. The flow of gas through the collection loop in flush mode was in
the reverse direction ofi¢ fill mode, hence the term reverse-fillsh modulator. Ater the

flushing step was complete, the auxiliary flow returned to the norropliy port of the three

way valve and the content of the collection loop whighsinjected onto the head of the

secondary column began to transit the secondary collinane are some unique features of this
modulator that merit description. The bleed line length and diameter are critical to the successful
operation of this device. The bleed line must provide enough impedance to the CFT splitter to
forcetheflushing gas througthe collection loop and onto the head of the secondary column. If
the impedance of the bleed line is too low, flushing gas would naturally divert through the bleed
line and provide ineffective flushing of the collection loop. If the impedance of the liheeis

too high it creates pressure problems for the primary column flow source, the inlet of the GC, by
requiring high column head pressures which can be unsustainable at hot GC oven temperatures.

Collection loop volume is another important factocemsider. To ensure complete transfer of
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theanalytes from the primary column tadhesecondary column, the loop should be flushed before

it fills to capacity.

A B
[—— From 1D —— From 1D
g ~ E
T

—= \\ »_ To2D } l—v To 2D

T \ \
Auxiliary Flow Auxiliary Flow
SV j SV /‘
é |
E = T
l —1———*  BleedLine @:4—' Bleed Line

Figure 1.1 The RFF modulator developed by Griffiths andvearkers[140]. In fill mode A, D
column effluent enters the first CFT platiensits through the collection loop to the
second CFT plate and exits out the bleed line if no valve actuation occurs. Auxiliary
gas flows through the first CFT plate and provides a separate sodizeafrier
gas. In flush mode B, the solenoid valve is actuated and auxiliary carrier gas is sent
to the second CFT plate where the majority of flow is diverted through the collection
loop, sending its contents towards the head ofheolumn. Pressure from tAB
column impedes the flow of collection loapntents into théD column forcing their
diversion to the lower impedané® column. This step happens for 100 ms to 500
ms depending on the loop volume before returning to fill stage A.

This means the\Pused in a complete transfer system, wheréDaéluate is transferred to thB
column, is a function of primary column flow rate and collection loop vollraghermore, the
width of the injection band loaded onto the second column during the modusatigracted by
the rate at which it is flushetglated tahe secondary column flow rate. Idealiige secondary
column separation is complete or nearly complete before the next band is introduced. The

relationship betweetD flow, 2D flow, collection loop volume and bleed line impedance must be

41



considered and optimized for this RFF modulator to work correctly. The ratio of flows between
thelD and?D columns is also important to maximize the resolution on both columns. A
particularly impactful feature of this devicethe ability to modulate the solvent peakich

greatly improvsthe quality of chromatography for samples including large volumes of solvent
or peaks that elute near the solvent peak. Overall improvements in peak shape, breakthrough
reduction and system flexibility were achievedhathis design relative to previous flow

modulation systems.

The RFF modulation design by Griffitt al. would prove impactful for the expanded use
of flow modulation as commercial versions of the device became available approximately 5
years after their publication. Agilent released their own RFF design which operated in
fundamentally the same way as the Grifiitidesignwith the exception that the collection loop,
which was an externally connected segment of 0.53drstainless steel capillary in the original
RFF design, was now etched within a single CFTeptdtering an internal collection channel for
1D column effluen{141]. All necessary camections for auxiliary flows'D, 2D and bleed line

were also included on this single CFT pla€e. u pet & dompared hei r t ake on

Gr i f

design to Agilentdés FFF unit. They concluded

mixtures with low or equal concentrations of analytes like petroleum mixtwiethe RFF
system outperformed the FFF system when evaluating mixtures with wide conceménagjes
of analytes such as essential ogardinaet al. would later expand on the design by developing

a pneumatic model to desceilbow the Agilent RFF modulator operated and could be optimized

[142. One key difference between the Griffithos

loop being etched internally within the CFT plate, which restricts thia® analyst can

practically use during their experiments. SingeifPthese RFF systems is related@oflow rate
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and collection channel volume, extended modulation periods of 4 seconds or greater would only

be possible with very lowD flow rates. This can be problematic if tH& column is operated at

a lower than ideal linear velocity, sacrificit resolution and therefore overall resolution. The

analyst may decide to use a narrow bore column which can be operated at optimal linear velocity

at lower flow rateshowever the tradeoff is high head pressure at tH2 inlet and lower sample

loading capacity compared a conventional 30 m x 0.25 michx 0.25 mm ganalytical column.
Whereas the desigadt he Agi |l ent RFF and Griffitshdés modul
design offers greater method development design flexibility to the anBhesigilent RFF

design has been ustm a wide variety of applicationsecentlyincluding alcoholic beverage

[143, 144]and fingerprintesidueanalysig145].

A different RFF modulator was made available around the same time from SepSolve
Analytical and was named the INSIGHT moduldtt6]. Similar to the RFF modulator released
by Agilent, this device wafferedbsaneardquedfeatureshTde Gr i f
modulator itself was designed on a single microfluidic platewing all connections for
auxiliary gasses and columns to be made on a
device the INSIGHT modulator supported an external collection loop made from 0.58 mm
stainlesssteel capillary, which the analyst could shorten or lengthen to suit the desired
modulation period, column flow rates and application at hand. A schematic of the device is
shown in Figure 124 Since its release, the INSIGHT modulator has found commercial success
globally and has been used in applications such as breath afiledygjorganic pollutants in

electronic waste dudtl48] and the aroma profiles of bdd#9].
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Figure 1.2 The INSIGHT modulator developed by SepSolve (based on refererije [Hde
operati onal principle is fundamentally ¢t
[143], except that atonnections are made on a single microfluidic chip.

The most recent flow modulator to be made commercially available is the FLUX
diverting flow modulator from LECO Corporati¢h50]. This design is based on the work of the
Seeley group referred to as the muatibde modulator (MMM]151]. This simplemodulatoris
built using a fowway cross fitting connected to a tee through a section of tubing at its.center
The primary and secondary columns are inserted into the cross and tee fittings, respectively,
opposite each otheuntil the point where each column reaches the crimp in the central tubing.
Auxiliary carrier gas is supplied to either the cross fitting or the tee, depending on the actuation
state of the idine solenoid valve. The final port of the cross leads to denae. This
modulator has two modes of operation, divert and inject. In the divert mode, carrier gas is
supplied to the tee fitting, whidh turn supplies carrier gas to tf2 column and diverts th¥d

effluent to waste. In the inject mode, the valve is actuated on the auxiliary gas line and flow
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moves to the cross fitting, which injects the contents of the primary column effluent contained
within the cross and connecting tubing sections toward®flumn. This injection period is

brief at approximately 30 ms to 80 ms, after which the system returns to the divert mode sending
1D effluent to waste as the recently injected analytes are separated?Dretiiemn. This

system is characterized by narrow injection bandwidths onto the head of the 2D column owing to
the short duration of the injectiguuise. This can subsequently generate separations with good
resolution. However, with the majority &b column contents being diverted to waste,dbty

cycle islow and reminicant of early flow modulatoM/hat does remain true is that this
modulatorand the other flow modulators described herein have undoubtedly expanded the use of
GCxGC globally by making the technique more accessible to laboratories with lower budgets

and those seeking a retrofit solution for their GC instead of a new capital éxpend

Since Phillips introduced the first GCxGC modulator design in 1991, scientists seeking
greater peak capacity for their separations have never had more modulator options available to
them than now. Technology has advanced to such a point that therdeadéffi@gtences in
performance between thermal and vabased deviceld52]. When selecting a modulator, the
analyst should consider several factors such as their need for sensitivity, repeatability of retention
times and peak areas, cost of consumables used to operate the modulator, space within the
laboratory to host modulatperipherals, purchasing budget, level of expertise within the
laboratory to operate the device, optimization flexibility, and several more. It is no longer a
guestion of thermal versus flow, but whietodulatorbest suits the application and laboratory in

which it will be used
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1.2.4 Optimization aspects of twedimensional gas chromatography

In previoussections GCxGC fundamentals and modulator designs throughout the years
have been described. Thasctionis dedicated to the discussion of optimization parameters used
to generate high quality GGC chromatograms. Method optimizationGCxGCis more
complicated tham 1D-GC as there are many more parameters to consider. In a commonly used
column set for GEGC, the'D column is norpolar, e.g. a 30 m x 0.25 mm¢olumn with a
film thicknessof 0.28. . 0 e m, pr oduci n g Histaidalyy taiDwnarbwborb r o a d
(0.1 mmid,short(0.562. 0 m), and pol ar col umwmscommonly f i | m
used to allow fast and efficient separations in this dimension within approximately one
modulation periodThe trend now is towards selecting column sets thighsame or similar
internal diameterso reduce overall column train impedance and allow higher analyte loading of
the?D column stationary phas@mpared to narrow bore columii$ie next step is to select a
temperature program, carrier gas flow rate and modulationdoirad allow all peaks to be
sampled at least 2153 times[33, 153] In this conventional approach to optimization, the two
dimensions are treated somewhat independently (as long 43 toumn is kept in a separate
oven). Though this approach has been popular with GCxGC users for a long time, it is not a
standardized procedure and the conditions do not always provide the optimum GCxGC
separation. Harynuk and Gérecki pointed that theaues of separations optimized using this
nonstandardized procedure often seemed far from opf{itedl. For example, when
chromatograms obtained using a 0.1 mm id column idRh&ere compared with those obtained
using a 0.25 mm id column, tRB peak widths for major components were often significantly
larger when using the 0.1 mm column, with the remaining conditions being dib%igr The

authors attributed this to overloading of the nartmwe column in théD with the very narrow
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peaks created by the modulativiis clear, thereforethat GCxGC method optimization is not
straightforward, which is probably one of the reasons for the still somewhat limited usage of the
technique. Method optimization in GCxGC is mainly devoted to maximizing separation power
and sensitivity. The main opional conditions that must be optimized are the modulation
parameters, stationary phase chemistries, column dimensions, carrier gas flow, temperature

programs and detector settings. Modulation pataradiave been coveredSaction1.1.1.

1.2.4.1 Column combinations

Although the modulator is the key to successful GCxGC separations, the
chromatographic columns play the most significant role in any GC separation. Simply installing
the modulator between two columns does not guarantee a good GCxGC separation.
Consequentlycolumn combination optimization, including stationary phase chemistry, column

dimensions and film thickness, is required to accomplish efficient GCxGC separations.

The most important aim of an optimized GCxGC separation is the maximum use of the
2D separation space. The structured order separation is important only when analyzing samples
that contain structurally related compounds such as homologues or isomers (e.g. petrochemical
or fatty acid methyl ester (FAME) samples). Nevertheless, many pitiisshed GCxGC
chromatograms showed low exploitation of the separation space. The majority of applications in
GCxGC have used a nqolarD column (100% dimethyl polysiloxane or % diphenyl/95%
dimethyl polysiloxane) connected to a more péacolummn (e.g. polyethylene glycol, 5%
phenyl/50% methyl polysiloxane]155]. With such column combinations, analytes are separated
primarily according to their vapor pressuresin(especially the nopolar ones), and according

to their polarity in’D. This means that two different separation mechanisms are involved, which

is referred to as ndort h ¢lB6plh 4 There are) howelver,t he sepa
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numerous applications in which the columns are used in the reversewdrdex a more polar

column Busedin theD, and a less polar one i [158, 159] Higher levels of c¢hogonality

between théD and?D columnscan generate better separatifi®, 160] However,

consequences such as increased wraparound may be inclesisedld be emphasized that
orthogonality is not a goal in itselfhe success or failure of any separation is always decided by
sufficient separation of the target analydesl overall utilization of the separation spa&ce

the inception of GRGC, dozens of GCxGC stationary phase combinations have been evaluated.

Representative examples of the combinations are presented in Tlable 1.

Ryanet al.[161] studied how selectivity tuning of tH® column polarity affected the
separation achieved. This study was mainly aimed at predicting GCxGC peak positions in the 2D
separation space. ThB column polarity was systematically varied by combining different
lengths of polar and low polarity columns while keeping the total column length constant. The
resulting'D column was then coupled to both polar and-polar?D columns. Figures 13land
1.14 show the GCxGC contour plots of a-é@mponent standard mixtuobtained from
coupling of columns A (Tablel.2) with the polar polyethylene glycol phase and-jmolarity 5
% phenyl methyl polysilphenylene siloxane ph&3eolumns, BP20 and BPX5, respectively.
Maximum use of theD separation space was achieved when the two columngivesnest
disparate (Figure 13A and 1.4E). As the polarity of théD column approached that of tfi@
columnin Figure 1.B, the separation space utilization was significantly reducgitinearly all
analytes were arranged diagonally in the separation space (FigBiEg, Intlicating almost
complete lack of twalimensional separation. This occurred when'Bveolumn was 1006

BP20, i.e. the same as tf2 column.
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Tablel1.1: Representative examples of GCxGC column combinations

Reference

1 i 2 [
D (length m x id pm) D (length m x id pm) Analyte/sample examples

Poly(ethylene glycolf21 ~ 100% Polydimethylsiloxane A hydrocarbon [32]
m x 250 pm) (PDMS) (1 m x 100 pm) mixture and a coa
liquids sample

(SolGel + poly(ethylene 5% Phenyl polysilphenylene Roasted coffee [162]

glycol)) composite phase siloxane (1 m x 100 pm) bean volatiles
(SolGelWAX (30 m x
250 pm)
Poly(ethylene glycolf30 5% Phenyl polysilphenylene Lipids and roastec [163,
m x 250 pm) siloxane (1 m X100 pm) coffee bean 164]
volatiles

Polyethylene glycol (TPA 35% Phenw Food analysis [165]
treated) (30 m x 250 um) polysilphenylenesiloxane (1 m

x 100 pm)

(5 %-Phenyl)(1%-Vinyl)- 14 % Cyanopropylphenyl) Test mixtures [49]
methylpolysiloxang2 m x methylpolysiloxane (0.5 m x

100 pm) 100 pm)
100% PDMS (30 m x 250 (SolGel + Poly(ethylene Volatile [166]
pm) glycol)) composite phase components of

(SolGeltWAX (1.5 m x 250 Pinotage wines

Hm)
100% PDMS (50 m 630 50% Phenylpolysilphenylene Volatile organic [167]
pm) siloxane (2.2 m x 150 um) compounds in

urban air

100% Cyclodextrin (50% Liquid crystal / 50% PCBs in [168]
directly bonded to PDMS dimethyl) siloxane column (1 n environmental
(10 m x 100 pm) x 100 pm) samples
100% PDMS (1 m x 100 14 % Cyanopropylphenyl) Essential oils [169]
pum) methylpolysiloxane (2 m x 10(C

Hm)
Polyethylene glyco{60 m (14 %-Cyanopropyphenyl} Cigarette smoke [170]
x 250 um) methylpolysiloxan€3 m x 100 condensates

Hm)
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Poly(5%-phenyl 95 %- 1,12Di PCBs [171]
methyl)siloxane phas@0 (tripropylphosphonium)
m x 100 pm) dodecane bis

(trifluoromethanesulfonyl)

imide (3 m x 100 pm)

Poly(methyltrifluoropropyl Poly(dimethyldiphenylsiloxane Trace biodiesel in [172]

siloxane) (30 m x 250 um (5 m x 250 pm) petroleumbased
fuel
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Figure 1.B GCxGC wntour plots for differentD columns coupled with a BPZD column.
PanelgA i E) correspond to column designasaccording tdD columns shown in
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The same result was obtained when a%0BPX5 column A wasoupled to the same column in

the second dimension (Figure 4A). A similar study was performed by Cordezpal, but in

that case the influence of selectivity tuning of #Becolumn on the GCxGC separation was

studied[173].
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Table1.2: Combineepolarity columns used in tH® [161].

D Length of BPX5 column Length of BP20 columin
A 20 0

B 15 5

C 10 10

D 5 15

E 0 20

" each column is 0.25 mm id and 0.25 ymn d

The results showed that using a fuar stationary phase in th@ provided the most
orthogonal systems. Using a polar stationary pha$® tends to decrease the separation space

even when a proper orthogonal phase is used ifDthe

lonic liquids (ILs) stationary phases can be tailored to have different degrees of polarity.
They have the following characteristics: (1) high affinity towards dipolar solutes and solutes that
can serve as hydrogen bond adgii&4], (2) unique selectivity towards nguolar solutes such as
alkanes and alkenes, similar to lpelarity stationary phases such as dimethylsilox@hes,
176], and (3) high temperature stabiliyor example, partially cross linked ILs can withstand up
to 350 °C, compared to majority of conventional polar stationary phases which cannot be used
above 280 °CBreitbach and Armstrongsed high temperaturghosphonium IL column itD
in combination with a conventional ngolar (5% diphenyl / 9%% dimethyl siloxanefD
column[177]. The selectivity of IL column was compared with selectivities of polyethylene
glycol and 5046 phenyl / 50% methyl polysiloxane. The IL stationary phase tested showed
strong interactions with hydrogen bonding and dipolar compounds. In addition, it displayed a
unique selectivity towards low polarity hydrocarbons such as acyclic and cyclic alkanes and
monounsatrtated alkenes. In another study, a triflate (trifluoromethylsolfonate) IL column was

used in theéD of a nonpolar x IL setup and evaluated in th@agation of 32 compounds
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exemplifying varying chemical propertigs/8]. In particular, focus was placed on the separation
of four phosphorusxygen containing compounds found in the 32 congmomixture. The
performance of this setup was compared to a setup containing a conventional polyethylene
glycol column in theD. The authors found the triflate IL column demonstrated superior
selectivity towards phosphoraxygen containing compounds compared to the polyethylene

glycol column.

In general, théD column is usually long with typical dimensions of 15 to 30 m x 0.25
mm id, and a film thickness of 0.250 um. The separation in tAB column has to be fast so
that it can be finished in a time shorter than the modulation period to prevent wrapémound.
thermal modulationshort, narrowbore columns are commonly used in fBe typically 0.51.5
m x 0.10.25 mm id and a film thickness of 60125 um[70, 179182]. Flow modulators will
frequently use longeregular bore columnsypically 38 m x 0.25 mm icand a film thickness
of 0.1-0.25um [150-1527]. Adahchouret al.reported the use of a 0.5 m x 0.05 mm id column
with a film thickness of 0.05 pm in tH® instead of the more usual 0.1 mm id columns with
film thickness of 0.1 unf183]. The design provided ultfast?D separation, i.e. the analysis
time was reduced by more than thfekl without sacrificing resolution. However, the column

was very prone to overloading, and such columns are not easily available.

In theory, short, narrow bore columns with thin films of stationary phase should always
provide the most efficient separation. In GCxGC, however, problems arise wi@&nhdbkemn
becomes overloaded, which occurs quite frequently with thermal modulators due to the zone
compression during trapping. The concentration effect of the fodskdnd may lead to
overloading of théD column even when th® column is not overloadgd0]. This results in

the deterioration of the peak capacity in tBedue to the large widths of overloaded peaks,
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which might consume a significant portion of the limit€dseparation space. Harynakal.
studied the influence tH® column internal diameter on tAB peak widtls [184]. The authors
used a series of 1 m lendgih columns with diameters ranging from 0.1 to 0.32 mm. The
columnsd phase ratio was mai nt aidmeargolac onst ant .
column was used itD. Differentn-alkanes (€1 Cis) were injected at several concentration

levels under the same volumetric flow rate and temperature progyaonditions. Figure 13
illustrates a comparison of the GCxGC peaks eluting from the 0.1 and 0.2 gwtumns.

Both dimensions were overloaded when a mixture of pure compounds was injected, but the
consequences were much more severe for the 0.i1Dveolumn (Figure 18 A and C). When

the columns were not overloaded at lower analyte concentrations, the 0.1 mm column provided
slightly bettermperformance than the 0.25 mm column. The authors concluded that using-narrow
bore columns in théD might not provide as great advantages as is commonly thought. The same
group also studied the effect of thi2 column film thickness on the GCxGC separafit8b].

Four 30 m x 0.25 mm negpolarD columns with film thicknesses of 0.1, 0.25, 0.5 and 1 pm

were tested. Two polar columns (1 m x 0.1 mm x 0.1dgamd 1 m x 0.25 mm x 0.15 pd)

were used as th® columns. The authors concluded that when speed of the separation is
prioritized over high resolution, thifilm D columns and narrowore?D columns might be

optimal. However, when high resolution is desired, thicker film (i.e. 0.25 or 0.3@u@Ylumns

and larger diameter (i.e. 150 pm f) columns could be a better combinatidulditional

discussion relating to the chromatographic effects of overloading can be found elda@®6gre
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Reproduced from referen{&84]

1.2.4.2 Carrier gas linear velocities

The majority of GCxGC separations in the literature are derived from previously
optimized 1DGC methods, especially with respect to the carrier gas flow rates. However, when
the internal diameter of tf® column is smaller than that of th® column, carrier gas pressure
in the latter is considerably higher than in-ET separations. As a result, the diffusion
coefficients, and consequently the optimum velocity intBheolumn are far lower than in 1D

GC. Beent al.illustrated this and developed soft@do assist in the optimization of carrier
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gas flow rates and column dimensions seledi@&7]. The software developed was used to

calculate the separation parameters of two column combinations, onenaittoe borg0.1

mm id)2D column and one with a wider bore (0.18 mm?@)column. The result of this study

was the conclusion that: (1) the optima for both dimensions are at widely different linear
velocities, (2) the optimum of tH® is at a relatively low linear velocity, and (3), the wintere

column combination provides more separation at the same analysis time. The authors concluded
that when optimizing the GCxGC separation, it is advisable to operate both dimensions close to
their optimum linear gas velocities, which can be mainly achieved by using two columns with

the same internal diameter. Based on both this study and the Hatyaluktudy of overloading

[188], the use oharrow bor&D columns might be far from optimal unless special precautions

are taken.

Most GCxGC separations using columngbnthat have smaller id than th® column
are carried out at carrier gas velocities that are optimum or close to optimum in the first
dimension, but much higher than optimum in the second dime[i8@in 189191]. Tranchidaet
al. in 2007[192] presented various options for carrier gas velocity optimization in GCxGC: (1)
to reduce the head pressure, thus the linear velocities in both dimensions; this causes retention
times to increaseép resolution to decrease and elution temperatures to increase; (2) to use a
longer?D column; this increases tBB retention times and leads to degradation of the separation
obtained in théD column because of the need to use longer modulation periods; and (3) to use a
wider-bore (0.15 0.18 mm id)’D column; his might enable the operation of both dimensions
under neaoptimal velocities. An alternative option described in detail by the authors was the
use of a flow splitter prior to the modul ator

of splitting the flow was originally used by Phillig82, 37] where a Tunion was used to
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connect the two analytical columns, thus enabling the diversion of about a thirdDfdbimn
flow. The split flow GCxGC system by Tranchidhal.enabled independent adjustment of the
carrier gas linear velocities in both dimensi¢h@1]. A 30 m x 0.25 mm idD column was
connected to a 1 m x 0.10 mm?l@ column and a 0.3 m x 0.10 mm id uncoated capillary
segment through a Y prefs The?D column was passed through the cryogenic modulator,
while the uncoated capillary was connected to a manual split valve. This design enabled
optimization of theeD gas flow simply by adjusting the split valve. The design was tested in the
analysis of cod liver oil FAMESs and the results were compared to the results obtained from a
conventional GCxGC system under the same temperature program and at an'avénage
velocity of ~ 35 cm/s. This group also used a split flow GCxGC design for theizgtion of

2D separation using a 50 pichcolumn in?D and a twiroven for the analysis of some complex

samples such as roasted Arabica coffee voldiil@3] and a diesel samp|&92].

Another approach to optimized linear velocities in both dimensions was based-on stop
flow GCxGC, amodulatorpreviously described iBection1.2.3[122]. The benefit of this design
was that it allowedhe stoppage of th&D flow which facilitatedalonger separation in tH®.

This was donavithout the need to increase the length of the modulation peri@] ihus
preserving the separation accomplished in the first dimension. In this systéi,ahe’D
columns could be operated simultaneously under optimal flow conditindshe’D column did

not necessarily have to be short and/or narrow.

1.2.4.3 Temperature programming
Temperature program optimization is an important factor that influences any GCxGC separation.
The occupation of the 2D separation space can be increased by tuning and optimizing the

temperature programming rdte91, 194] Figure 1.6 A shows the distribution of the analytes
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around a diagonal when both dimensions are operated isothermally. In this case analyte volatility
is the main determinant of retention, thus the retention times in both dimensions are correlated.
Keeping thé'D isothermal while increasing tRB temperature linearly causes the {bwiling

point analytes eluting early from thB to be launched into tH® column at lowerD

temperature. On the contrary, highiling point analytes are launched into Becolumn at

higher?D temperature. Therefore, thB temperature increase compensates for the decrease in
analyte volatility during the run. This rotates the diagonal pattern in Figusé\lirto a

horizontal one in Figure 161B. In Figure 1.6 C, the'D temperature is increased linearly, while

2D is kept isothermal. The diagonal pattern from Figuré A is curved upward. By increasing

the temperature linearly in both dimensions, the retention times in both dimensions become
reduced Thus the peaks are well distributed within a smaller @igare 1.5 D). This

simulation was close to the practical results obtained by Venkatratainj194]. It is

important to mention that GCxGC designs use either a single oven or two independent ovens.
The latter increases the flexibility of the system. Using a single oven has two main limitations:
(1) the maximum operating temperature is limited by the maxirtemperature of the less
thermally stable column, and (2) tfi2 analysis temperatures are dependent ofDtedution
temperaturg195]. Generally, the temperatupeogramming rate in GCxGC should be rather

slow, i.e. 1i 5°C/min, to produce relatively broad peaks in ¥Bethus allowing the required 2.5

T 3 fold modulation of each peak. However, excessively slow temperature rates can adversely
affect sensitivity and/or cause wraparo(ih@5]. When two independent ovens are used?Ehe

column is usually programmed at the same rate, but with30C offset from theD rate.
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Figure 116 Simulated GC x GC chromatogram showing the influence of temperature on sample
retention. Reproduced from refererjt84].

More recentlyChow and Goreckilevised alevice forindependent temperature programming of
the?D column[196-199]. The system is based directresistive heating of @ommercially
availablemetallic secondary columitThe column wouldbe rapidly heated and cooled within the
span of a modulation period across the entire GCThe.authors refined this design by

integratng sophisticated temperatuaad timing controklectronicavhich allowed precise
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measurement of capillary and oven temperatwtaist ensuring applied heating was always in
sync withthe R across the GC ruhis system was validatedth both thermal and flovbased
GCxGC systemand demonstrated excellent retention time and peak area repeatabdityse
of atemperature programméb columngives the analysnore flexibility whenoptimizing their
separation and offers greater peak capammtgntialrelative toconventional isthermaPD oven

temperature offset

1.2.4.4 Detection systems for GCxGC

There are a number of detectors available for use in GCxGC teasaitisapplication
demands. With GCxG@rovidingseparations in the second column on the order of 1 to 10
seconds long, peaks eluting into the detector are often numerous and very narrow. Typical peak
widths at half height range from 40 to 120 ms. With at least 10 data points along the peak
needing to b acquired for accurate peak area calculation, a general rule is that detectors for
GCxGC should have data acquisition rates of at leasHQR00]. For this reason, the most
popular detector used with GCxGC is flmeionization detectorKID). The FID is a small,
robust detector characterized by fast acquisition speeds, low internal volume and wide dynamic
range[201]. Its main disadvantage is its lack of selectivity. For the analysis of organohalogens,
the micro electron capture detectorED) has proven to be well suited for GCx{202, 203]
However, consideration should be given to the relatively large internal volume of the detector,
which broadens second dimension peaks considerably at lowupdl@av values. Other
detectors such as the nitroggimosphorous detector (NPD), sulphur chemiihescence detector
(SCD), atomic emission detector (AED), and miniaturized pulsed discharge detectors (MPDD)

have been used as wglD4-213].
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In 2014 a new detector technology for GC was commercialized by VUV Analytics Inc. of
Austin, TX, and introduced as the Vacuum Ultraviolet (VUV) Detector. The VUV detector was
first described by Schugt al [214]. It is unique amongst detectors used with GC in that it
exploits the absorption of ultraviolet light by analytes in the-185 nm range. Suitably high
acquisition frequencies permit its use with GCxGC as described in studies looking at human

breath[215] and fueld216].

With accurate quantitation, targeted and-temgeted screening and structural elucidation
beingnecessary attributes of many analytical methodologies, mass spectrometry (MS) and
GCxGC have become an extremely useful pairing. Of the numerous MS detectors available, the
time-of-flight (TOF) MS remains the most practically useful. In principle, TOF MSthe
ability to scan at up to 500 Hz rate and provide < 10 parts per million (ppm) mass accuracy, as
well as the largest mass range of any MS detector,ugthimcreased mass ranges require lower
scanning rates and subsequently provide poorer mass resolution. When paired with GC or
GCxGC, the TOF MS uses electron ionization (EI) allowing for NIST library searchable spectra
to be produced. The combination dF MS and GCxGC helped resolve and identify analytes
in some extremely challenging applicatig@&7]. Severamanufacturerprovide standalone
TOF MS systems, as well as complete GCxGC TOF MS packages. In recenseeairal
advances have been made in TOF MS technology, including the availability of high resolution
TOF MS (HR TOF MS). These instruments are offered from Vendors such as LECO, JOEL,
Agilent and Thermo Scientific. Waters Corporation offers a quadrupotedi-flight (qTOF)
instrument with an atmospheric pressure ionization source, which has shown to be an effective
pairing with GCxGC to iarease sensitivity of conventional GC separat[@i8]. The HR TOF

MS detectors can provide mass accuracy ajpgub levels and scan at rates sufficient to
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facilitate adequate peak reconstruction. These detectors are being used for accurate mass
determination and identification of analytes in highly complex sanjples223]. Although
these HR TOF MS detectors are very powerful, they have limitations related to the dynamic

range and the large amount of data produced.

Another development in the TOF MS area is the variable ionization system Markes has
introduced for their BenciOF detectors. The user can adjust the El source energy from 10 to
70 eV. At lower ionization energies the system can produce NIST searchaiplecil with
more pronounced molecular ions and a larger abundance of high mass fragments. This has been

shown to be especially useful in differentiating challenging isomeric compg2@vis

Quadrupole MS (gMS) has been paired with GCxGC in the past and remains fairly
popular due to the ease of use and relative availability compared t&BQ@lEtectors. These
detectors can provide adequate sampling frequency for GCxGC, but only for very narrow mass
rangeq225]. The mass range can be increased if second dimension peaks are intentionally made
wide to allow for enough data points to be acquired. GCxGC with gMS is often used in selective
ion monitoring (SIM) mode in target analysis. Significant efforts have bede maMondelloet
al. to pair GCxGC with qMS detectiqf©34, 135, 226230]. The same group also utilized
tandem mass spectrometry (MS/MS) in both scan and multiple reaction monitoring (MRM)
modes to perform sengjuantitation of benzothiophene, dibenzothiophene and
benzonaphthothiophene chemical clag&@6]. More recently, GCxGC with gMS has been
utilized to evaluate wine volatilg231], atmospheric volatile organic compounds (VORSR]

and VOCs derived from Kava root extraf283]
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1.2.4.5 Summary

Today, GCxGC can be considered a mature technique. It offers many advantages over
conventional 1BGC separations. However, careful optimization is required to reach the full
potential of the technique. GCxGC separation optimization is not as simplecawéntional
1D-GC. This complexity comes from the fact that two different columns are linked together, thus
any changes to th® column, flow rate, modulation, oven temperature programming rate, etc.,
will affect the separation not only in that dimensibat in the?D as well. For example,
increasing the oven temperature programming rate while keeping other parameters constant will
generally result in narrowéb peaks. This may increase the chance of overloading in the second
dimension, leading téD peak broadening and loss of resolution and 2D separation space. On the
other hand, when the temperature programming rate is increased, the analyte elution temperature
from the!D also increases. Consequently, separation will be performed at higher tenepi@ratur
the?D. As a result, the chances?df overloading are decreased due to the higher column sample
capacity at higher temperature. In addition, narro\Repeaks may require shorter modulation
periods to get a sufficient number of samples acros¥ipeaks. Tabld.3illustrates the effects
of the main chromatographic parameters on GCxGC separation oJ&aeCareful
consideration of all parameters and their interactions is needed for optimum results. However,
once the complex interplay of the parameters is understood, GCxGC can reward the user with

unparalleled separation power.
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Tablel1.3 Effects of changing GCxGC parameters on other aspects of the system. When
parameter A in the Parameter column is increased, it will ghBa@meter B in the
Effect column. If B increases with,Ahen (+) is indicated in the Direction column. If

B decreasesj | is indicated, and if the effect is uncertain, (%) is indicated.

Paramete(A) Effect(B) Direction
. Te +
Oven programming rat T analysis fime -
1y Capacity of'D +
c 1 .1
aqp; "u -
) Capacity oD +
dc 26m- 2
qp; “u -
1 Te; Capacity of'D +
f Iwi; Mass per modulation -
2ck Allowed/RequirecfD space; Capacity 6D; D retention +
" top; IRs; Te; 'wh; Analysis Time +
1
u -
2 “qp; °Rs; Allowed/RequiredD space +
2
u -
Ty 2y n
Inlet Pressure To. Analysis Time -
Py Allowed/RequiredD space; Chance 8P overloading +
1
% -
Capacity of'D Chance ofD overloading -
Capacity oD Chance ofD overloading -
Te 2D retentionwh; Chance ofD overloading -
y Rs — *h-
Te; Analysis Time -
2, ’Rs . +/-
Allowed/RequirecfD space -
g, Pwm +
Mass per Modulation'Rs -
2 Allowed/Required?D space +
Wh 2
% -
'qp ‘ap/_pp +
“ap ‘ap/_pp -
'qp/ e "Uopt -
Uopt Analysis Time -
Mass per modulation | Chance ofD overloading +

Te: elution temperaturéws: D peak width;'d:: D column diameteriqp: pressure drop in the
1D; 1u: 'D column linear velocity?dc: 2D column diameterigp: pressure drop in th®; 2u: 2D

column linear velocityds: D column film thickness?d: 2D column film thickness!l: 1D

column length?Rs:*D resolution?l: 2D column length?Rs:°D resolution?wh: °D peak width;
Yop/ pe: pressure drop in th® compared to the total pressure drbgp: 1D column optimal

linear velocity.
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1.2.5 Applications of GCxGC

The majority of GCxGC practitioners have for some time now moved away from
developing modulation technologies and focused on implementing the technique. Applications
using GCxGC have continuously grown since its introduction over 30 years ago and in more
recent years have focused on more routine application of the tecf2gpleGCxGC is
typically utilized in fields where complex volatile and serolatile samples are common.

Selected recent examples of GCxGC applications in popular areas of study are reviewed below.

Petroleum and petroleum products are some of the most complex samples commonly
analyzed by GC techniques. It is not uncommon to encounter thousands of unique compounds
within many different chemical classes. The extra dimension of selectivity offered ¥@GC
has been used for many years in the petroleum industry and some of the earliest applications
described involve samples of gasoline, diesel
with new challenges such detailed oil reservoir charactenzat the analysis of biogenic based

fuel precursors and pyrolysis o[836-238].

One example is the analysis of vacuum residue oils and heavy fuel oils. These fuels are
popular due to their low cost but possignificant risk to the environment when burned in
industrial boilers and especially marine ves§2B9]. A global decrease in light crude resources
has placed more focus on utilizing these low value oils and methods to derive more
environmentally friendly derivativabrough processesich as gasification and pyrolysis are
currently under investigation. &GC is an excellent tool to understand the complex nature of
the producdt before and after the pyrolysis proceSslleoniet al.used GEGC to study the
volatiles released during the pyrolysis of residual [@48)]. Their apparatus used pyrolysis for

sample introduction, a thermal modulator for X&_ separationand FID, sulfur
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chemiluminescence detection (SCD) and TOF MS in tandem for analyte detection and
characterization. The column set used was a populapolan to midpolar combination

consisting of &4P-5ms30 m x 0.25 mm x 0.25 um in tA® and aBPX-502 m x 0.10Qum X

0.10 um column in théD. Theauthors developed their own algorithm to process the raw data
acquired from the three detectors used in the analytical system. The algorithm was designed to
select pyrolysis products and classify the molecules b@as&dctional groug and elemental
composition. The results were validated using a series of known mass fragments from chemical
classes commonly found in petroleum products such as alkanes, alkylbenzenes and
phenanthrenes. Using this method and additional data from the BIBGID detectors, the

authors were able to identify 26 separate molecular classes within the pyrolysate samples and
deemed the pyrolysi&CxGC-TOF MS/FID/SCD method an excellent technique for

characterizing their complex samples.

Recently there have been efforts at ASTM International to introduce another routine
GCxGC method for the group type quantification of hydrocarbons between boiling points of 36
°C and 343 °(241]. This method has been designated D8396 and at the time of writing has

been published with an int&aboratory study ongoing.

Characterization of the volatile composition of foods, flavours and fragrances is of vital
importance for quality control and regulatory purposes. Essential oils, food aromas and perfume
products are highly complex samples containing many individual comaisaacross a variety of
chemical classg42]. GCxGC is being used extensively in this field for such tasks as
elucidation of sensorgctive components in wines and verification of the allergenic compounds
in cosmetic product243, 244] One such example is the analysis of essential oils derived from

various strains ofippia albg an aromatic shrub native to Brazil and other regions of South and
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Central Americgd245]. This plant has been subjected to a genetic breeding program to identify
strains with strong genetic variability that offer both resistance to environmental vulnerabilities
and high levels of chemical constituents with commercial value. Gimenes -avaticers used
hydrodstil lation to extract the essential oil from eight varietiek.afba, which were further

diluted in ethyl acetate. The analytical system used consisted of a RFF modulator combined with
gMS detection. The column set consisted of the populaipotar to midpolar combination with
aHP-5MS 30 m x 0.25 mm x 0.25 um in tH® and aHP-50+5 m x 0.100um x 0.10 pm

column in the’D. The?D flow was split between gMS and FID detectors for dual detection
capabilities. Multivariate statistical analysis of the resulis wtilized with principal component
analysis (PCA) and hierarchical clustering analysis (HCA) being performeauitaas were

able toclassifythe eight varieties into four main groups based on the presence of primarily
terpene species that differentiated th@werall, 73 individual metabolites were identified across
the eight cultivars using GGC-gMS, the first time this technique had been applied to study
this botanical. The authors demonstrated thaxGGqMS is a useful alternative to more

expensie techniques utilizing thermal modulation combined with HRMS.

Monitoring contaminants in the environment is vitally important for human health and
evaluating the impact humans are having on our planet. Environmental samples including soils,
water and air are complex chemical mixtures without the introduction ofoqattpenic
contamination. Pollutants such as polychlorinated biphenyls (PCBs) which have 209 isomers or
short chain chlorinated paraffins (SCCPs) which have thousands of isomers would be incredibly
difficult to separate and characterize using conventionaketbniques and would benefit from
the application of GRGC [202, 246, 247]A recent example of GXGC being applied to

understand a complex environmental sample involves the analysis of organic pollutants in
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drinking water{248]. In this study Murtadet al. used thiafilm microextraction (TFSPME) as a
sample preparation technique to-emncentrate trace level pollutants from various water sources
in Waterloo, ON. Once the TEPME fibers had equilibrated within the 2.5 L water samples,

they were subjected tbermal desorption (TD) and subsequentlyx@C-TOF MS analysis.

Flow modulation with a column set consisting @R520 m x 0.18 mm x 0.18 pim the!D and
aBPX505 m x 0.25 mm x 0.25 pm column in thig was utilized for separation. Many

observable differences were found between the raw, soft and drinking water séumnpies

further identify key differentiatorsa tile-basedapproach was used to identify the top 50 factors

that made the samples differ¢2#9]. This nontargeted comparison method separates the
chromatogram into small regions or til@sd spectral information from each tile is binned and
compared with the other tiles in the dataset. The software functions to identify features which are
regions of high variance based on the spectral data in the data set. These top 50 features were
thenused tanform a PCA plot comparing the three water sample types. The resulting data
analysis revealed the gradual reduction of organic pollutants in water as it proceeded from a raw
state through the softening process to further filtration to becomadrdyinlater. The authors
concluded that the FEPMEGCxGC-TOF MS method deployed in the study was very well

suited for the untargeted screening of organic pollutants in water sources.

Applications of GCxGC are extensive and beyond the scope of this work to summarize
them exhaustivelyi-or more tloroughreading.a selection of receméviews ardisted in Table

1.4.
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Table 1.4 Selection of recent reviews covering important application areas of GCxGC.

Application Area Reference
Wine [250]
Environmental contaminants [251]
Clinical metabolomics [252]
Seed and vegetable oils [253]
Minerial Oils in food [254]
Recycled plastics [255]
Foodomics [256]
Anti-doping [257]
Pesticide residues [258]
Food contact materials [259]
Bio-wastes [260]

1.3 Prior work

Previous contibutions made bpast members othe Goreckigrouphavelaid down the
foundation for tle research described herdiormer member Ognjed a nestdblishednethods
for thermally treating and reducing the internal diameter of trapping capillariesrusetth i
single and duastagemodulator designsThese methods are described inMasgers Thesis
[261]. The proceduréor internal diameter reductidnvolved placing the stainless steel capillary
between two stainless stestlimsand securing it in place with a piece of masking tape. The
length ancheight of the shim was varied depending on the type ofutatorbeing usedOnce
securedtwo steel parallels wengacedon either side of the shinasmd theassembly was placed
within the jaws of a vice. The viagastightenedand the steel capillary secured within the
apparatus was flattened to a height equivalent to that of the plioesl beside ifThe length of
capillarywhich wasflattened was equivalet the length of the steel paralleisedin the
assemblySeveral sizes of shims and parallels were made available to customize the geometry of

the trapping capillary? a naisdrefined a procedure for the selective removal of stationary
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phase from within the trapping capillaiyhis was initially explored talleviate the issue of cold
spots along the dual stage modulator design. Sections of the trapping capillargetieieal
conduits had been weldeduld take longer to heat up and cool down due to their increased
thermal massTo reduce the impact of chromatographic tailing from these regions, stationary
phase within these regions was selectively removed tsisthermal treatment procedurBEhis
was completed bgpplyinghigh pressure air through the capillawhile passing electrical

current in pulses through sections of capillary where the stationary phase was desired to be
removed.Through many subsequergating events in which the steel capillary glowed teé

air passing through theapillary served to oxidize the stationary phase and remove it from the
internal surfaceslhese innovations were appliedadualstagemodulator design which
featured a 15 cm flattened capillary looped outieGC oven which was cooled by an external
blower (Figure 1.T7). This modulatorwas successfully applied to the analysisitohospheric
organic aerosols Berkley, California[95]. It was also demonstrated to be useful in the

separation oPCBs in transformer oils, diesel and gasoline sanjpk&s).
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Figure 1.7 A diagrammatiaepresentation of the modulator desigaed described bl a n i |
[261].

Christopher McNeislwvas next to improve on the work completedfbg nwihith resulted irthe
conversion of the duatage devic@to a singlestagemodulator. Tle central electrical contact
welded to the 15 cm flattened capillamas often the first component to fail after repeated
capacitive discharge events. McNeish removed this contact and applied heating to the entire
length of the capillaryChromatographicgrformance on par to the previous dstge design

was observedandremoval of the central contact point allowledge continued use of the
modulator McNeish observed thanalytebreakthrough in this desigmas very low or not

obseved, which was counterintuitive givemglestage designs commonly underperformed
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dualstage designen this metric. Theeason ér this advantageas due to thempedance to
primary carrier gas flowhat was createby this trapping capillargduring a modulation event
The viscosity of gasses increases with temperaitodeduring a modulation event the gas
contained within the trapping capillary is raised to temperatures well abovéemnparatures.
This featurein addition to an observed pressure puteeved to temporarily impede the flow of
primary column eluatento the trap during a modulation event, preventing breakthrough.
Anotherdevelopment by McNeish was the addition of a vortex cooling syst@movmle sub
ambient cooled air to theapping capillary. A ceramic mount wereatedinside of which the
trapping capillary could be electrically isolataxd cold air passed throudBy cycling the
compressed air source for thertex cooler through the GC oven firsMcNeish was able to
graduallyincreasdéhe temperature of the cooling as the oven became hotter. Téiectively
creaed a passiveemperature programmedoling systemThe work by McNeisldemonstrated
that singlestage designs had merit due to similar performance to relevargtdgal designand

improved robustness.

1.4 Scope of the Thesis

This work was originally completdaetween the years of 2010 and 2015. aiitbor of
this work departed the graduate program at the University of Waterloo in 2015 for an
employment opportunitjocused orthedevelopment oGCxGCmodulation technologywith
the permission of the University of Water|dbe authoenrolled backnto the PhD progrann
May 2023to complete the requirements of the programthe following chapters, the results of
research on the development of a new consumabl&igee€sCmodulation technology and
other echnical solutions to improve GC separations will be presefhteldevelopment of a

consumabldree modulation system f@CxGCwill be discussed first, followed by the

72



development of an inlet backflush system for improvement of GA&WGCseparations.
Additional chapters present implementations of these technologies to several challenging
applicationdacing usersn fields of studysuch as petroleum, fragrances, environmental and

forensics.
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Chapter 2. Design andoptimization of a consumablefree thermal modulation
system

2.1 Tools, procedures and visualizations used in this work

2.1.1 Introduction

The followingsectiongdescribe in order the sequence of mottwldesigns and
modifications undertakeprior to reaching the final design which wesmedthe Waterloo
Modulator.All design work was carried out by tlaathorusing AutoCAD products made
available for free online teegistered students. All machine wadquired to build each
modulatorincluding the use of drill pressdathes mills and other heavy tooisas undertaken

by theauthor.

2.12 Experimental

2.1.2.1Trapping capillary assembly

Thebasicprocedure for trapping capillary manufacture watablished by a nand
McNeish in previous workand was largely unmodifigthroughout thenodulator development
process[261, 262] A section ofmetal capillarywould be cut from #ongersegmenusing a
ceramic wafer. The length tiis sectionwould differ depending on the experiments being
conductedThe most commonly used column for trap manufacture wadXan-1 columnwith
1 umof PDMS stationary phase coatirifter the desired length of 0.28m MXT -1 column
wascut, it would undergo the compression process describ&leoy[262]. Flattening of the
capillary reduced thdistance irthe vertical &is between the internal walfiom 280 um to
approximately 100 um as shownHhigure 2.1. Distance between walls in the horizontal axis was

slightly increased.
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280 um

Figure 2.1 Diagramshowingcross sectionatapillary geometry and interhdimensiongefore
(A) and after compression (B).

The outsidadimensionof theflattenedcapillary waschecked with anetricmicrometer
(Mitutoyo, Japangplong its length to ensure equal compression had beer@@pld a uniform
outsidethicknessof 0.36 mm had been achievédhy deviationgyreater tha®.01 mm in outer
wall-to-wall distance measured in the traps resililh trap rejectionSeveramillimetersof the
capillarywereleft unflattened at each end of the ttagfacilitate connection®©nce successfully
flattened, oe end of the capillary was opected to an ifhouse compressed aourcethrougha
Siltite stainless steel unigf®GE, Austin, TX). The other end of the capillary was left open to the
laboratory environment. Using a capacitive discha@eer supplyelectrical current was
applied to a section of theapillaryto momentarilyincrease théemperaturalongits lengthup

to 800 °C This was done by connecting electrical leikdsn the power supply to alligator clips
which were thersecured to the metal capillary. The section of capillary in betteedlips
would receive electrical dischargehedischarge was appliezlery 6 seconds for 100 pulses

overa 10 minute treatment periofl.diagram of the treatment setup is showkigure 2.2.
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Capacitive discharge power supply

From compressed air source Siltite Union Trapping Capillary
—

Figure 2.2General setup for the thermal treatment procedufattened trapping capillary
would beconnected to the compressed air source through a sitie. Electrical
leads would be attached to the trapping capillary using alligator clips, the distance
between them being the section of capillegeiving thermal treatment. The air
source would be turned gmior to applying capacitive discharge.

Once theMXT -1 capillary has received sufficient thermal treatmta addition of ferruleto
either end of the trap was required. Stainless Sigé ferrules(SGE, Austin, TX) measuring
0.25 mm were purchased in packs of 10 and manbalgdto a greater internal diameter of
0.54 mm using gewellerylathein the Science Technical Services (STS) machine Skop.
ferrules were then placed on the remaining cylindrical section of the capillary and swaged in
place by compressirtheferrule withina Siltite union with anut. Theunionwas theroosened
and removegdwith the nut remaining on the cagpity. Excess capillary outside of the swaged
ferrule wagrimmed using a ceramic wafer. This process was repeated fothitieend which
resulted in a trapping capillary capable of being interfadéd two GC columns using the Siltite
column connection system. Since the unions, nuts and ferrules were all stainletizestedire
trap was electrically conductive allowing electrical current to be apypigedlligator clips
attached to the column connecting uniohschematic of a completed trap can be sadagure

2.3.
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Figure 2.3 A completed trap assemlvigluding connecting ferrules and nuts.

2.1.22 Temperature measurements

Throughoutthe modulator design and testing processurate temperature
measurements of trap temperature during modulation, thermal treato@dtpwn periods and
more were required. In addition, understandingdiagree to which various cooling setups were
impacting the trap desorption and cool down periods was alsoMtaheasuréemperatures of
the trapping capillarya 50 umChromelAlumel K-type thermocoupléOmega, LavalQC) was
spot weldedo the center of the trafphethermocouple was then connecteatoustoramade
amplifier (Science Technical Services, University of Waterjamyviding 100x gain before
being connected taHamegHM 605 60MHz digital oscilloscopeNainhausen, GermaijyThe
oscilloscope was then adjusted such that gadiicaldivision represented.1 Vor 0.2V,
depending on the pulse strendtiponcollection of thesignal the divisionswereconverted to
volts, divided by 100 to correct for tlaenplifier gain and finally converted to millivolts (mV).
To correlate the mV measurement to a temperature increase or dezr@asegrsion formula
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was derived from the NISTH#ype thermocouple data taj@63]. The result is as followsvhere

T is the corresponding temperature in&@d Uis the mV recorded
Y QWP TR ¢ MY
Y p
This equation was used tetermine the temperatsmeported herein.

2.12.3 Chromatographic conditions

Thechromatographic system uskdthis work was an Agilent 6890 gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) outfitted witpht/splitless §/SL) inlet andan
FID detectorThe FID was operated at 300 fising 30 ml/min k& 300 ml/min of airand 30
ml/min of N> for makeup gaswith an acquisition frequency of 200 Haydrogen carrier gas
with a purity of 99.99%9% (Praxair Brantford, ON)was used anihjections were carried out
either manually or usingraodel 7683Automatic Liquid Sample(ALS). Various column

configurations were used and will be specifeadthey are introduced.

2.12.4 Software

Chromatograms presented in this wardreprocessed witlone of the following
software packages, depending onittstrument usednd type of analysi€ChemsStation (Agilent
Technologies, Santa Clara, CA, US&hromSpaceNarkes International, BridgentK), GC

Image (incoln, NE, USA)or ChromaTOF (LECO, St. Joseph, MI, USA)

2.2 Mark | design and evaluation
2.2.1Introduction
Following on from thevortex coolednodulatordesign explorethy McNeish, thenain

objectives wereto improve on thisleviceby expanahg its effective volatility rangendmaking
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themodulatormorereliable and easig¢o use.The initial Mark | (MK 1) design utilized the 15 cm
long trapping capillary deployed by McNeishhis M.Sc.researchExperimentsveredesigned
to explorethetrapping capability of the remainirggationary phasafter thermal treatmenthe
vortex cooler utilized by McNeish was effectivesupplying sukambient air to cool the trap
after a desorption evertiut was prone tace buildup withinthetrap-containing ceramic channel.
Trap ®oldown times of 2 seconds less were commonly observed with timedulator
Anothergoal of the Mk | design was to improve on these doain timesand move away from
vortex cooling To this endPeltier cooling was selected as an alternative technique offering
electricaly based cooling to temperatures as low2at°C It was hypothesized that the use of
Peltier coolerso compress the trapping capillary would improve oaplimes after resistive
heating and lower the potential for ice build up with the removebofpressed air. Reduced
coolingtimes should in theory improve trapping capabjléytendingthe volatility range of the
compounds trapped by theodulator.The potential for breakthrough should alsorkduced

with more effective coolinglhe vortexcooled modulatorequired a skilled hand to place the
trapping capillary within the ceramic slaihd tighterthe screws to secure it while also
connecting it to electrical leadisr the capacitive dischargmwer supply A design thatvould

make it easier for the end user to set this system uarfalyses was desirable.

2.22 Experimental

2.2.2.1Apparatus

Moving away from vortex cooling towards Peltier cooling essitated a complete redesign of
the modulatoto enable the use of heatsirdesd mount this new device atop the GC orltier
cooling, alsdknown & thermoelectric cooling (TECallows thetransfer of heat from one side of

an assembly to thether through thapplication of an electrical currenttteermoelectric
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materials.The assembly is created bifernating Aype and pype semiconductinglocks
connectecklectrically in seriesbutthermally in parallelThe n-type materials are negative

charge carriesvhile p-type materials arpositive charge carrier8vhen aDC (direct current)
electrical current is applied to the circlogth types of charge carriers are transferred away from
the electrical junctionremoving heatlf heat is applied to the junction, the carriers are mobilized
andgenerate an electrical current. A diagram of a basic TEC setup is shéwnurea 2.4TEC
devices model number 127-91-14C were acquired from Custom Thermoelectric (Bishopville,
MD, USA). When operated at a maximwenrentof 14 A with highly efficient removal of heat
from the hot side of the TEC, these devices are capable of generating a temperature differential
between the cold side attiehot side of up to 67 °C. Power supply units (PSU) for the Peltier
coolers were custommade in theelectronicsShop of the Waterloo STShe PSU allowed the
power provided to the TEC unit to be adjusted, and therefore cdolbegstronger or weaker

with the twist of a dial from a level of 0 to 10. The level of 10 provitked\, the maximum

allowablecurrentto theTEC units.
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Figure 2.4 Schematic oflaasic thermoelectric cooling devid&hen a DC voltage is applied
acrosghe p-type semiconductor the charge carriers (positive hatesye towards the
negativepole of thecircuit carrying heat with themAt the ntype semiconductor, the
charge carriers are electrons which move towards the pogdleecarrying heat.
Whenn-type and gtype semiconductors acennected seriallipy a conductoin an
array, their charge carriergositive holes and electronsnd consequently heatill
mowe in the same directiazreating a hot junction and a cold junctibteat is
commonly removed from the hot junction ustwplingfans and extruded metallic
heat sinks.

Heat removal from the hot side of the TEC is critical to achiethegemperature differentiaso
appropriate heat sinks must be selediany types of computaentralprocessingunit (CPU)
coolers are commercially available and ofiffordable and high performance heat removVhg
heat sinks selected wettee Hydro Series H55 Liquid CPU decs (Corsair, Fremont, CA,

USA). This modeloperates with a closddop coolant system in whicthe liquidis pumped
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across a copper pao remove heat from the sourg®rmally a computer CPUThe heated
liquid is then pumped upwards to dnrainumheat sinkwhich iscooled bytwo high speed

fans. Thecooled liquid is then returned to the copper pad to remove heat from the CPU.
The system used a thrpen 12 Vconnectiorwhich wasmadeavailable on th&TSbuilt PSUk.
The TEC units were attached to the copper heatsink Vatie Arctic Silverthermal paste

(Arctic Silver, Visalia, CA, USA)which contained9.9% silver in asilicon basegaste This
compound allowegood heat transfer between the T&@d the copper heatsmlAlthough not
an adhesive, theaste was also effective at securing the 3®©CGhe copper faceAn aluminum
bracket was fabricated in the STS machine shop to dlevineatsink and TEC assembly to sit
atop the GC overnThe bracket had two sides sat upagr@ovedaluminumplate which allowed
them to be compressed against each other. Threaded rodglaser@ through holes in the
bracket to allow the assembly to be securely tighteoahpressing the TEC units against each
other.The 15 cm trap used in the initial experimentaild bebentto a semicircle fornand
insertedin between the TEC padi®m belowinside the GC oven. While holding the trapping
capillaryin thecenterbetween the TEC padthe apparatusould be tightened by torquing the
nuts affixed to the threaded rods of the bracket. Once snug, the trap would be compressed
between the TEC jla and suspenddtbm the top of the GC oveiA renderingand image on

this setup can be seen in Figure 2.5.
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Figure 2.59Rendering Ais the conceptual design for the Mk | modulatdth the trapping
capillary looped up in between the TEC pads from the GC auembracket was
designed to securely hold the heat sinks in place shjparated and compressed
against each other. Imaged$a photogralp of the apparatus in use. Electrical cables
from the TEC devicesan be seen drawn up from the center of the bracket away from
the heat of the GC oven.
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Once the trap was securetthin the bracketalligator clips withexposed copper wire were
attached The wires were connectetb the capacitive discharg@wer supplywhich was used to
deliverbursts of electrical current to the trap, rapidly heating it. The wires supplying the
discharge were required to be bar@asn temperatures commonly used in experiments led to
thedecompositiorof theinsulating material. All precautions were taken to ensure the wires were
a safe distance from conducting surfaces within the GC, avehthe discharge unit was always
unpluggedwhile trap insertion and clip attachments were taking placaddition, the voltages

used never exceeded the safe level (48 V).

2.22.2 Trapping Capillary

Building on thesuccess of the work completedBya nand McNeisha 15 cm trapping
capillary was utilized in the Mk | desigimhe generakrap manufacturing procedure has been
described irSection 2.1.11n this work several trap variants werealuated. They varied by the
amount of stationary phageft remaining in the centre of the trap. The column used in these
experiments waan MXT-1 Silcosteel capillary (ResteBellefonte PA, USA) with 3 um of 100
% PDMScoated internallyThe traps were constructed by cutting a 20 cm length of column and
flatteningthe center 15 cm to an outsidienensionof 0.36 mm reducing the internalistance
between the wall® approximately 100 unThe traps were then thermally treated to remove the
stationary phase from either side of the section okattd PDMS at the center of the trap. This
was completed by marking the desired length of stationary pmases trap with a black
permanent markeand thermally treating the capillary on either side @Figure 2.6). iermal
treatment was completed by attachinggator clipsto the section othe capillary where the
stationary phase ould be removed. After a compressed air supply had been connected to the

capillary, voltage at the capacitive dischapgever supplywould be increasedntil the treated
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capillary glowed red with each pulsadicating a temperature of approximately 800 °C had been
achievedA pulse would be applieevery 6 secondsntil 90 pulses had been achievé&tdermal
treatmentherefore lasted approximatelyl® minutes per side of the capillaapd around 20

minutesin total.

Capacitive discharge power supply

Treated Untreated |

Figure 2.6When manufactuing capillaries with sections of untreated PDMI& area to be left
untreatedvould first be measured andarked with elackpermanent markeNext,
alligator clips connected to the capacitive dischageer supplywould beattached
to the capillary and current passed through the section of capillary to be thermally
treatel. The process would be repeated for the opposite side of the PDMS phase.

Three traps were evaluated that contaheth, 5 cm and 6 cm of PDM& the center of the
capillary, with a total flattened length of 15 crAll sections of the capillargxcept forthe centre
portion containingthe stationary phase had received thermal treatn@hromatographic
experimerg werecompleted to determine the ideal amount of statiophase left in the trap to

produce the best chromatographic performance.

2.2.2.3 Chromatographic conditions
A sample of gasoline was acquired from a local gas stationeatcaliquots were
dispensed into 2 ml GC vial§he column set used waféx-1 30 m x 0.25 mm x 0.25 um
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(Restek, BellefontePA, USA)in the!D and aSolGelWax 0.3 m x 0.25 mm x 0.25 uSGE,
Sydney, Australia) in théD. An oven temperature ramp of 40 °C for 3 minutes, 7 °Ctmit70
°C was appliedOne microliteraliquotof the gasoline samplgas injected with a split ratio of
10QG1. A trap with 8 cm of PDMS coating was used with maximum capacitive discharge and
maximumcurrent to the TEC unitseing appliedA 6 second modulation period was usad.
phase shift 0f3.2 seconds has been used to display the chromatedegmning withFigure

2.10.

2.2.3 Results and discussion
2.23.1 Capacitive discharge andcooling capabilities

To understand what voltage levels of the capacitive dischemger supplywere
required to sufficiently heat theapping capillary, akype thermocouple was spot welded to the
capillarymidpoint and the traprasinstalled between thEEC devices and compressddhe
TEC devices were also turned on and their voltages varied to determimg#wt of cooling on
trap heating and cool down time&sthermocouple waspotwelded tothetrappingcapillary
compressed between the TEC pads to deteritstemperatureThe procedure to measure
temperatures using the thermocouple has been described in Qettibmesting of the TEC
units and corresponding PStévealeda temperature 620 °Cwas achievablat the cetre of

the trapping capillaryvhenmaximum powewas appliedFigure 2.7.

86



30

20

10

-10

TEC Temperature Decreas€)
o

-20

-30

2 \o\ 6 8 10 12

y = 0.3637%- 8.3498x + 24.909
R2 =0.9964

TEC PSU Dial Value

Figure 27 Measured temperatucé the TEC with increase icurrentsupplied A dial on the

TEC PSU could be set from a level®fo 10. A level of 10 supplied the maximum
available current (14 A) to the TEC

The capacitive dischargmwer supplywas evaluated next to determithe voltage required to

raise trap temperaturésapproximately 350 °CThis temperature was selected as a target due to

previous work that demonstrated it was hot enough to thermally dasaljies from the trap

without thermally degrading the stationary phase co4f#id]. The 15 cm trap was centred

between the TEC pads and capacitive discharge was gradually increased from zero to maximum

valueswith no cooling and maximum coolir@apacitybeing appliedFigure 2.8).The trap was

allowed to cool fully before theext discharge pulse was delivered.

87




y = 0.0516%+ 1.7869x + 40.13
R2 =0.9966

i
o
o

w
a
o

y =0.1121%- 4.0861x + 70.788
R2 =0.9869

300

250 . .
Without cooling
200

/ /
With cooling
150
100

50

Trap Temperature IncreaséQ)

0 10 20 30 40 50 60 70 80
Discharge Voltage (V)

Figure 28 Measuré increase in trap temperatuae a function of discharge voltage with and
without coolingbeing applied.

The results revealed thaboling of theTEC pads had strong and direcimpact on the
maximum trap temperature achievabiigh the capacitive dischargmwer supplyThe 350 °C
target was reachable with maximum cooleapacity but onlyat the maximum allowable
voltagebeing applied to the traooldown times of the trap were alseasuredWithoutactive
coolingused, the trap at all levels of dischaugitageapplied would takenorethan 10 seconds
to return tobaseline temperature. Withaximum coolingapplied, the coahg time of thetrap
with maximumdischargevoltageapplied was consistently less than 3 secowdth thethemal
properties of the Mk | unit benchmarketwas time to exploreow well it operated as a

GCxGCmodulator.

2.2.3.2 Chromatographic performance
Initial separation conditions were adopted fropaper describingasoline separation

using afour jet, laboratory builcryogenic modulatoj264]. Gasolinewas selected as its readily
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available locally and offers a challengiset of characteristics for the modulator. High ethanol
contenttests the modulatGs availability totrap highly concentrated and volatile species.

Narrow, gaussiarshapegeaks must be generated at the modulatgeterate enough

resolution in théD columnto separate the linear alkarend saturated species from the -oing
andtwo-ring aromatic specie®edroso et alemonstrated an excellent separation of this sample
and their chromatogranserved as thblueprint for theseparation the experiments were

designed to achiej@64]. An example of their work can be found in Fig@r®.
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Figure 29 Separationsf gasoline (A)oy Pedroset al, 2008 whichserved as theodel
chromatogramAlso shown are separations of white spirit (gerosene (fand
thinner (D)[264].

The first chromatograms generated@eery promising and to some extentmewhatxpected

given the success &f a nand McNeistusing the 15 cm trapping capillary. Band broadening of
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early elutersvas observeds well as significant wrapound for the aromatic components.
Increasing the primary column flow rateduced thevraparound andmproved theesolution in
the second dimension, but worsetedakthrouglof the earliest eluting compoun(fsigure

2.10). Chromatograms the Figuresbelowbegin at time @nless otherwisaoted.

=]

\ \ : o
= | ) .
8 o) '“ . <— Wraparound
. <— Breakthrough

\
' Il‘ .\“ 0’

’ ’ ° 1tR(r21?1inS)

Figure 210100:1 split injection ofl pL neat gasolinsamplewith a primary column flow rate
of 0.6 ml/min(A) and1.0 ml/min(B).

The?D columnwasreplaced with ©B-WAX 0.25 mmx 0.25 pmcolumnof various lengths

and aseparation more similar tbework of Pedrosaet al.was achievedFigure2.11).
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Figure2.11 Separation of gasolingith a 40 cm x 0.25 mm wax column in tf2.

Acceptingthe separation conditioqsovided sufficiently good results with minimal

breakthrough and narrow peak widttigg nextcomponent of the system to evaluate was the
amount of stationary phase left within the trapping capillalyexperiments thus far had been
completed using a trap with 8 cm of PDMS remairah¢he cent. Traps were manufactured

with 6 cm, 4 cm and 2 cm of material remaining and subjected to the same separation conditions.
Peak widths of early eluting compounds were of particular interest to determine if thetafou
stationary phase in the trap impacted its ability to trap these volatile species. The results of these
tests were very surprigyj and almost counter intuitivA. visual comparison is shown in Figure
2.12.Peak widths of the earliest elutiogmpound were thesmallestand exhibited the least

amount of breakthrougin experiments using traps with the leastoaint ofthe stationary phase
remaining(results not shownPeak widths for the earliest eluting compounith an 8 cm

PDMS trap were commonly around 45@liseconds (mshat half heightThe 2 cm PDMS trap

produced the same peakigh widthsat half heights of 120 ms. At this point in the testing of the
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Mk | modulator, failure of the heat sink assemblies occumuchrequired a reassessment of
the overall design. The trap stationary phase experiments were put on hold until this was

completed.

2.2.4 Conclusions

The Mk | modulator represented a very good start to the design and evaluation process. The 15
cm trapping capillary designed Bya nand McNeish producectasonableesults immediately.
Peltier cooling proved to be a very effective alternative to vortex cooling without the hassle of
requiring a compressed air connectiommanaging ice build ups within the trapping capillary air
channel Separations of gasoline very close to those generated by Pedrog@@t]alere
generated by the Mk | desigRor a consumabiigee singlestage modulator, this was certainly

an accomplishment. There were however some serious flaws with the modulator. Although
performance foearly eluting compounds was very good, analytes less volatile #8an n

required many modulation events to remove them from the trapping capilfey.EC devices
provided the necessary cooling to trap early eluters, but caused the trap to be too retentive as
heaver analytes made their way through the column (Figure 2.13). The level of cooling and
heating one could apply to the system was fixed wid@ich experiment and couldtbe altered
throughout the run unless one manually reduced the ccagiplied bygraduallyreducing power
supplied to the TEC units. This could éene byturning the dial on the face of the PSU

throughout the runThe systemiacked temperature programming capabilities.
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Figure 2.2 Gasoline separations with2 cm PDMS tragA) showingnarrowerpeak widtls in

the?D and less breakthroughanutilizing the8 cm PDMS tragB). Both
experiments were completed under the same injection and chromatographic

conditions.A closeup view of the early eluting compounds is shown for greater

detail.

n-Cl 3

i “.‘ I - . \\l. : :

Figure 2.B A series of linear alkanes shown in fileview. An ideal number of modulations per
peak B to4) is seen for early eluter§hree to four samples per peak has been
demonstrated to be sufficiently frequent to preservélheolumn separatio[83].

The number of modulations per pegowsquickly as the alkanes become less

volatile.
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In the period of approximately three mongscethe modulatoinception the heat sink
assemblies failedvhich made the system no longer usalblee components of the heatsimé&ld
closest to the GC oven were made mostly of plastidlzesk parts failed and caused coolant to
leak from behind the copper cooling patle to continueéxposure to the hot GC overhe

TEC devices cannot functigroperlywithout the transfer of heat from the hot sigkich
subsequently caused them to fail as witlis provided a good opportunity to rethink the design

of the system and improve on some offllag/s observed.

2.3 Mark 1l design and evaluation
2.3.1 Introduction
During the first round of experiments the impact that stationary phase content within the
trapping capillary had on breakthrough prevention and modulated peak performance was not
entirely clear. In addition, premature failure of the CPU heatsinks expaseetabilities in the
bracket design which allowed aluminum exposed to hot GC ovenmighke direct contact with
the plastic CPU heat sink surfadéoving forward to the next iteration of the consumélinée
modulator, key design changes would focus on better management of heat exposure from the GC

oven to the heat sinks and trapping capillary design.

2.32 Experimental

2.3.2.1Apparatus

With the destruction of thimitial set of heat sinks, a new bracket was designed that would allow
the insertion ofnsulationaround the heatsink to better protect it from h&atew heatsink

modelby Corsair called the H100 Liquid CPU coolercame available and providedguare

heat transfer pad which was better suited to the TEC devices. The hwasketkesigned to
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raise more of the TEC and heat sink assembly out of the GC oaemitempt to reduchow

hot the assembly would getiringa GC run. It was thought that this would also help the heat
sinks transfer more heat from the TEC surface as tia@iperature above the oven should be
reducedln both the rendering and image showifrigure 2.4, the gap between tteduminum
bracket and block can be se&20 insulation available in the laboratory from other cryogenic
modulator projectsvas used to surround the heat sink component contained within the bracket.
The new heatsinks conveniently provided a {point surface mount which was used to insert

M5 hex head screwstmthreaded holes within the surface of the bracket. All fabrication was
completed by the author in the STS machine shomlAminum base plate was fabricated to
allow the modulator assembly to fit snug atop the GC oven (Figure 2.15). Two slots were milled
into the inner square of the base plate to allow easy access for electricaldesii® capacitive
dischargepower supplyNo changes were made to the TEC devices or capacitive discharge

power supplyfor the Mk Il experiments.

2.3.2.2 Trapping Capillary

Later experiments using the MK | modulator implied that better analyte retention and peak shape
may be possible with less stationary phase coating within the trapping capillary. It was also
observed that to reach the desired discharge temperature of 3b@ t@aximum voltage of the
capacitive discharge power supply was required. Another issue with the 15 cm trap was its
orientation when compressed between the TEC pads. The flattened side of the trap would be
positioned parallel to the direction of the qamassion such that the pads were touching the

narrow side of the capillary. In this orientation the TEC pads were making physical contact with
very little of the capillary surface. In addition, when compressing the TEC units against the trap,

the capillarywould have a tendency to deform and twist so the flattened surface of the capillary
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was facing the TEC. This deformatioould potentiallydamage the trap and interfere with the
intended internatlistance With these considerations in miritle decision was made to move

away from the 15 cm capillary towards a shortem trap. Withless than halbf thetubing

being usegdthe trap offered significantly less electrical resistahemceshouldhave beemble

to be heated to much higher temperatures with less power required. This shorter trap would also
allow horizontal orientation with the flat side facing the TEC pads. This would allow better heat
transfer and more even compression of the TEC pads tldng temgth witheut risking

physical deformation.

Figure 2.14 Rendering of the Mk Il bracket desigh &nd image of the finished produé)(
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Figure 2.5 Images of thevk Il modulator installedbn the Agilent 6890 GCA) and the
unoccupied baseplate that was fabricated to mount the modulation asé@mbly

New shims wez manufactured in the STS machine shop to allow a lendilcrofto be
flattened using the previously described procediineadditional 1 cm of unflattened capillary
was left on either side of the 5 cm flattened section to allow nuts and ferrules to be connected.
This trap will bereferred to as the 7 cm trap heresmce it had been shown previously that less
stationary phase coating within the trap yielded naerqpeaks, the decision wasadeto

thermally condition the entire focusing trap and leavemireatedstationary phase behindhe
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thermal treatment of the trap needed to be modifedrainglyto ensure all phase was
removedUpon successful flatteninghe 7 cm capillarywasconnected to compressed air line
with in-line filters. Compressed aivasturned on and electrical leads connecteth&xapacitive
dischargepower supplyereattached directly to the flattenedpillary using alligator clipsThe
distance between the clipsas7 cm. Electrical currenfirom the capacitive discharge power
supplywasthen passed through the flattened section of the trap every 6 seconds for 10 minutes
(100 pulses). The temperature reached at the outside of the capillary during eaglapulse
approximately 800 °CThis was determined experimentaliging the temperature measurement
procedure previously described in sectioh?2.2.After 10 minutes the capillanyasremoved
from the air supply and the clips removed. Stainless steel ferrules andenatien installed on
the capillaryas previously described section2.1.1 Once the ferrules and nuisreinstalled
andexcesgapillary trimmed the capillarywasconnected once ameto the compressed air line
and undarventtwo more thermal treatment minuteseach The clipswerein this case
connected to thitting nuts. After the first 5 minute treatment, the tregsdetached and the
direction ofair flow wasreversed. The second 5 minute treatnvesst then appliedAfter the
second 5 minute treatmenascomplete, the trapvasremoved from the air line ariceatment
deemedcomplete.This additional treatment step waavised teensure that any remaining
PDMS stationary phase would be removed before installinggapan to the modulation system.

This would be the first time a trap without amytreated®DMS coating would be evaluated.

2.3.2.3 Chromatographic conditions
For this series of performance evaluation experimearaplef alkanes and diesel fuel
were evaluated. A00 ppm linear alkane standard witCs to n-C13(Sigma Aldrich, Oakuville,

ON, Canada) @as prepared in GSThe column set used was an Rt80 m x 0.25 mm x 0.25
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um (Restek Bellefontg PA, USA)in the!D and aSolGetwWax 0.3 m x 0.25 mm x 0.25 pm

(SGE, Sydney, Australia) in t#®. An oven temperature ramp of 40 °C for 3 minutes, 7 °C/min

to 170 °C was applied flow rate of 1 ml/min was used. ul of standard was injected with a

split ratio of 75:1. This resulted in 8 ng of each analyte being injected on column. Maximum
power was applied to the TEC devices with a trap desorption temperature of 350 °C. A 6 second
modulation period was useor the diesel fuel analysithe sample was diluted 10:1 (vin)

CSard anincreased split ratio df00:1 was usedlhe oven temperatureamp was modified to

40 °C for 2 minutes, 5 °C/minute to 240. Coolingwas reduced to 2% total capacity. The

first run applied a trap desorption temperature of 400 °C, with the second run using a desorption

temperature of 350 °C.

2.3.3 Results and discussion

2.33.1 Capacitive discharge and cooling capabilities

With the tiap length shortened and orientation between the cooling pads dhamgsv
series of temperature testasrequired to benchmark the new systé&awith the Mk | design,
the ktype thermocouple was spot welded to the centre of the trapping capillary and temperature
measurementsere carried out-or this round of experiments, the temperature of thewesp
evaluatedvithout any compression, compression with the TEC devices but wipoouer
applied, and temperature of the trap 826, 50%, 75% and 100 power applied to the TEC
units. This corresponded toltages appliedto the TEC units of 3V, 6V, 9V and 12V,

respectivelyThe results can be found kigure 2.5.
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Figure 2.5 Measured increases in tlem trapping capillary temperatua¢ various capacitive
dischargeand applied coolingevels

As expectegdthe temperature increase of the focusing &famaximum capacitive discharge
voltagewas much higher with thécm trapthan with the 15 cm trajggcompare withFigure 2.8)
The moststriking result was the impact draptemperature increase thaimpressing the trap
had without any coolingpplied.Only at the highest discharge lewd#dl the cooling effect of the
TEC devices have any real impactthe peaktrap temperaturdn previous experiments with
the Mk I modulator maximum dischargeoltagewas required to reach the desired 350 °C.
Reduced discharge voltages would be required with this version to achieve that desorption

temperature.
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Cool down times of the trap were evaluatath the trap compressehd no cooling
applied, as well as the trap compressed with various levels of cooling agjieerating the
fastest possible trapol down timess desirable to prevent breakthrough of analytés the?D

column.These results are found kigure 2.7.
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Figure 2.7 Trapping capillary cool down times after a discharge estnarioudevels of power
applied to the TEC devices and capacitive dischantjages Experiments were
completed at 10 V intervals.

Promising results were achieved with cool down timmeder 100 ms seen for the first time.

These results also showed the meaningful impact that active cooling can have over just
compressing the trapg\t the highest discharge temperatures any level of applied cooling served
to reduce cool down times of the trap. From a chromatographic perspédivegol down times
are desired to trap analytesteringthe trap after a modulation event. A trap remaining hot

longeris more likely to allow those analytes to proceed from‘theolumn through the trap and
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into the?D column causing breakthrough. A trap returning to its resting cooled state more

quickly ismore likely totrapthe analytes arriving from th® column.

2.33.2 Chromatographic performance

Thealkane mixture waanalyzedand theresulting chromatogranms shown inFigure
2.18. The chromatogramevealed good modulatigrerformance with narrow peaks and a good
return to baseline with moderate peak tailinge solven{CS) suffered breakthroughout
hexanewas effectively modulated. As the analytes became less volatile, it was clear that more
modulation events were necessary to removen thhem the trap. Heptane required four events
for completeremoval,while tridecane required 10 modulation events. This implied that the
coolingeffect imparted by the TEC devicedthough effective fotheearly eluters, wako

efficient for species above-Cio.
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Figure 2.B 1D view of the separation oh-Cs to n-C13 (8 ng on column)

With the ability to apply more power to the trapping capillary, the impact of raising the

desorptiontemperature alvethe 350 °C setpoint was exploréy evaluating some diesel
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samples.Coolingwas reduced to 2% total capacity. The first ruspplied a trap desorption
temperature of 400 °C, with the second run using a desorption temperature of 36@ °C.

resulting chromatograms can be foundrigure 2.191n both experimentsi was immediately

clear that reducing the cooling effect was beneficisiberating analytesvith chainlengths
greaterthann-Cio from the trapping capillaryasfewer modulation events for these analytes

were requiredAnother observation from the higher temperature desorption run was the presence
of siloxanesearlier anl in greater abundanae the run tlan when using the 350 °C temperature.

This suggested that the trap material Wasomposing more quickly with the higher applied

temperature.
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Figure 2.D Separationsf diesel fuelusing a trap desorption temperature of 400RLand 350
°C (B). Siloxanesbleed from théD column andrapping capillary is shown in the
rectangulabox. The'D profile of then-Cispeakis shownin theinset inpanel Ato
revealthatthree modulation events were requirad improvementompared to

previous results.

103



These experimentdemonstrated thatcreasing trap desorption temperathagl the advantage
of produdng narrower, thereforéaller °D peaksbut came with theost of introducingncreased
siloxane contenvn the’D column. Higher desorption temperature also put more mechanical
stress on th&apping capillary, shortening trapdiime.Overall better performance was
observed wheapplied cooling was reducedllowing the trapping capillary to reabigher
temperatures later in the run without increased siloxandsadded mechanical streasquired
results suggestetiat acontinuousncrease irthetrapping temperaturenaintained throughout

the entire run wouldllow efficient modulation of both volatile and seiwlatile species.

The diesel chromatogramagere of sufficiently high qualityo proceed with a set of
experiments to determimetention time and peak area repeatability of the sydtising the
same column set and GC conditions, a sequence @86l injections was sap to run
throughout the weelAlthough 30 runs had been added to the queue for this study, only 18 runs
managedo get completed. The repeated oven ramping to°€4@sulted in another heat sink
failure at thecopper cooling pad poinivhich subsequently let to the destruction of the TEC
devices.The 18 runs that were successfully completed were processed in ChronT3peee.
peaks were setted from the chromatografrom different regions that were representative of
manyother peaks in number of modulaticarsd areaRegions of interest were overlaid on top of
the three peakand their'D and?D retention timesas well as peak arswerecalculatedA
representative chromatogram and location of¢hmeaksan be seen iRigure 220. The
repeatability of retention times from the diesel replicate experiments was exdallepgak area
repeatabilitywas poor(Table 2.1)Ideally, values closer to 10 % RSD for peak area would be
achieved as they routinely are for conventionatdingensional gas chromatography

applications.
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Figure 220 Three peak¢$P1, P2 and P3)yom the diesel separation were selected for closer
inspection.

Retention times for the peaks wemry reproduciblelntegration and merging of GCxGQls

peals, which are individual modulated fractions*@f column eluategcan be challenging for
software, especially without MS data to help validhtda subpeak should be included in the

total peak area due to spectral similaviiyh other si-peakslinclusion or &clusion of sub

peaks duringntegrationmay havecontributed to varying peak area result€onsistehinjection
volumescould have been a contributing factédarying laboratory temperatures also could have
contributed to the issue. Insufficient cool down time betweenmayshave also contributed by

not allowing the modulator to reach a baseline temperature before the next injection was made.

Five replicates from the 18 run sequence are shown overlaid in Figure 2.21.
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Table 2.1'D and?D retention times from three peaks of a diesel separation. Peak areas from
these peaks are also listed.

1D Average (min) Std. Dev. % RSD  Std. Dev. In Seconds
Peak 1 4.36 0.00 0.07 0.18

Peak 2 13.90 0.01 0.06 0.47

Peak 3 32.69 0.10 0.31 6.09

2D Average (S) Std. Dev. % RSD Std. Dev. In Seconds
Peak 1 6.27 0.01 0.14 0.01

Peak 2 4.69 0.00 0.09 0.00

Peak 3 4.74 0.04 0.81 0.04

Peak Area Average Std. Dev. % RSD

Peak 1 8862172.22 1731819.82 19.54

Peak 2 179703261.11 64627329.1z 35.96

Peak 3 165087400.00 76465127.55 46.32

2.3.4 Conclusions

Although the lifetime of the Mk 1l design was shdtte tothefailure of the heat sinks,
some important observations were made to inform the desitdpe &k 11l modulator. The most
obvious conclusion was that the use of plastic components anywhere near the GC oven was
going to eventually result in failure. The heat sinks used were not engineered to withstand the
temperatures they were being exposedaaheir use was not sustainable. If the TEC devices
were going to be used in the MK Il design, a more reliable method to remove heat would have to
be explored. Temperature testing of the trapping capillary revealed that simply compressing the
trap was Bmost as effective as providing active cooling. Given the issues and extra hardware
required, was it necessary to provide active cooling at all? The Mk Il design allowed a constant
voltage to be applied to the TEC devices such that they would providenteecsaling level
throughout a GC run. Experiments with linear alkanes revealed that the cooling effect was too

strong past the early eluting species and less cooling would actually be beneficial as the GC oven
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became hotter and less volatile species entered the moduila¢oneed for temperature
programming of the trap was becoming apparent. Moving away from the 15 cm trag tthe
trap provided more evenly distributed compression along its length and removed the need to
operate the capacitive dischammver supplyat maximum power. Finally, thermal treatment of

the entire trapping capillary was very successful.
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Figure 221 Fivereplicate diesel injections are shown overl@Jl. The red box is a selection of
subpeaks at 14 minutes shown in greatetailbelow (B).
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How could a trap 10 cm shorter witlo stationary phase coating perform better than previous
designs?he improved cool down times were certainly helpingettuce breakthrough and
improve trappingbut how was this possible wilpparentlyno stationary phase coatitejt?

The thermal treatment clearly hadimportantimpact on thesorptive capabilities of the trap.
The physical and chemical properties of titag internal coating before and afteermal
treatment would be investigated in detdik later stage. Moving forward to the Mk Il design,

the7 cm thermally treated trap woutdmain in use for all remaining experiments.

24 Mark 11l design and evaluation

2.4.1 Introduction

Following the second failure of the CPU heatsink assemblies, the decision was made to
use more resilient materials fitre constructiorof the MKk 11l modulator. Focus/asalsoplaced
on integrating temperature prmagnming capabilities for the cooling systemamattempt to

reduce traping temperaturefor higher boiling species.

2.42 Experimental

2.4.2.1 Apparatus

Replacingthe CPU heatsinks with a suitable alternative was not a simple task. The TEC
devices needed to leiernted such that the trap could be compressed horizontally across the
surface meaning any heatsink would need tbditind the TECcompressed to its hot side. The
liquid cooled CPU heatsink units were well suited for this as the fan assemblyiersted away
from the cooling copper plate and attached through flexible tubing. More commonly used CPU
heatsinks are rigid extruded copper or aluminum structuitedarge footprints designed to fit

within a desktop computésr hard shellNeeding compression as well, the heatsink would require
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points where fasteners could gl to attach it to the aluminum brack&pace is limited above
the GC and most units that were reviewed were deemed unsuitable due to size or shape
restrictions An approximately 30 cm length ektrudedaluminumheatsinkmaterial with a 5 cm
wide face wasourced from the STS electronics staoloutfitted to the MK Il aluminum
bracket.Each half of théracket was milled out to allow the heatsimkich was cut in halto

be mountedvertically. The bracket offered space between éx¢ruded fins of the heatsink and
the bracket itseJiwhich allowed air from the GC oven to be directed over the fins ani ol
laboratory atmospher®Vhile not as efficient as the liquid cooled CPU heatsinksnéwe design
transferred enough heat away from the TEC devmethem togenerate a temperature of 18 °C
atthe cold sideunning at maximum capacityhis was a large increase in temperafuwen
previously seen values -20 °Cor greatemtthe same cooling levdimages of the Mk Il
design are shown iRigure 2.2. Transfer of heat from thieeat sinks to the cooler laboratory ai
would prove to be key factor in th@erformance improvements sesith this iterationNo

changes were made to the trapping capillary design or orientatitme Mk Il modulator

2.4.2.2 Chromatographic conditions

For this series of performance evaluation experima880 ppm linear alkane standard
with n-Cg to N-Cao(Cs, Cs, Cio, Ci2, Cis, Coo, Co4, Cog, Ca2, Csze, Cuo,), (Sigma Aldrich, Oakuville,
ON, Canadayvas prepared in GSThe column set used was BT X-1ms30 m x 0.25 mm x
0.25 um (Restek, Bellefonte, PA, USA) in thg and aDFS column0.4 m x 0.25 mm Restek,
Bellefonte, PA, USAin the?D. An oven temperature of 40 °@mped at 8C/min t0320°C,
held for 12.33 minutewas appliedA flow rate of 1ml/min was usedl pl of standard was

injected with a split ratio of0:1. This resulted iB0 ng of each analyte being injected on
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column.No power was applietb the TEC deviceand atrap desorption temperature 285°C

was usedA 6 second modulation period was used.

e T

eesevvenf .

Figure 2.2 The MK Il design featring the vertially oriented heat sink. Wires connectithe
TEC devices can be seen leaving the centre of the assambR20 insulation
isolating the heatsink from the aluminum bradet The bottom of the heatsink can

be seen extendingtmthe GC ovenvhereoven air was allowed to escape up past the
extruded fins ito the laboratoryB).
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To evaluate aequally complex but different set of samples than petroleum products, a selection
of aromatic items were acquired for analysis with the Mk 11l modulator. Flavour and fragrance
samples contain many chemical classes with varying degrees of polarity anadfciioes

which makes them a suitable subset of samples to evaluate modulator perfoRPnep@eation

of the commercially available Speyside whisky was completed by diluting the whisky with
deionized water to a 2 (v/v) alcohol level. Sodium Chlorideas added to obtain a 30 %

(w/w) concentration in the solution. From this stock, 12 ml was added to a 20 ml headspace vial
and sealed. A 100 um PDM&PME fiber (Supelco, Bellefonte, PA, USA) was exposed to the
headspace for 10 minutes with constant stirridgchromatographic systeoutfitted with a 0.75

mm SPME inlet liner held at 280 “@dcolumn set usg aRtx-1 30 m x 0.25 mm x 0.25 pum
(Restek, Bellefonte, PA, USA) the'D and a ZB50 40 cm x 0.25 mm x 0.25 pum in thi@

were usedThe oven temperature program was 40 °C with a 5 minute hold, 5 °C/minute to 260
°C, held for 10 minutesCarrier gaglow rate of 1.8 ml/min was use#ibers were dgorbed in

the inlet for 1 minuteNo power was applied to the TEC units and capacitive discharge level of
36 V was used. This voltage level would raise the temperature of the trap approximately 140 °C
above its resting temperature throughout the GCThis lower desorption temperature was
useddue to the absence of late eluting, high boiling point analytes that Wwawitequire a

higher desorption temperatuie effective removal from the trapThe modulation period used

was 6 seconds.

The ground coffeeamplewas removed from a new, sealed package, and a 20 ml
headspace viatith 3 gramsof samplethen sealedA 100 um PDMSSPME fiber was exposed
to the headspace f80 minutes with constartut slowstirring of the grainsusing a magnetic stir

barat room temperatur@he cigar was removed fresh from its packaging and split down the
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middle with a clean razor blade. Tobacco was not cut or processed in any way before placing it
into a 20 ml headspace vial fillingwtith 3 grams of sampléA 100 um PDMSSPME fiber was
exposed to the headspace for 30 minatesom temperaturel he chromatographicanditions

were the samaswith the whisky sample except for tbgen temperaturprogramwhich used a
starting temperature @ °C with a 2 minute hold, 6 °C/minute to 200 °C, hold for 10 minutes.
Carrier gadlow rate of 1.8 ml/min was use@pproximately 20% of availabbe PSU power was
applied to the TEC devices andapacitive discharge level of 36 V was used. This voltage level
would raise the temperature of the trap approximately 140 °C above its initial temperature

throughout the GC run. The modulation period used was 6 seconds.

2.4.3 Results and discussion

2.43.1 Capacitive discharge and cooling capabilities

Testing was conducted to evaluate how this new cooling syssdarmedwhencooling
the trap throughout a GC rRigure 2.38). Temperature measurements were taken at the trap as
donepreviausly with the TEC devicest full power and receiving no power at all. The trap was
compressed between the TEC devices for all measuremeht¥C/min oven temperature ramp
was usedOven temperatusavere not measured and assumed to be acoomdkbe digital oven
temperature readout of the GThe experiments revealed that the trap would aMay®ehind
the temperature of the ovective cooling with the TE€at full power proved tde far more
effective at cooling the trap throughout the run compared to passive cooling. At the final ramp
temperature of 300 °C, the trap remained approximately 100 °C cooler with passive cooling and
approximately 200 °C cooler with active cooling. The most sungigsult was how large of a
temperature differential was created between the ovethamichp with no power applied to the

TEC devices.
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Figure 2.3 Observedeémperature of a compressed trapping capilldtl passive and active
cooling applied at increasingC oven temperatures.

Thereappeared to be excellent heat trangf@m the heatsink fins to the laboratory lgely due
to convectioncurrents generatiby the elevated heatsink temperatdree MK Il systemwas in
effect a passively temperature programmed sétuprevious iterationghe TEC devices
functioned to keep the trapping capillary at the same temperature throughout tBensing
the heatsinks to gradualhigher temperatusfrom the GC oven allowed the trap to become
hotterthroughout the rurfacilitating desorption offater eluting less volatilecompounds. This

developmentvas expected tbelpexpand the volatility range of tmeodulatorfurther irto the

semtvolatile range.
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2.4.32 Chromatographic performance

With passive temperature programming looking feasible, a series of experiments were
developed to challenge the MK Hodulator One concern with the transition to the new heat
sink design was how the unit would perform with low boiling point compounds. Even with the
active cooling at full power, the temperature of the trap at 40 °C oven temperature was
approximately 23 °C. The MK held the trap at20 °C at this oven temperature. To evaluate the
effective volatility range, a 500 ppm solution of linedtaalesn-Cs to n-Cao (Cs, Cg, Cio, Ci2,
Cis, Coo, Coa, Cog, Ca2, Css, Ca0) Was prepared in GSThe resulting chromatogram is shown in

Figure2.24.

n_CBn'CB "Go MG, n-Cg NGy NG, NGy Gy N-Cys N-Cyo

2t (secs)

t, (mins)
Figure 2.2 A series of linear alkaneganging fromn-Cesto n-Cao.

To understand the true peak shape eluting from the modudateactivated fused silica
transfer lire was substituted for ZD column containing stationary pha¥¥ithout any stationary

phasenteractionsany tailing or othermpeak deformations could be directly attributed to the
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modulator. Peak broadening as a functioditffision in the carrier gas the?D columncould
haveplayed a roleas a contributing factdo ?D peak shapebut sincetime spenby the analytes

in theD column wasvery short(1 second)this likely was not significantThe resulting
chromatogramevealed a smatlegree of tailing in theansfer line There wasninimal

observed tailing in théD, and each peak was observed to be sangiddnodulatethe
recommendethree to four times as described by Muyt al.[33]. The peak of thdatest

eluting compoungetracontangwvaswider because it eluteduring the oven temperatutieal

hold period. No separation between the siloxane bleed from the first column and the al&anes
observedecauseo stationary phaswas presenin the?D. Previous separations witooling
appliedprevented analytesith baling pointshigherthanthat ofn-Czo from beingreleased from
the trapeffectively. However, with the passive temperature programgpegks eluting during
the oven temperature ranmere released from the trap iM3nodulation events. Even the late
elutingtetracontanewhich wasconsiderably broader due to eluting in the isothermal period at
the end of the GC rumequiredonly 6-7 modulation events to be fully released from the trapping
capillary. This result was very encouragiagd meanthatthe reduction in coolingpgether with
thenew temperature programmeesign allowed the volatility range of theodulatorto be
expanded greathyAs expectedthe modulator had difficulty trapping the solvegméxaneand
octanewithout activecooling appliedPerhaps this was a sacrifice that would need to be ihade
modulation of analytes up t®Casowas desiredThe 50 ng injectiorcould be considered a
relatively large amount of analyte be injected on columsoperhapsreakthrough at this
concentratiorwas to be expected. The same standard was runaghis ng injected on

column. No breakthrough dfexane or octaneasobserved Figure 2.25).
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Figure 2.5 Fragment ok chromatogram showing GBreakingthrough the trapbut subsequent
analytes being trapped and injectetd the deactivated fused silica transfer line

without issue.

This result wagncouraging as it implied that sampleshalow ppm range of concentrati@md
a volatility range froom-Cs up ton-Cao could be effectivelyanalyzedwith this modulator. That
gualified the devicéor a vast number of petroleum separatichisthe time of these
experimentsstandards and real samples with analpegndn-Cso were not available in the

laboratory. Ideally a crude abmplewould have beea goodspecimen to look at.

With the volatility range now confirmed to be expanded with the MinbHulator it
was time to test itability to evalate some more compldblavour andfragrancesamples. A
series of experimentseredevisedo evaluatehe aromas o§cottish Whisky, coffeeandcigar
tobacco. Usingolid-phase microextraction (SPMEBroma collected frorthe headspacef
these complex flavour and fragrance type samplesspreconcentrated andjectedinto the
system.
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Scothwhisky isa complex sampleffering up to 1000 individuadomponerg across
several chemical classesthe headspace tteliverunique aroma profile265]. As suchthe
headspace of this sample presergaitably complexsample tachallengeghe modulatais ability
to focus and inject both trace level and highly concentrated species across a wide range of
polarities.The resulting chromatograrevealed the complex nature of the headspaitke over
600individual peak$eingdetecte (Figure 2.26)Breakthroughwasobservedt the beginning
of the chromatograrfor highly concentratedoolarvolatile componentsuch as ethanol. Overall
though the separatiowas acceptabjavith only moderate tailing in th#® column from
concentrated analytasich as th@ikely) ethyl esterglutingas aseries through the middle of the
2D space across the chromatograuate eluting analytes appeaito have no issuwith

modulaton.

The next samples to be evaluategr@ground coffee from a popular locabffee shop
andtobacco from a popular Cuban cigar braiithe resulting coffee chromatogram can be seen

in Figure 2.2, and the tobacco chromatogramAgure 2.3.
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Figure 2.26 A chromatogram of Schiwhisky headspace revealing its complex aroma profile.
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Figure 2.7 A chromatogram generated from the headspace of adresind coffee sample.
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Like whisky, coffee offers another complaxoma profile with over 1000 compounds in
chemical classes suchletones, aldehydes, pyrazines, furans and many [266¢ The coffee
headspace revealed a highly comptexomatogram with heavier weighting towards the volatile
compounds with little semiolatile contentWith thisobserved in preliminary experiments, the
decisionwasmadeto apply cooling from the TEC devic&s assist with the trapping of volatile
analyteslt wasexcellent to see very limited breakthrough of these compounds even though
many of them appeared to be fairly concentrateslower temperature ramp and use of a more
polar column in théD wouldlikely have been beneficial generate a better separation and

utilize more of the twalimensional space.

2%t (secs)

‘tR(r{lins)T‘
Figure 2.8 A chromatograngenerated from the headspace of Cuban cigar tobacco.

Finally, the headspace of a cigar was evaluatgtich similaly to the previous two
samplefferedhundreds of potential VOCs to separi@é7]. The resulting almmatogram was

very interesting witta greater proportion of semolatile content relative to the coffee sample

119



andfewer concentrated peaks. One particpkakshowed significant breakthroughihile the
majority of the chromatogram was well modulatélis is another case where a slower oven
temperature ramp andnge 2D columnwould haveinduced moreanalyteinteractonswith the

2D columnthereby resulting in an improved second dimension separati@nnatively, a more
polar columnsuch agolyethyleneglycol in the?D would have facilitatednanymore

interactions with the stationary phase amtliced greater separation of theiattant polar
compounds presenthe goal of these experiments wasrtove away from exclusively injecting
nonpolar mixes and petrochemicatsvards more complex samples in the flavour and fragrance
world. A truly universal modulator should have the ability to analyze mulsiaiapletypesand
chemical classes without much modificatiand showing good qualitsthromatographyhrough

these expe@ments wasan important step towards proving that with tiigsdulator

2.44 Conclusions

The MKk Ill design was the best performingdulatorto date and implemented some
importart new features which made a large impactt@chromatographic separatioithe
replacemenbf the CPU heatsinksncreased the reliability of throdulator No breakdowns or
malfunctions were experienced during the lifetime of the Mk Il unit. Modifying the bracket to
fit passivealuminumheatsinks that could be coolbylocal convection currentsf laboratory air
allowed the apparatus to heat up as the GC pxaseeded along its temperature gradient.
Enough heat was transferresingthis method td&eep the TEC devices functional throughout a
GC run.Since the heat sinks gradually became warmer in tandem with the GGQle/@itG
warmed accordinglyin this way,passive temperature programmioigthe modulatohad been
introduced. The end user could now eleadefine the level of cooling they desired for the trap

without the consequence of the trap remaining at the same temperature througéotirtelieC
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run. Moreimportant was the demonstration thaing the TEC devices was not always
necessary. If the sample was sufficiently dilute in the low ppm rangdvk 111 modulator
showed that compression of the trap between ceramic pads and a passive tengpegraure
for the apparatugas sufficient tgoroduce excellemjuality chromatographyromthe
performance standpoirthe Mk Il modulatorwas producindnigh quality chromatographgnd

at this point in the development process it was hard to jusgkyng anynew significant
changes to the overall desigrhe7 cm trap, compression betwe€&C or ceramic pads
complete thermal treatment of the trapping capillary gesbive temperature programming were
thekey components to thimodulatoranddid notneedto be changed significantipoving
forward. That being saidthe overall design of the unit left much to be desired. The use of
threaded rods to tighten the apparatus against the trap was cumbersameagatthe potential
for uneven compression across the length of the Tiaig.was noticed when opening the oven
after a GC run to reveal one side of the trapping capidlagled lower within the TEC pads. A
new system to compress the trap evenlyaltwv easier installation bthe end usewas needed.
In addition,the use of TEEto compress the trap was not sustainables& lievices were not
engineered to receive compression forces and throughout the testing period sevexaranits
cracked and required replacement. A more suitable electrically insulative matesiakeded in

the next design.

2.5 Mark IV design and evaluation
2.5.1 Introduction

Design efforts to this point had largely focusedraplementing changes to improve
sorptive capabilities, volatility range antémperature programminghe MK Il demonstrated

very good chromatographic capabilitesd the decision wasadeto not make any new
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functional changedutfocusinsteadon improvingthe ease otise.The followingsections

describehe changes made &zhieve this goal.

2.5.2 Experimental

2.52.1 Apparatus

Compression of the trap betweitse TEG had proven to basuccessfubpproach but
the TEC ceramic faces westucturallyweak andegularlysuffered fracturemaking them
unusable. Experiments showed that simply compressing the trap was sufficient tolring
cooling times aftetheating to low hundreds of millisecond&irther experiments showed that
applying power to the TE€XGvasnot necessary to achieve godaromatographic performarice
rather the ability for the trap to stay cooler than the oven throughout the analyitss tracking
the ovends 1 ncr etleghiticalgactor&hmgeeisioa was undertakento remove
the TEG from the compressible section of the modulator and replace them with a new material
called Macowhichis a machinable glass ceramic (Cornihggw York, USA)[268]. Macor was
selecteecausetiis bothcompressible and an electrical insulators liso able to withstand
high temperaturgeandis easily machinableSections of Macor could be milled to the precise
tolerancesvith threaded holet securehemto metalsupports With an alternativeeompression
material found, a newpproach to securing the trapping capillary was needed. During the
brainstorming procesthe mechanical function of woodenclothespin became an atttive
design conceptiere you have a very simpteachinethat compresses at oaad of theunit
while maintaining tension at that pounging twolengths ofwood and apring.If the Mk IV
could adopt the sanmdesign concept, the end user would simply need to pinch the top of the
assembly to open tr@mpression section, slide in the trapping capillary and releaseytioé

the modulator to compress the trdjpis design would also allow even compression along the
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length of the trapf tension could be applied evenly at tiop of the modulato\Vith these
factors in minda new design was conceptualized drafted. The final rendering of the Mk IV
design appears iRigure2.29. This assembly consisted of two rectangular copper plades
serval the same purposes the wooden lengths from the clothes@iopper was selected over
aluminum as iprovided better thermal conductivitfhe Macor padsvereaffixed to the bottom
of the copper plateequipped withheatsink at the top.At its centre, darrel and pin assembly
wasattachedo connect both pieces of copper together in a hitkgemechanismAbove this

pivot point springswere compressed amustalled

Figure 2.® Rendering of the Mk 1V modulator design showing where the Macor\wears
located relative to the heat sinks
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Threaded holem oneof thecopper plateallowed bolts to be secured inside the sprimgsle
through holesn the otherplate allowed that plate to move freely over the bolts when the
modulatorwas pinched at its topmages of the MK 1V installed on a GC can be sedfguare

2.30.

Figure 230 A side view of the Mk IV desigas seen from the top of the GC o\&) and a view
from inside theGC oven showing the mounting brackiglacor pads andlligator
clips used to delivecurrent from thecapacitive dischargeéSUto the trapB).
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The TEC units were affixed to the top of the apparatus agtiveheat sinks. Although the
heatsink fans were vulnerable teahfrom the GC oven, they were located sufficiently far away
to prevent heat damagehe use of TEE€in this assemblgreated a cold finger effect where a
thermal gradient wagenerated from the top of tikepper patesto the bottom located in the GC
oven. Heat would be drawn away from the Macor pbadsgiventhata third of the assembly

was located insie the GC overthe exposure to hot GC oven air woglddually heat the unit

throughout the analytical runaintaining the passive temperature programmapgability.

Further consideration was given to protecting the end userdoommginto contact with
any source of capacitive dischargyeTEC power supply. All cables were contained within
insulativesheaths and a banana connector system was devised tsepaiigte the capacitive
discharge cables from the main assembly. Sthigly gauge solid copper wiring was used
within the oven where it attached to a pivot assembly which allowed the alligator clips to swivel
90 degreefor easy attachment to tistainless steel unions of the trapping capill&iperglass
mats were overlaidn themodulator assemblgracketprotecting the end user from exposure to
hot surfacesThe compressed springs provided sufficient tengdceep the trap in its place
between the Macor pads for many subsequent runs. Even compression along the trap length was
now assured. The Mk IV design integratednatessary performance enhancing changes while
keeping a focus on safety and ease of Hsavever,testing was needed to determine how it

compared with the succeasMk Il prototype.

2.5.3Results and discussion

2.53.1 Capacitive discharge and cooling capabilities
Initial experiments focused afifferences between the passive and active cooling

capabilities of thenodulator.As was done for the previous three prototypes\perature
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measurements taken from the centre of a compressed trapping capillary were collected. In this
round, data was collected at three different temperature rampf&8é€/min, 6 °C/min and 9
°C/min. The data can be seenkigures 231, 2.32and 2.3, respectivelyTherelationship
betweeroven temperature set point and observed temperature wasdmsiaownn the

following Figures. Theelationship between oven set point and observed tempeddtilne

trapping capillarywasbest described by line of kest fit usingpolynomial equatios, which are

displayed in eackigure with their corresponding-8&juared values.
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Figure 231 Observed temperature of a compressed trapping capillary with passive and active
cooling applied at GC oven temperature increasing at 3 °C/minute.
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Figure 232 Observed temperature of a compressed trapping capillary with passive and active
cooling applied at GC oven temperature increasing at 6 °C/minute.
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Figure 233 Observed temperature of a compressed trapping capillary with passive and active
cooling applied at GC oven temperature increasing at 9 °C/minute.
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When passive cooling was applie¢detrap temperature difference between the 3 °C/min ramp
and 9 °C/min rampt the end of the GC run time was less than 30rt@t margin was much
smaller when the TEC units were activatedithe trap temperatuivergedess than 10 °@t

the end of the ruacross the threemperature ramp#t was also clear that the addition of TEC
units to the copper modulator plate was an effective method of coolifdgite padsompared

to passive cooling only. Another observatiwasthattemperature programming was possible
without the use of hot air pasgithrough the heat sink body. Exposure of the copper plates to
the oven was enough to gradually raise the modulator tempedatumgthe GC runin the

interest of comparing theooling performance of the Mk 11l to the Mk I\¥emperature
measurements from bothodulatorsvere plotted on the same chdrhe comparison of each

unit using passive cooling is shownHigure 2.3}, and using active cooling iFgure 2.%. The
resultig comparison revealed that performance between thentvdwlatorsvas very close

with the Mk 1V slightly ouperforming the MK Il in both passive and active cooling applications.
A 34 °C difference was found between the Mk Ill and Mkuits at the end of the 6 °C/min GC
run. The difference was much smaller when looking at active coalijgt 18°C. This was a

good result as the Mk Il performed very well ahd goal of the Mk IV was not to improve or
change its trap cooling behaviour, but to try and replicate it while improving safety and ease of

use. These experiments suggestedttiiatgoal had been accomplished.
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Figure 2.3 Comparisorof the impact of passive coolirigom theMk 11l and Mk IV modulators
on acompressed trapping capillalgmperaturet GC oven temperature increasing at

6 °C/minute.
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Figure 2.3 Comparison of the impact of active cooling from the Mk Il and Mknddulators

on a compressed trapping capilléeynperaturet GC oven temperatunecreasing at
6 °C/minute.
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2.5.3.2 Chromatographic performance

The Mk IV modulatorwas not benchmked chromatographically in the same way as the
previous three iterations. Thermal testing suggested its performanetfecely the same or
slightly better than the high performing Mk III unihsteadthe opportunity to work closely with
collaboratorgo test the device in reatorld applications presented itself. The results e$¢h
experiments are described in detailhnapter4, which isdedicated to the applicatisof the

modulator.

2.5.4Conclusions

New features, designs and materials were introduntedhe Mk IV design. The changes
led to a more robushodulatorwith the smallest footprint yeSimple mechanisms were
integrated to ease trap installation anidhimize exposureof the end user to electrical contacts
With volatility range expanded t®Cs to n-Cso and validation thgperformance was excellent
for multiple chemical classes and sample complexitiesmain goals that were set out at the
beginning of the modulator design process had been accompi@aoter 2 hadescribed
design changes and thermal properties ofribdulator Chapter 3 will be dedicated to

understanding the trapping capillary and its key rokémodulatais performance.
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Chapter 3. Understanding the impactof trapping capillary thermal treatment

3.1 Introduction

Early in thedesign process it became clear stadrter trapping capillaries exposed to
complete thermal treatment of the stationary phase prosigieeriortrapping capabilities
(Section 2.2) Shorter trapsvere also easier to heat and cooled more quitkiyally, the
trappingeffect was confusing and coundetuitive, with less stationary phase within the
trapping capillaryobserved to benore sorptiveand better performinthan having more
stationary phasé@.o undestand the impadhe thermal treatment was having thretrapd s
stationary phase chemistiy series of experiments to look more closely at the phasevitsedf
devised.Scanning electron microscog$$EM) was deployedo visualize the effds of flattening
and thermally treating the capillarfhis techniquescans the surface of a material with a focused
beam of electrons and then detestectrons which have been emitted from the atoms of the
material being scanneDetailed images ahe materialvith nanometre (nmjesolution can be
generatedEnergydispersive Xray spectroscop¢eDS), a technique availabigithin the SEM
instrumentwasused to determine tredemental compositioaf the stationary phase before and
after thermal treatmenthe EDS techniqueelieson the detection ok-rays being generated
from the material after exposure to a high energy electron bezaenergy of theX-rays
generateds specificto the elements present within the material. XKaeys areconverted to an
energy spectrunwhich can be used to determine the relative abundance of elements within the
material.Findly, X-ray photoelectrospectroscopyXPS)was used to further determine the
elemental compositioaf the stationary phase before and after thermal treatment. XPS is a
techniqueused to analyze a matefimbkurface chemistyy impacting the material with a beam

of X-rays and measuring tlemergy of the emitted electros photoelectron spectrucan be
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generated by summing the emitted electrons at various kinetic enditggetechnique is useful
for characterizing the top-10 nm of a materiab surfaceln addition tostudying the impact of
thermal treatment on PDM8ther stationary phasmatingswerealsoevaluated to determine if
thermal treatmentould be used to creaselditional sorptive phaseSapillary columns in the
treated and untreated form were tested for their ability to serve as an effective trapr@CGC
modulation. In addition to PDMS, thredifferentstationary phase chemistrieereselected for
further analysisThese coatings include MXT301 (6%-cyanopropyphenyl}
dimethylpolysiloxane, MX¥35: (35%-phenyl}dimethylpolysiloxaneandMXT -200 (35%-
trifluoropropyl)-dimethylpolysiloxaneTheir clremical structures can be seerigure3.1 Each
of thethermallytreated and untreated capillary columns weraluatedhrough the GRGC

separation otlieselfuel.
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Figure 3.1 Chemicaitructure of the four stationary phase coatings evaluated. They include 100
% Dimethylpolysiloxane (A), (86-cyanopropyphenyl}dimethylpolysiloxane (B),
(385 %-phenyl}dimethylpolysiloxane (C) and (3&-trifluoropropyl)-
dimethylpolysiloxane (D).
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3.2 Experimental
3.2.1 Imagingand material characterization

SEM Imaging EDS elemental analyseéd XPS surface chemistapalysiswvere
completed in th&Vaterloo Advanced echnology Laboratory (WATLab) using a Zeiss FESEM
1530instrument Qberkochen, Badewirttemberg, Germanynd aThermo VG ESCALab 250
XPSdevice (Thermo Fisher Scientifigvaltham, MA, USA) Chromatographic experiments
were conducted on instruments previously describegdtion 21.3. The nethod for tap
constructionwas cescribed irsection 2.1.1A newthermal treatment methadas established
with the move from a 15 cm trap t&am trap(5 cm flattenedyluring the Mk 1l design phase

described irsection2.3. Those procedures were maintained throughout these experiments.

3.2.2Alternative trap coatings and chromatographic canditions

Six different commercially availablmetal @pillary columns were acquired from Restek
Corporation(Bellefonte PA, USA)They include30 m x 0.28 mnx 1 umMXT -1 (100%
polydimethylsiloxang)30 m x 0.5 mm x0.25um MXT-1 (100% polydimethylsiloxane)30 m
X 0.25 mm x QL um MXT-1 (100% polydimethylsiloxang)30 m x 0.28 mm x 1.5 um MXT
1301 (6%-cyanopropyphenyl}dimethylpolysiloxane30 m x 0.25 mm x 1 um MXB5 (35%-
phenyl}dimethylpolysiloxaneand30 m x 0.25 mm x 1 um MXR00 (35%-trifluoropropyl)-
dimethylpolysiloxaneThus far only 0.28 mm columns had been used to construct Titags.
GCxGGFID system consisted of an Agile®890GC (Palo Alto, CA, USA) equipped with a
split/spitless injector. A column combit@n consisting of & F5ms27m x 0.25 mm x @5 pm
(J&W Scientifi Folsom, CA, USA) in théD and aSolGel Wax0.5m x 025mm x 025 um
(SGE Ringwood, Victoria, Australiain the?D was usedThe oven temperatubeegan at40 °C,

increasing a8 °C/minto 240°C, then20 °C/min to 260 °Gwith a 5 minute holdA 1 pl sample
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of diesel fuel acquired from a loogds statiorwas injected using the split/splitless injector

operated in split mode at a temperature of 300 °C while using a 2 mm id gooseneck liner (Restek
Corp.). The sample was spB00.1 during injection. itdrogen carriegaswith a purity of

99.999% was useat a2.3ml/min constant flow rateAn FID detector acquiring at 200 Hzas

used for detection and Agilent Chsiation software was used for data acquisitidata

processing was completed in GC Image (Lincoln, NE, U8Anodulation period 08 s was

used for all experiments.

3.3 Results and discussion

3.3.1SEM imaging of the capillary

To evaluate thenside of asteel capillarywas not as easy as anticipatBthinless steel is a very
hard material andpening a capillary without destroying it was not an easy taglas found
thatMXT-1 0.53 mmx 3 umtubing was an easier material to work wisio it was used for the
following experimentsTo open the capillarythe surface of one side would first need to be
sanded down to remowmough material to make the wall weakrazor blade oa needldip

was therinserted into the open end of the tube ased tosplit the capillary along its length.
Once a capillary was opened for analysis, it n@ispossible to use it again. Consequently,
different capillaries were used in the comparison of treated and untreated\tregyg.untreated
capillary having been split open is showrFigure 32. A separatsegment oMXT -1 capillary
having undergone thermal treatment is showFignre 33. The difference between the
capillaries before and after treatment was pronounced. The dark PDMS coating seen before
thermal treatment at first appeared to be completely removed. Zooming in closer on the treated
capillary using the SEM revealed a uniforndufating coating within the trap (Figure 3.4).

Increasing the magnification level further revealed that the internal surface of the treated
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capillary was coated with spherical nanoparticles measbghgeen 400 to 500 nm in diameter

(Figures 3.5 and 3.6).

: “. by
. i & i le
Width =1.150 mm Mag= 100X WD= 9.5 mm Date :23 Apr2013 Time :14:30:56
File Name = sample1-02.tif }'—1 EHT =10.00 kV Signal A=AsB  System Vacuum = 8.99¢-006 mbar

Figure3.2 SEM imagefrom the inside of théIXT-1 capillary beforereatmentThe light area
shown is the capillary waland the dark material inside is the P&PDMS coating.
Thevertical scarring through the centreh&result of prying the capillary open.
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Width =1.150 mm Mag= 100X WD = 9.6 mm Date :23 Apr2013 Time :15:04:38
File Name = sample5-02.tif |—| EHT =10.00 kV Signal A=AsB  System Vacuum = 2.33¢-006 mbar

Figure 33 SEM image from the inside of the MXT capillaryaftertreatment. The light area
shown is the capillary wall and tigeey material inside is theewthermally treated
sorptivecoating.

Width=572.4 pm Mag= 200 X WD= 96 mm Date :23 Apr2013 Time :15:05:28
File Name = sample5-03.tif H EHT =10.00 kV Signal A=SE2  System Vacuum = 2.33¢-006 mbar

Figure 34 A higher zoom level of thaternal coatingf the thermally treated MX-LL capillary.
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Width =22.87 ym Mag= 500K X WD = 9.5 mm Date :23 Apr2013 Time :15:16:33
File Name = sample5-11.tif EHT =10.00 kV Signal A=SE2  System Vacuum = 2.01¢-006 mbar

Figure 35 A further magnification of the treated MXT capillary shovedthe surface coated
with spherical nanoparticles.

A

Width = 1.790 pm 100 nm Mag= 6386 KX WD= 95mm Date :23 Apr2013 Time :15:22:51
File Name = sample5-13.tif }—| EHT =10.00 kV Signal A= InLens System Vacuum = 1.92e-006 mbar

Figure 36 Additional magnification of the treated surface reedahathe spherical
nanoparticlesvereapproximately 40600 nm in diameter.
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Although the MXT1 0.28 mm x 1 pncapillary could not be opened to investigaithout
destroying if cross sectional images could be talsimg the SEMFigure 37 shows a flattened
and thermally treated capillary withhggh level of contrast to reveal the internal surfades
image revealsery wellrounded sides with a flat taggmd bottomwhere compression had
previously been applied\ uniform 100 um distance from bottom to tappeared to be present
which confirmed the flattening procedure was working to generate the desired internal geometry
of the capillaryThe final SEM image takefocused furthemto the treated 0.28 mm capillary to
reveal the anatomy of the treated surf@égure 38). The result was beautiful image showing
the dynamic internal surface of the capillanated with the spherical nanoparticles. Although
the surface appeared to be fully coated, it was not flat and feaidged and valleys not seen
when observing the PDMS coating which was quite uniform. Siggestedhat through

thermaltreatmentthe total surface area of theodified polymeric sphericatoating was

Width =792.8 pm Mag= 145X WD= 95mm Date :21 Nov 2013 Time :13:54:45
File Name = sample1A-02 tif '_' EHT=10.00 kV Signal A= InLens System Vacuum = 2.42e-006 mbar

Figure 37 A cross sectional image of tflattened and treated MXT 0.28 mm x 1 pm
capillary. The diagonal scarring pattern found at the top right afap#iary is from
the ceramic wafecutting action.
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Width=11.43 ym Mag= 10.00 K X WD= 8.5 mm Date :21 Nov 2013 Time 23:20
File Name = sample2A-12.tif EHT=10.00 kV Signal A= InLens System Vacuum = 1.10e-006 mbar

Figure 38 A highly focused SEM image of thbermally treated MXT1 0.28 mm x 1 pm
capillary revealing the undulatirgyirface coated with spherical nanopatrticles.

increased greatly. Increased surface area would result in more sites for adsangtiltkely a

greater trapping capacity relative to an untreated capillary.

Thus far the SEM images confirmed that the PDMSrlagel indeed beetonverted to a
new materiatoating the internal surface of the capilléinpough thermal treatmerA spherical
nanoparticle coating/as left but its elementatomposition remained unknown. The images
confirmed that the flattening process vpeeducing a very uniform 100 um wab-wall internal
height It was now time tanove to elemental analysis to determine the chemical nature of the

modified stationary phase.
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3.3.2EDS Analysis of the modified stationary phase coating
PDMS is asilicon-basedpolymer having the structure shownRigure 39. PDMSis a
popularstationary phaseoating for @s chromatography columasad is known to behemically

inert under a wide range of conditions.

CH,
CHs CH,
H,C——Si—0 Si o Si——CH;
CH, CHs
CHs
e —t

Figure 39 Chemical structure of PDMS

To determine how the chemical nature of the PDMS coating had changedttetimgrmal
treatment, EDS analysis was conducterkteal relative atomic percentages of carlsdicon
andoxygen.Analysis wagperformed o several sections afmtreated PDMS contained within
the MXT-1 columnandonthe internal coating adinMXT -1 column which had received thermal
treatment for 10 minute§igure 310 shows the sections of capillary where the EDS

measurements were takeéfigure 3.1l features the results of the EDS analysis.
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Figure 310 Areas where the EDS analysis was conducted on an untreated capilland(A)
capillary thermally treated for 10 minutes (B)

Scans of the untreated PDMS showed percentages of carbon, silicon and oxygen that were
closely in line with expected values with an average of %bfor carbon, 2B % for oxygen

and 213 % for silicon across the three scan areas. Moving to the capillary that had been treated
for 10 minutes, the relative atomic percentages@bd drastically. The atomic percentage of
carbon was reduced from ~50 % to ~30 %. Removal of carbon in the formythii©@@gh the

high temperature thermal treatment process was the likely cause of garbdaction. Oxygen

was slightly lowerat ~20 % and silicon approximately doubled in atomic percentage moving to
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~50 %. Thermal treatment appeared to have the effect of proportionally reducing carbon content
whilst increasing theelative percentage of silicon preseiithe EDS analysis delivered some
interesting results and provided some insight as to how the PDMS phase was changing through
thermal treatment he final step was to collect data with the XPS technique to shed light on the

nature of the chemical bonds amongstdadon, oxygen and silicon nanaterial.

60

> PDMS (theoretical)

Atomic %

# Untreated coating

11 10 Minutes thermal treatment

Carbon Oxygen Silicon

Figure3.11 Relative atomic percentages of carbon, oxygen and siigtbnand without thermal
treatmentPDMS is shown with its predicted atomic percentage as a reference.

3.3.3 XPS analysis of the modified stationary phase

The samples used for the XPS analysis includ&d -1 0.53 mm x 3 pntapillaries that
wereuntreated and thermally treated. The capillaries were cut open and the internal coating

exposed to thX-ray source of th&XPSinstrument Threelocations within thaintreatedand
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treated samples weselected for the XPS analysige first elemenstudiedwas carbonfor
which the C% orbital electrorbond intensity was investigate@ihe untreated samplesvealedca
peakat ~ 284.8 eV binding energyvhich suggestsp® hybridised carbon bindindhis result is
in line with how @rbon is bound within the PDMS polymeric lattiédpon thermal treatment
the peak shiétdto slightly lower kinding energy of ~ 284V, which suggestsomewhatesssp’
binding of carbon and greaterpresence 08i-C binding However a difference of only 0.8 a¥
likely not ameaningfulshift in binding energyThe resulting spectra are showrAgure 3.2.
The next element for investigation was oxygen. In untreated PDMS, te&XPSlspectra
reveakéda singular peak at binding energy ~ 533 eMich representshains of SIO-Si units,
which are prevalent in PDM&Ipon thermal treatment the original peak at ~ 533 eV braaten
greatly toward$ower binding energy andasaccompanied by a second peak with a binding
energy of ~ 530 eVThisindicatesthat Si-O-Si chains remained preseaiter thermal treatment
butwerenow accompanied bgther species, potentiallyarious metal carbonates dodmetal

oxides.The resulting spectra are shown in Figure 3.13.
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Figure 3.2 XPS binding energy spectfar C 1sfrom anuntreated capilly (A, B, C) and 10
minute thermally treated capilla(D, E, F). Very little difference intheacquired
spectra was observed after thermal treatment.

144



A Si-0-Si D Si-0-Si  M-O

"B Si-0-Si E Si-0-Si M-0

. Si-O-Si Si-O-Si
C F M-0

Figure 313 XPS binding energy spectfar O 1sfrom anuntreated capilly (A, B ,C) and 10
minute thermally treatedapillary (D, E, F). Si-O-Si bonds remainegresent post
treatment with the inclusion of nemetal oxide (MO) bondingbeing observed.

The final element investigatedas siliconIn untreated PDMShe Si 2 XPS spectra revead
two peaks. The peak at the lower binding energy, ~ 99.4 eV, reprdSai8i bonding[269,
270]. Thislikely corresponded to the underlying passivation layieich wascomprised of

silicon. The peak at the higher binding energy, ~ 103.5 eV, repes8rO-Si bondirg. Upon
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thermal treatment of the stationary phase, XPS spectra eehmsd large peak at binding energy
~103.5 eV and a trace peak at ~ 99.4 eV, suggesting nearly slicbe present wre chains of
O-Si-O units, supporting the result found the Clsanalysis.The resulting spectra are shown in

Figure 3.14.

The SEM, EDS and XPS results revealed important information about how the thermal
treatment impacted the PDMS stationary phase. Through SEM it was shown that the PDMS was
being converted to a highly porous, high surface area coating consisting-50@®M wide
nanoparticles. The flattening process was also confirmed to be working as intended with 100 pm
wall to wall heights being observed inside the capillary. The EDS data suggested that thermal
treatment reduced the amount of carbon present relatihe tantount of silicon, with oxygen
remaining relatively consistent. The XPS data revealed that carbon likely remained bound in the
sp’ configuration aftethermaltreatmentwith a slight shift towards greater-Sibinding.For
oxygen post treatment it appearpresenwithin chains ofO-Si-O units The Si 2 analysis
confirmed this resultand showed thadfter thermaltreatment nearly alilicon present was
confirmed to be in the Gi-O state bound with oxygeiihe presence of a peak at ~ 99.4ieV
the Si 9 likely corresponds to the silicon passivation later present in the coDwenall, the
results of these experiment suggested that the thermal treatment process convertedt®DMS
carbondoped, highly oyxgenrich silica-based nanoparticles. These nanopatrticles are highly

effective when used as a trapping medium3a@xGC
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Figure 3.8 XPS binding energy spectfar Si 2o from an untreated capillary (&, C) and 10
minutethermally treated capillary ([E, F).

3.3.4 Evaluation of other stationary phase coatings as suitable trapping materials
Thus far only 0.28 mm columns had been used to constreittbps.With the exception
of the MXT-1301 columnthe phases selected for testing were not availaldeatiumn

diameterof 0.28 mm A column diameter 0d.25 mmwasavailable sothetrap construction
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method and thermal treatment regime described in sectionv2eBenodified in attempt to
produce a trap similar in construction to those used throughout this Attekaptsto flatten the
capillary using shims and compression often led to the complete codiegbeecapillary wall
making the trap unusabl&he steel capillary walthickness was clearlyhinner and weaker than
the equivalent 0.28 mm steel colundnconsistent methotbr flattening the 0.25 mm columns
was unfortunately nateveloped. It was also found that when the 0.25metalcolumns were
compressed between the ceramic pads of the modula¢omaterial would oftedeform dueo
the pressure applie§ome traps were constructed using these 0.25 mm colamaibests carried
out. However, given the inconsisteniaythetraps,the results of those experimemisre
disappointing and wilhotdescribedIn addition, comparing traps made from columns of
differing internal diametersould nothavedelivereda like-for-like compaison This left the
MXT-13010.28 mm column as the only availablgtionwith an alternative stationary phase to
100% PDMSthat could proceed through the flattening #mermal treatment methods described

in section 2.3.2.

The diesel sample was rtirst with an MXT-1 0.28 mmx 1 pm thermally treatedrap to
set a baseline for performandédie chromatogram of this separation is showRigure 3.5.
The separation using this trap was of good qualitth novisible breakthrough and good
separation between the monoaromatic, diaromatic and triaromatic glotrpp.was then
installed using the same column matewhich had not undergone the thermal treatment. This
separation is shown in FiguBel6. The most noticeable diffence between the separations is the

breakthrough of early eluting compouridghe separation using the ntdrermally treated trap.
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Figure 3.5 A GCxGC chromatograrof diesel using th&1XT-10.28 mm x 1 m thermally
treated trap.

2z |
o

Figure 3.5 A GCxGC chromatogram of diesel using txT-1 0.28 mm x 1 m trap with no
thermal treatment.
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There is also an overall loss of chromatographic resolution, especially noticeable in the later
eluting compounds of the monoaromatic reg®itoxane bleed is also more pronounéadthe
untreated trapThis simple comparison shows thermal treatment is an effective way to increase

the sorptive capabilities of the trapping capillary.

The next trap to be tested wasde withthe MXT-13010.28 mm x 1.5 pmcolumn.The
thermally treatedrap was evaluated first and the resulting chromatogram is shadviguire
3.17. Compared to theeparation achieved using thiXT-1, 1 um trap the performance was
very similar.The MXT-1301 trap separation titess resolution in the monoaromatic regaoml
appeaedto be sufferingrom a greater level of column bleddo changes in th&#D column were
made during the experimens® itis plausible hat thesource of thedditional siloxanes as
from theincomplete thermal treatmeot thethicker 1.5 pm6 %-cyanopropylphenyl)
dimethylpolysiloxane coatingdt the thermal treatment program was optimized to take into
account the additionatationary phase coating the MXIBO1 columnthis columnwould likely

be a suitablalternative trap material to the MXT column.

The next trap to be installed was the untreated M801 trap. The resulting chromatogram is
shown in Figure 38. As seen with the MXT1 untreated trap, breakthrough of early eluting

compounds and a reduction in resolution were obsaelative to the thermally treated traps.

3.4 Conclusions

Advanced tools were deployed to better understand the composition of the stationary
phase coating after the thermal treatment. SEM provided visual confirmation that the PDMS
coating was being removed and converted in to a new, highly sorptive mateiiia ¢batinner
walls of the trapping capillary. The material was spherical in shape, approximately several

hundred nm in diameter and evenly distributed across the inner surface of the capillary.
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Figure 3.7 A GCxGC chromatogram of diesel using tXT-13010.28 mm x 1.5 um
thermally treated trap.

Figure 3.B A GCxGC chromatogram of diesel using t&T-13010.28 mm x 1.5 um trap with
no thermal treatment.
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EDS and XPS analysis suggested thaserspherical nanoparticles were sHised and highly
oxidized Chromatographic testing of treated and untreated traps reveatéfue thermally
treated material provided advantageshe adsorption of volatile early eluting compounds and
generation of greatéD resolution through the injection of more focustdomatographic bands
from the modulatorThe new material generated through thermal treatmerst shown to be a

highly effectivetrapping medium for useiGCxGC.
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Chapter 4. Application of the Waterloo Modulator to real world analytical
challenges

4.1 Analysis of honeybush teaQyclopiaspp.) volatileg
4.1.1 Introduction

Comprehensive twdimensional gas chromatography (GCxGC) has found widespread
application in the analysis of complex mixtures of volatile and sraitile compounds in for
example petrochemical, natural product, environmental and food and beverage §20dples
271]. Currently, the majority of commercial GCxGC systems utilise cryogenic modulation,
which provide excellent performance for most analytes, but they are expensive to operate due to
the high demand for cryogenic agents. On the other hand, failure of-baaget modulators to
effectively trap highly volatile compounds and the limited volatility range of these systems have
hampered their more widespread [85]. Gorecki and cavorkers have developed a novel
single stage thermal modulator that offers consumditdle operation and efficient modulation
[203]. In this study, the application of this singiage modulator for the analysis of honeybush

tea volatile compounds was explored.

AFer ment ed Cyclopasm.y iban smtigerfous herbal tea from South Africa

[272] which is well known for its characteristic aroma, recently extensively profiled to identify

2 This section is based on the following publication:

G. Ntlhokwe, A.G.J. Tredoux, T. Goérecki, M. Edwards, J. Vestner, M. Mulldrasmus, E. Joubert, J. Christel
Cronje, A. de Villiers, "Analysis of honeybush tea (Cyclopia spp.) volatiles by comprehensidartetmsional gas
chromatography using a singgtage thermal modulator&halytical and Bioanalytical Chemistryol. 409, pp.
41274138, 2017.

Author contributions includdesign and manufacture of the Mk mhlodulator remotetechnical, operational and
chromatographic suppedecondary manuscript contributcgyiew and editing.
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maj or aroma attri bastseosci at.edo A ffkferowilatoydo ,i shopeleayr
[273]. The popularity of honeybush tea stems not only from its taste and aroma, but also from its
reputation as a healthy beverage, primarily associated with its content of flavonoids and
xanthoneg$274]. Honeybush tea has traditionally been produced from the leaves and stems of
severalCyclopiaspecies harvested in the wild. Of commercial importance are the cultivated
speciesCyclopia subternatandCyclopia genistoideultivation ofC. maculatais being

explored for honeybush tea production to meet the growing defa@ap

Taste and aroma are the important sensory characteristics used to evaluate the quality of
beverages such as t25]. The aroma characteristics are primarily determined by the
composition of volatile compound®76]. The volatile composition of honeybush tea has been
studied extensively by Le Roux et f177-279] by means of gas chromatograpbljactometry
(GC-0) and gas chromatographyass spectrometry (GKS). In total, 255 volatile compounds
were identified in hot water infusions of unfermented and fermenteehaiidestedC.

intermedia and Csessiliflora,as well as the cultivated. subternataandC. genistoidesyith
terpenoids being the major chemical class. Fsityof the identified compounds were
established as being odeartive by GCO [279]. Honeybush tea thus represents a complex
sample ideally amenable to GCxGC separation. In the current work, the volatile composition of
honeybush tea produced from thf@gclopiaspecies with prominent differences in their sensory

aroma profileg280] were analysed by GCxGC using the sirgfiege thermal modulator.
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4.1.2 Experimental
4.1.2.1 Chemicals and materials

Fermented plant material (tea bag fraction 12 < mesh < 40)g#nistoidegprepared by
the PostHarvest Division of ARC Infruitedietvooribij, Stellenbosch, was used for method
optimisation. Solid phase micextraction (SPME) fibres (100 um PDMS, 65 um
PDMS/divinylbenzene (PDMS/DVB), 50/30 um PDMS/CABafboxen), 50/30 um
PDMS/CAR/DVB, 85 um CAR/PDMS, 85 um polyacrylate (PA) and 60 pum polyethylene
glycol (PEG)) and the SPME manual holder were purchased from Supelco (Bellefonte, PA,
USA). Sodium chloride (NaCl) and a mixture ofCuo linear hydrocarbons were purchased
from Signme-Aldrich (St. Louis, MO, USA). Ascorbic acid was purchased from Hopkin &
William (Johannesburg, SA) and reference standards (Tablevdre purchased from Fluka or
SigmaAldrich, or synthesised as detailed elsewH2i®] and were kindly provided by Prof.
B.V. Burger and Dr. M. Le Roux (Lecus, Stellenbosch University). A standard solution
containing all reference standards at varying concentrationsi(20@ mg/L) in
dichloromethane (Sigmaldrich) was stored a4 °C and analysed within 2 weel&79].
Deionised water was obtained from a M(Qiwater purification system (Millipore, Milford, MA,
USA). Five batches of plant materialedch of the cultivated speci&€s, genistoidesC.
subternataandC. maculatawere harvested in 2013 from plantations located in the Western
Cape. Samples of each species were harvested from the same plantation, with the plantations for
C. genistoidesC. maculataandC. subternatasituated at Bredasdorp, Bereaville and
Stellenbosch, respectively. All plant material wasrfented at 90 °C for 16 h as described

elsewherd280]. The infusions were subjected to descriptive sensory analysis.
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4.1.2.2. Sample preparation

The same fermented plant material was used for all method optimisation experiments.
Boiled deionised water (100ljrwas added to 1.25 g plant material in a flask. The flask was
covered with aluminium foil and the tea was infused farib with occasional (manual)
swirling. The hot infusion was then filtered through ayweshed (with 100 irboiled deionised
water) filter paper directly into a flask containing 90 mg ascorbic acid. The filtrate was allowed
to cool to room temperature before SPME extraction. A fresh infusion was prepared for each set
of optimisation experiments.

4.1.2.3. Headspace SPME extraction procedure

SPME fibres were conditioned as recommended by the manufacturer prior to use. Six
fibres with different coatings were evaluated. lQofreach infusion was transferred to a 20 m
vial containing 2 g NaCl (previously heated to 100 °C and cooled to room temperature to remove
moisture) and a PTFE stir bar. The vials were capped immediately and the fibre was exposed to
the headspace of the sample. Extraction was performed at roomrétanp (21 £ 2 °C) at a
stirring rate of 1000 rpm for 30 min. Fibres were-ponditioned at 250 °C in a GC injection
port for 30 min each day, and blank analyses were performed daily to verify that the system and
the fibre remained contaminainee. The final method utilised the PDMS/DVB fibre with the

same conditions as outlinathove.
4.1.2.4. Instrumentation

All analyses were performed on anhouse built GCxGC system consisting of an
Agilent 6890 GC Agilent Technologies, Palo Alto, CA, USA&Quipped with an FID and a

programmed temperature vaporizing (PTV) injector (Gerstel, Mulheim a/d Ruhr, Germany). The
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instrument was retrofitted with the Mk 11l sing&tage thermal modulator previously described in

section 2.3.
4.1.2.5.Instrumental conditions

Hydrogen (99.999%6 purity, Air Products, Cape Town, SA) was used as carrier gas. The
following conditions were used for the initial experiments: initial flow rate 2.06m at a
constant inlet pressure of 151.7 kitatial oven temperature 40 °C, held for 2 min, followed by
a temperature ramp at 5.5 °C/min to 240 °C, held for 5 min. Analytes were desorbed in the
injector at 240 °C for 5 min in splitless mode (splitless time 1.5 min). The PTV was used as a
standard glit/splitless injector, heated to 240 °C prior to injection. The FID temperature was set
to 250 °C (air = 450 tmin, H>= 40 ni/min, make up gas N 45 n/min) and an acquisition
rate of 100 Hz was use@iwo second minension columns with different polarities) %
phenyl/50 % PDMS (RxL7Sil MS, 0.6 m x 0.15 mm x 0.15 piRestek) andrifluoropropyl
methyl polysiloxangRtx-200, 0.6 m x 0.15 mm x 0.15 um, Restek) were also evaluated for the
nonpolar x polar configuratiarFor evaluation of a polar x ngolar column combination, a 30
m x 0.25 mm x 0.25 um DBVAXetr column (J&W Scientific) was used D and a 0.6 m x
0.15 mm x 0.15 pm Rxms column (Restek) #D. For the optimal column combination (HP
5MS x Stabilway, the optimisation of carrier gas flow was evaluated at head pressures of 75,
100 and 151.7 kPa. Oven temperature ramping rates of 2, 3 and 5.5 °C/mevaleated. The
modulation discharge voltage was evaluated at 20 V and 36&/optimal column combination
comprised 30 m x 0.25 mm x 0.50 um48RIS (J&W Scientific) and 0.6 m x 0.15 mm x 0.15
um Stabilwax (Restek) columns D and?D, respectively. Analyses were performed at a
constant column head pressure of 100 kPa. The modulation period was 5 s, and the discharge

voltage 30 V. Analytes were desorbed in splitless mode (splitless time 1.5 min) for 2 min in the
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GC inlet at 240 °C. The oven was held at 40 °C for 2 min, ramped at 3 °C/min to 240 °C and
held for 5 min at the final temperature.
4.1.2.6. Data processing

GCxGGFID raw chromatograms were exported from MSD ChemStation software
(Agilent) as .CSV (commaeparated values) files. Contour plots were then created in MATLAB

(R2008a, The MathWorks Inc., Natick, MA, USA) using binlfunctions.
4.1.3. Results and discussion
4.1.3.1.Method development

To verify the effective operation of the modulator used here, a thermocouple was
mounted between the ceramic plates during a temperature programmed analysis to measure their
temperature relative to that of the oven. These measurements confirmed thaptratere
between the plates was consistently lower than the oven temperature throughout the analysis,
reaching a maximum difference of 64.5W@en the oven first reached its maximum value
(Figure 41). This difference should be sufficient to trap analytes effectively in the absence of
overloading effects. Indeed, this is confirmed by the results for honeybush tea samples, where
the earliest eluting compounds are effectively trapped (gpgnianol, se further). It is also
relevant to note from this experiment that cooling of the modulator to its initial temperature takes
approximately 15 min. This is the minimum equilibration time that shbeldllowed between
injections. Ramobilisation of trapped analytes is achieved by using capacitive discteaigee
setvoltage. The voltage bears a direct relationship with temperature and therefore determines the
efficiency of remobilisation. Discharge voltages of 20 and 30 V were evaluated. Some peak
splitting for alcohols was observed at high discharge voltage, alithegeason for this is not

clear. Nevertheless, since a discharge voltage of 30 V provided better peaks shapes, and no peak
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splitting for the majority of honeybush volatiles, this voltage was used in subsequent analyses

(Figure 42).
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Figure 41 Temperaturel i f f er ence bet ween the modul ator 6s
thermocouple placed between them) and the oven temperature (according to the GC),
determined at an oven temperature ramping rate of 5.5 °C/min from 40 °C to 240 °C.

Both nonpolar x polar and polar x nguolar column combinations have been used with success

in GCxGC, with the optimal configuration depending on the compounds of intEeés281]

Both types of column sets were therefore evaluated as a first step in method development for
honeybush tea volatiles. The Apalar x polar column combination showed better utilisation of

the twadimensional separation space, as well as less breakthiranglthe trap, as is evident

from |l ess 6streakingé. This is |ikely due to
retained on the nepolar trapping phase, elute from th polar column at highgemperatures.
Subsequent method optimisation was therefore performed using Hp®laonx polar column

set.
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Figure 42 lllustration of the effect of the modulator discharge voltage on the GCxGC separation
of honeybush tea volatile compounds: (A) 20 V and (B) 30 V discharge voltages.
Analyses were performed using the optimised conditions (Secticgh).

For the more polar honeybush volatiles, weaipund (where highly retained analytes elute in
subsequent modulation period(s)) was observed. In an attempt to reduce wraparound, alternative
2D columns of lower polaritytifluoropropyl methyl polysiloxanand 50% phenyl/50%

PDMS) were evaluated. With the least pdRrcolumn (Rxi17Sil MS) wraparound was

significantly reduced. However, the lower retention of the majority of honeybush volatiles on

this column also resulted in much worse overall separation. The PDMS x Stabilwax column
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combination was therefore chosen for further method optimisation. Note that although increasing
the modulation period is an obvious choice to reduce wraparound, this is associated with a loss

of 1D resolution due to insufficient sampling of fidimension peaks.

One of the challenges in GCxGC method optimisation is that most experimental
parameters are interrelatg@82]. Slow ramping rates generate relatively broad first dimension
peaks, which facilitate achieving sufficient sampling of fdshension peaks to satisfy sampling
requirement$33]. For the thermal modulator used here, brodbDgueaks are also beneficial
since the amount of analyte trapped during each modulation step is reduced, which minimises the
risk of breakthrough. On the other hand, a very slow ramp increases the analysis time
significantly, and may produce broader peaks. The oven temperature ramping rate was
evaluated between 2 °C/min and 5.5 °C/min. At 5.5 °C/min, separation in the first dimension was
clearly compromised due to both decreased resolution and increasedamgéng. A ramping
rate of 3 °C/min was chosen as a compromise to maintain good resolution for acceptable analysis
times (in agreement with literature referefit®5]). Since the column hegatessure determines
the carrier gas flow rates in both columns, GCxGC analyses are typically carried out at carrier
gas velocities close to the optimum for tBecolumn, but considerably above the optimal
velocity in the?D column[283]. Acceptable linear velocities for hydrogen‘im and?D columns
have been suggested to be approximately 20 and30@m/sec, respective]§95].

Optimisation of the carrier gas flow rate was performed using constant column head pressures of
151.7, 100 and 75 kPa, corresponding to initial flow rates of 2.06, 1.06 and Iin&h,m

respectively. The average linear velocities in both dimensions were calculated according to
Shellie et al[190]. At high flow rates, resolution itD was compromised, whereas at a low flow

rate resolution ifD decreased since the analytes eluted at higher temperatures. An intermediate
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flow rate of 1.06 Mfimin was therefore selected as optimal, resulting in a carrier gas linear
velocity in?D within the range 10030 cm/sec. Using these conditiotisg modulation period of
5 s used in initial experiments was long enough to minimise wraparound, but short enough to

minimise first dimension undesampling, and was therefore used for all subsequent analyses.

4.1.3.2. Identification of honeybush tea volatiles

A set of 15 samples, containing five samples eadb. genistoidesC. maculataandC.
subternatarom the 2013 harvest season was subjected to GEHB@nalysis. All samples
were analysed in duplicate. Tentative identification of compounds was based on comparison of
retention times with reference standards dhdetention index values compared to NIST and
PHEROBASE databases. A total of 84 compounds were identified in the tea samples in this
manner (Table 4). These included-fnethylfurfural (12), and butyl benzoate (70), identified
here for the first time in honeybush tea using reference stanéfégdse 43 shows the GCxGC
FID contour plot obtained for the analysis of the reference standards and Figsinews
representative contour plots obtained for each of the @yepiaspp. Most compounds were
common to all three species, with differences observed primarily in terms of their relative
amountsFigure 44 illustrates on the one hand the complexity of the honeybush tea volatiles,
and on the other the performance of the shstggie thermal modulator for their comprehensive
analysis. Some @rloading was observed for higgvel and polar compounds, yet overall
excellent resolution was obtained and good utilisation of thedimensional separation space
was evident. The benefit of the twdimensional separation is clear from Figurg Avhich
shows the raw FID data depicting six consecutiv¥ehromatograms and the corresponding part

of the contour plot.
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Table 41 Volatile compounds identified in Cyclopia species by GCXBD using reference
standardsDifferencesbetween calculated and literatusgention indicesf under 30
are generally accepted.

. Retention index 9@'@
species
PLak a| a
0. Compound name Rlcal RI it GEN MAC SuU
1 1-pentanol 766 779 Y Y Y
2 (2)-2-pentenl-ol 772 783 Y Y Y
3 hexanal 803 800 Y Y Y
4 (E)-2-hexenal 854 854 Y Y Y
5 (2)-3-hexenl-ol 859 857 Y Y Y
6 3-methylbutanoic acid 870 877 Y Y Y
7 (2)-4-heptenal 903 899 Y Y Y
8 o-butyrolactone 919 922 Y Y Y
9  Upinene 957 939 Y Y Y
10 6-methyl2-heptanone 958 956 Y Y Y
11  benzaldehyde 966 969 Y Y Y
12 5-methylfurfural 969 978 Y Y Y
13  l-octen3-ol 981 983 Y Y Y
14  (62)-2,6-dimethy}t2,6-octadiené 990 981 Y Y Y
15 6-methyt5-hepten2-one 994 995 Y Y Y
16  decane 1002 1000 Y Y Y
17  octanal 1005 1007 Y Y Y
18 2-formyl-1-methylpyrrole 1011 1010 Y Y Y
19 (E,E)-2,4-heptadienal 1014 1017 Y Y Y
20 (2)-b-ocimene 1029 1037 Y Y Y
21  limonene 1033 1033 Y Y Y
22 2.2.6 trimethylcyclohexanone 1041 1036 Y Y Y
23 4-hexanolide 1061 1056 Y Y Y
24 o-terpinene 1064 1063 Y Y Y
25 2.6,6trimethylcyclohexef?-one 1065 1054 Y Y Y
26  1l-octanol 1073 1074 Y Y Y
27 acetophenone 1073 1078 Y Y Y
28 translinalool oxide (furanoid) 1079 1076 Y Y Y
29 2-nonanone 1094 1093 Y Y Y
30 terpinolene 1095 1089 Y Y Y
31  nonanal 1108 1109 Y Y Y
32 2-phenylethanol 1123 1127 Y Y Y
33 methyl octanoate 1127 1128 Y Y Y
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74 dodecanal 1413 1414 Y Y Y
75 2.6-dimethylnaphthalene 1419 1416 Y Y Y
76 (E)-b-damascone 1428 1409 Y Y Y
77  (E)-caryophyllene 1439 1419 Y Y Y
78  Ulonone 1441 1426 Y Y Y
79  Uhumulene 1474 1477 Y Y Y
80 5,6-epoxyb-ionone 1498 1484 Y Y Y
81 pentadecane 1502 1500 Y Y Y
82 5-decanolide 1508 1514 Y Y Y
83 methyl dodecanoate 1527 1528 Y Y Y
84 (E)-nerolidol 1573 1572 N N N
85 (2)-3-hexenyl benzoate 1584 1588 N N N
86 hexyl benzoate 1590 1597 Y Y Y
87 isopropyl myristate 1827 1812 Y Y Y
88 hexahydrofarnesylacetone 1850 1838 Y Y Y

Y - identified compoundsy - not detected.

&1 Rlcar experimental retention index (note that the accuracy of this value is affected by the length
of the modulation period and phasing of thedulation; the most abundant peak slice was used
for each compound); Ri- retention index from literature (NIST or PHEROBASE databases).

bi retention index obtained from referer{@@7].
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Figure 43 GCxGGFID contour plot obtained for the separation of honeybush tea reference
standards. The analysis was performed using oggintonditions (refer to Section
4.1.2.5). Peak numbers correspond to Table 4.

In these slices compounds labelled unknown 2 and unknowreRiperfectly in the first
dimension, but are separated on the ptacolumn, whilst the opposite is true for unknown 1

and(2)-b-ocimeneg(20), which ceelute in the second dimension but are separated in the first.

For accurate identification of compounds and for comparison of volatile profiles between
samples, it is essential to achieve very stable retention times in both dimensions. In GCxGC,
shifts inD retention times are caused by irreproducible injection and/or small variations in

temperature and carrier gas fl§84], while shifts inD are primarily caused by the modulator.
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Figure 44 Representative GCxGEID contour plots obtained for the analyses of (A)
maculata (B) C. subternataand (C)C. genistoidesamples. Analyses were performed

using optimezed conditions (Section 4.3.2.5). Peak numbers correspond to Table 4.
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Figure 45 (A) Zoomed in region of the raw GCxG&D chromatogram of. maculata
corresponding to six consecuti¥® chromatograms, and (B) corresponding part of the
contour plot illustrating the resolution of the tdomensional separation. Pelakels
correspond to Table &.Uy = unknown.

To evaluate the repeatability of the thermal modulator used in this wGrkmaculatasample

was analysed six times each on two consecutive days to determine intraday and interday
repeatability. Eight compounds covering a wide range of retention in both dimensions were
selected for this purpose (Tabl@y¥.The average relative standard deviation (RSDjFoand

2D retention times were 0.0% and 1.34%, respectively. The shifts D corresponded to + 1
modulation period and were mainly due to the fact that manual injection was used. This also
influenced theD retention times to some extt, as the analytes eluted at slightly different
temperatures due to small discrepancies between the time of injection and starting each analysis.
Despite this, however, the modulator showed excellent retention time reproductabty

Appendix A for further informatiomelating to theseesults.
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Table 42: Summary of the repeatability of retention in both dimensions for the GCxGC
separation of selected honeybush téanjaculata volatiles using the optireed
conditions (Section 4.2.5).

First dimension repeatability Second dimension repeatabilit
Intra-day Inter-day intra-day Inter-day
Peak No. Compounds g (Min) % RSD % RSD 2r(s) % RSD % RSD AWy, (S)
(n=6) (n=6) (n=6) (n=6)
1 1-pentanol 9.07 0.01 0.00 3.79 1.19 1.00 0.18
8 o-butyrolactone 16.63 0.00 0.85 1.51 1.62 4.69 0.06
2,6,6trimethyl
25 cyclohexer2-one 24.62 0.00 0.00 2.04 0.00 1.21 0.12
36 (E)-3-nonen2-one 28.53 0.12 0.12 2.21 1.11 1.11 0.18
56 geranial 35.71 0.00 0.00 2.70 0.00 1.80 0.24
57 geranylformate 37.45 0.00 0.00 1.74 0.00 1.93 0.12
76 (E)-b-damascone 42.87 0.00 0.00 2.08 1.49 1.59 0.18
80 5,6-epoxyb-ionone 46.04 0.00 0.00 2.36 1.31 1.30 0.18

4.1.4. Conclusions

A consumabldree singlestage thermal modulator has successfully been applied for the
GCxGC separation of honeybush t€y¢lopiaspp) volatile constituents. Following method
optimisation, good separation of honeybush volatiles was obtained. The modulator provides cost
effective operation and showed excellent performance in terms of retention time reproducibility,
which proved beneficlan terms of multivariate analysis of the data. Limitations were observed
for compounds present at high levels, wheemakthrough due to trap overloading was observed.
This is however a common problem in the analysis of natural products and beverages due to the
large concentration range of compounds in such santflgsty four compounds were
positively identified in thre€yclopiaspp. using the developed method. Due in part to the
limited number of available reference standards, batyethylfurfural and butyl benzoateere
identified for the first time in honeybush tea. This work has illustrated the utility of GCxGC

sepration for honeybush tea analysis.
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4.2 Analysis of polychlorinated biphenyls, organochlorine pesticides and chlorobenzeries
4.2.1 Introduction

Analysis of persistent organic pollutants is a challenge for environmental laboratories for
many reasonsincluding a &rge number of compoundsith varying chemical and physical
propertiespresent simultaneously samplesconcentration ranges varying frademtogram(fg)
to microgram [1g) levels for different compound classesany isomers forontaminant class, etc.
Very large amounts of numero8sockholm priority organipollutants (POPs) (approximately 1
million tonnes of PCBs and 2 million tonnes of DDT alon&ye manufactured during the last
century and used in numerous industrial applications, and as pesticides and flame r¢2&dtlants
Polychlorinated biphenyls (PCBs), organochlorine pesticides (OCs) and chlorobenzenes (CBs) are
routinely analyzed in a variety of sample matrices including fish, fatty food, and environmental
samples typically using one dimensional GC. There is curreotlsingle GC column phase that
can separate all 209 PCBs or 210 polychlorinated dibpdioxins/polychlorinated
dibenzofurans (PCDD/Fs), and consequently at least 2 columns must be used for accurate
guantification of these types of pollutaf285].

PCBs, OCs and CBs can be routinely analysgdg GCxGCfor solid samples such as
soil, sediment and sludge using the officially accredd€@kGCmethod developed at the Ontario

Ministry of the Environment to reduce the number of sample preparation steps, improve data

3 This section is based on tfalowing publication:

A.M. Muscalu, M. Edwards, T. Gorecki, E.J. Reiner, "Evaluation of a ssitglge consumableee modulator for
comprehensive twdimensional gas chromatography: Analysis of polychlorinated biphenyls, organochlorine
pesticides and chlorobenzene®urnal of Chromatography. Apl. 1391, pp. 93101, 2015.

Author contributions include design and manufacture of the Minddulator on-sitetechnical, operational and
chromatographianalysis andupport,secondary manuscripbntributor review and editing.
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quality for these target classes of compounds and elimiratigonation of the extracts, which is
required with one dimensional analyf286, 287] This method has resulted in significant time

and analysis costs savings. TBExGC system yields excellent withinand betweertlass
separationsand has replaced several conventional GC instruments. GbeGC method
developed has been shown previously to be both precise and actheatdjective of this study

was to evaluate the performance of a new sistsige consumableee thermal modulator
developed at the University of Waterloo versus the industry leading modulation system, the quad
jet liquid-nitrogen LN modulator The chromatographic separations, as well as the performance
data were directly compared to the routine accredited method used for the analysis of PCBs, OCs
and CBs in solid sampl¢286, 287]

4.2.2 Experimental

4.2.2.1 Standards and samples

PCB standards (BRIS, BRMS2, BRMS3 i 82 compounds) were obtained from
Wellington Laboratories (Guelph ON, Canada), while thelombenzenes (CB) and
organochlorine pesticides (OC) standard mixtures, 15 and 23 compounds respesgvely,
acquired from Absolute Standards Inc. (Hamden, CT, U$A¢ multilevel calibration standard
solutions containing PGB C/CB were prepared in isactane to produce a calibration series with
concentrations ranging fromrig/ml to 500 ng/rh 4,4*Dibromo-octafluorebiphenylwas added
to each calibration solution at a concentration of 10 h@sthe internal standard for PCB
congener quantification. Decachlorobiphenyl and B8Bomobenzene (North Kingstown, RI,
USA) were used as surrogatdsportion of an aidried soil/sediment/sludge sample was extracted
using accelerated solvent extraction (ASE, DidhexASEE 350, Thermo Scientific,

Bannockburn IL, USA). The ASE conditions were as follows: one cycle extraction at 100 °C, heat
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time 5 min., purge time 90 s, flush volume %0 extraction solvent 2% dichloromethane/7%

hexane (V/V). The resulting extract was then subjected to a single stage silica cartridge cleanup
procedure prior to instrumental analysis. This simple and fast sample preparation method results
in a significant reduction in sample handling and solvegqairements. No fractionation of extracts

is required prior to instrumental analysis, which results in significant- tand analysis costs
savings with definitiveenhancement in data qualitgediment reference material SRM1944
(Standard Reference Material SRM1944ew York/New Jersey Waterway Sediment) from
National Institute of Standards and Technology (Nd&Rithersburg, MD, USA) and another soil
sample (CALA proficiency testing for PCB Total) were used to test the penficenaf the new
modul at or . The fAreal 06 sampl es 0 -freceemddulatorveyau | t s ¢
compared to the performance data acquired with the indsistnglard LN modulator using the

accredited routie method.

4.2.2.2GCxGC System

The GCxGGe ECD s ysed mthis study consisted of an Agiles890 gas
chromatograph equipped with a spli followipgl i tl| es
chromatographic column combination was used: 300125 mmx 0.25um film thicknessDB-
1 (100% dimethylpolysiloxane) from J&W Scientific (Folsom, CA, USA) as the first dimension
column, 1.6 m, 0.18 mn@.18 um film thickness R#PCB from Restek Conrationas the second
dimension column, and a 0.3 m, 0.1 mmDOPact column (Restek Corp.) as the transfer line to
the detector. The transfer line was used in the experiments only when the LECO modulator was
used. One microlitre samples were injected using thisgfitless injector operated in splitless

mode at a temperature of 250 °C whilsing a 4 mm id gooseneck liner (Restek Corp.). Helium
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gas with a purity of 99.99% was used as carrier gas at 1.2nmm flow rate. The micrdeCD
system was operated at 300 °C using data acquisition rate of 50 Hz, %itheshane in argon as
the detector makap gas at a flowate of 150 ml/min. ChromaTof software (LECO Corp.) was
used for data acquisition and processing for all analyses performed for this study.
4.2.2.3 Modulation

The LECO LN quadjet dualstage modulator initially installed on tl&CxGC system
was used to develop the routine method for the analysis of PCBs and other halogenated
compounds. Details are presented elsewfg2e The new modulator prototype was installed on
the same system in order to obtain directly comparable datasimplestage thermal modulator
for GCxGCrequired no consumables for operation and was developed to trap, focusrgadtre
the analytes into the second column using a specially prepared coated stainless steel capillary trap
Focusing of the analytes within this trap 1is
ceramic cooling blocks. |l njection of focused
was accomplished using a capacitive discharge power supply to resistively heat the trap, while
rapid cooling was accomplished by compressing the steel capillary between two passively or
actively cooled ceramic pads. The details of the systendescribed ihapter 2and shown in
Figure 2.29 Once all the columns/parts were installed and leak checked, the column flow was
measured at the secondary column outlet and set toldvmThe outlet was then connected to
thee E C Dhe timing of the modulation with the GC run was critical for data acquisition and to
generate reproducib&CxGCchromatograms. For this purpose, the timing of the modulation was
synchronized with the data acquisition clock of the FID electrometer, installed on the system but

not used for the analysis purposes. The modulation period set for all the runs wasilrstosim
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the quadjet, dualstage modulatorThe secondary oven was not used for any experiments

involving the new modulator.
4.2.3 Results anddiscussion

4.2.3.1GCxGC separations

The evaluation of the chromatographic separations was first carried out using the
consumabldree modulator with passively cooled ceramic plates. When this type of cooling was
employed, breakthrough was observed for some analytes as the ceramic platest weoting
efficiently enough when the GC oven was heating during the run and cooling ddetwieen
analytical runs (Figurd.6 A). Higher voltage was tested with the trap, but it had a deleterious
effect on trap longevity making the system impractical for routine use (MduB).
To i mprove the modul atordés performance, an ac
attached to the heat conduits which the ceramic plates were mounted was installed, and the
breakthrough was significantly reduced for most problem compounds (H&u@d. This setup
was used for all performance data presented in this paper. Two exceptions were observed for the
more volatile noraromatic compounds: hexachleethane (HCE) and hexachleboitadiene
(HCBD). Different experiments were performed minimize the breakthrough of these
compounds and the best results were obtained when the oven temperature was programmed to start
at 60 °C instead of the 80 °C used with the validated method. The outcome of theGQXBE
analysis for PCBs/OCs/CBs when using the LECO system is presented in &£&Drehowing
that PCB congeners were separated according to their degree of chlorination, as well as their planar
structure (more retained in tAB plane). Wraparound was observed for both systésasdid not
affect the separation of any of the target compoufide.GCxGGUECD routine method using

the cryogenic modulator and targeting 118 compounds showed a total of eigjtiaons 3
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within-class (PCB4/PCB10, PCB90/PCB101, 1,2tefsachlorobenzene (1,2,3]%CB)/1,2,4,5
tetrachlorobenzene (1,2,472B) and 4 betweenlass (heptachleepoxide/PCB74, gamma

c hl or dGHLAY/PCBGH, cisnonachlor/PCB114, and methoxychlor (DMDT)/ PCB171)
Figures4.7 A and B indicate that, without further optimization of the GC method when using the
single stage thermal modulator, two of these-ekdions were resolved: heptachlor
epoxide/PCB74 and cisonachlor/PCB114, which was further confirmed bylyziag individual
standards for each of the compountsese separations were very important as PCB74 is one of
the major congeners in Aroclor 1232, 1242 and 1248, and PCB114 is one of the twel\ldoxin
PCBs. On the other hand, two compounds that were separated with tHetquadulator were
co-eluting with the new modulator tested: PCB99 (large contributor in Aroclors) and-alpha
chlordane (ubiquitous in environmental samples). To assess if #aktoon was due to the
modul at or 6 s pa tofhe slightdifferenceannthe column-sgt, the experiments

with the quadet modulator were repeated with the 30 cm transfer line to the detector removed.
The experiments showed that these compounds alstuterl with the quaget modulator when

the transfer line was not used, hence it was concluded that both systems performed similar under

comparable conditions.
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Figure 46 GCxGGUECD contour plot of PCB/OC/CB standard mix (118 target compounds).
(A) consumabldree modulator with passive cooling (22.4 discharge voltage) V; (B)
consumabldree modulator with passive cooling at higher dischaagage (24.4 V);
(C) consumabkéree modulator with active cooling for the ceramic plates (22.8 V
discharge voltage); (D) LNmodulator.

176



4.2.3.2 Peak Characteristics
The peak widths iICxGCare verysmalldue to the modulation process: the first column
eluenttrapped in small fractions by thermal focusing during the modulation cycleingoted
into the?D columnresulting in very fast separation in the second dimension (peak wieggB®0
ms ) . To evaluate the modul ationb6s efftagei ency .
thermal modulator were compared with the peak widths data from the accredited rathled.
4.3and Figure & present the peak attributes, such as peak widths and heights, for selected target
compounds for ten replicates analysed with each system (for the complete set of data for the target
analytes se@ppendixtableS1) as obtained with both modulation types for a standard mix of 20
ng/m. The data showed that peak widths ranged from 100 to 250 ms feyktém and from 150
to 320 ms for the thermal modulator. When peak heights were compared, both systems produced
similar results (Figure.8).
4.2.3.3 Thermal Modulator Performance: Quantification, Repeatability and Reproducibility
GCxGCcalibration was performed using the PCB/OC/CB standard mixture at six different
concentration levels ranging from 1 to 500 ng/ml to develop second order calibration curves used
for quantification. External standard calibration method was used for the@®CRB and internal
standard calibration procedure was used for PCB quantification. Retention reference compounds
and the internal standard were used to check retention time stability between runs. An initial

assessment of the modulator was performed hijuating the
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Figure 47 GCxGG UECD contour plot of ceelutions with the GC seaips using (A) the quad
jet LN2 modulator and (B) the new consumafriee thermal modulator.

instrument detection limits (IDL) for each of the compounds. Wisémg the consumabfeee
modulator, the IDLs ranged from 0.1 to 0.4 ng/ml, similar to the data obtained with the LN
modulator. Beside the IDLs, the data presented in Tablor selected compounds (see
AppendixB for further informationshowed that the instrument precision at the low level (1
ng/m) expressed as relative standard deviatioiR@P) ranged from 1 to 1% for PCBs, 1 to 4
% for CBs, and 1 to % for OCs (with DDTs and heptachlor poorer performergolahd 31%

respectively).
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Table 43 Peak width attributes: Full Width at Half Height as obtained with both modulation

systems
Full Width at Half Heighi{ms)
Name (N=10)
LN> Consumabldree
Modulator Modulator

PCB8 0.169 0.215
PCB18 0.172 0.223
PCB28/PCB31 0.189 0.268
PCB52 0.182 0.246
PCB66 0.209 0.273
PCB70 0.182 0.279
PCB74* 0.195 0.249
PCB90/PCB101 0.191 0.254
PCB114** 0.205 0.322
PCB118 0.206 0.288
PCB138 0.203 0.276
PCB153 0.199 0.269
PCB180 0.205 0.276
PCB206 0.218 0.288
PCB209 0.210 0.288
o,pDDT 0.196 0.289
p,p-DDD 0.206 0.290
p,p-DDE 0.233 0.284
p,p-DDT 0.208 0.285
Cis-nonachlor** 0.205 0.295
Heptachlor 0.195 0.295
epoxide*

Mirex 0.239 0.317
Oxy-chlordane 0.213 0.241
HCB 0.163 0.204
Octachlorostyrene 0.172 0.220

*Co-elution Heptachloepoxide/PCB74 LNz system

**Co-elution Cisnonachlor/PCB114 LN, system

To assess the withiday quantitation repeatability, ten replicates of the 20 hgtandard were
analysed and the data is presented in Tdlde(see Appendix B for further information

Experimental results showed REDs ranging from 2 to 1% for PCBs (PCB114 21 % and
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PCB85i 13%, poor performance, not baseli@solved), 4 to 86 for CBs and 3 to 1% for OCs

(endrini 24 %), very similar to the data obtained with the.liNodulator.

Peak Height Comparison (N=10 replicates)
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Figure4.8 Peak height comparison for selected compounds analyzed witmbtulator and the

consumabldree thermal modulator (*celution Heptachloepoxide/PCB74for the
LN2 system, **ceelution Cisnonachlor/PCB114 for the LINsystem).

To further evaluate the instrument performance, betweemesults of 5 replicates at 20 n¢/m
were evaluated and the data showe&SDs between 3 and 25 for PCBs, 3 to 136 for OCs
(exceptions included endrin at 38,  {DTpad45% and heptachlor at 3b), and 6 to 126 for
CBs (seeAppendix B for further information
SRM1944, a NIST sediment standard reference sample, was one of the reference materials

used to determine the efficiency thfe extraction, cleanp and instrumental procedurasd to
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assess the accuracy of BE€ExGGUECD method prior to accreditation. One of these SRM1944
extracts, previously analyzed with the 4 8ystem, was rnjected into the system using the new
consumabldree modulator and the recoveries of the target analytes were determined. These
analyses assessed the performance of the modulators when analysing real samples where numerous
interferences @re present. The results presented in Figl#& showed that the performance of

both modulators was comparable. The error bars represent the standard deviations for the
SRM1944 certified values. The target compounds were separated in the second dimension from

the other classes of contaminants present,mi | ar t o the routi M® met ho
B). In addition to accurately quantifying the target compounds, the analyses performed with the

new modulator showed similar enhanced separations of the targets from matrix interferences and
other classes of contaminants present in the sediment sampkgerformance of the new
modulator was also evaluated by analysing a soil sample, proficiency testing sample for PCB
known to have many interferences present, and the final result expressed as P@Bntotdlall

the PCBc with concentr at i ovmascongparedie dataehbtdinedd 6 s d «
from the routine method as well as the design value. The quantitative results were very comparable
between the tests: 77.9 ug/g for the consumbible modulator, 85.4 pg/g for the routine method

compared to the design value of 99.36 Lig/g
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Table 44. Instrument Detection Limits for tt@CxGGUECD systems with the twmodulators

Design LN2 Commercial Consumabldree
Name (ng/m) Modulator (N=9) Modulator (N=5)

Avg. | %RSD | IDL | Avg. | %RSD | IDL
PCB8 1 0.95 5.77 0.16 | 0.81 11.33 | 0.28
PCB18 1 1.05 1.99 0.06 | 0.89 5.15 0.14
PCB28/PCB31 2 1.78 1.08 0.08 | 2.07 3.26 0.20
PCB52 1 0.94 1250 | 0.35| 1.04 6.56 0.20
PCB66 1 0.98 3.82 0.11| 1.01 4.39 0.13
PCB70 1 0.98 7.17 0.21 | 0.96 5.37 0.16
PCB74* 2 (1) 1.96 1.81 0.10| 1.17 1.15 0.04
PCB90/PCB101 2 2.04 5.40 0.33 | 2.12 1.31 0.08
PCB114** 2 (1) 1.89 3.26 0.17 | 0.12 0.35 0.00
PCB118 1 1.07 3.02 0.10 | 1.21 2.80 0.10
PCB138 1 1.12 2.36 0.08 | 0.93 4.30 0.12
PCB153 1 1.00 4.08 0.12 | 0.89 4.63 0.12
PCB180 1 1.07 3.67 0.12 | 0.94 2.76 0.08
PCB206 1 1.02 11.02 | 0.34| 1.00 3.32 0.10
PCB209 1 1.05 2.06 0.07 | 1.13 1.45 0.05
0,p-DDT 1 1.31 4.02 0.12 | 0.99 17.05 | 0.51
p,p-DDD 1 0.87 10.76 | 0.42 | 1.17 2.04 0.07
p,p-DDE 1 1.02 4.17 0.11 | 1.23 2.42 0.09
p,p-DDT 1 1.40 2.43 0.07 | 1.17 8.74 0.31
Cis-nonachlor** 1 1.89 3.26 0.17 | 1.02 12.09 | 0.37
Heptachlorepoxide* 1 1.96 1.81 0.10| 1.19 2.40 0.09
Mirex 1 0.82 3.50 0.15| 1.08 8.39 0.27
Oxy-chlordane 1 1.03 2.05 0.07 | 1.05 7.65 0.24
HCB 1 0.83 3.24 0.08 | 1.11 1.76 0.06
Octachlorostyrene 1 0.86 2.03 0.05| 1.15 3.10 0.11

*Co-elution Heptachloepoxide/PCB74 LNz system
**Co-elution Cisnonachlor/PCB114 LN, system

4.2.3.4 Robustness: Betweerun and betweentrap system reproducibility

To

t est

t

he

systemobs

robustness

and

assess

the D and?D retention time shifts ibetween analytical run$he results were very encouraging

as negligible shifts in retention times were observed for both wiliyn and betweeday
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comparisons of the studied samples. For instance, tiRRS®% of the withiarun retention time
shifts calculated for the rout-i nebmembbdizsehe,
DDE, PCB52, PCB151 and PCB199), for ten replicates of the 20 stdndard, ranged from 0.3

to 0.6% in the first dimension and from 0.8 t&2s in the 2¢ dimension.

Sediment Reference Material
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Figure 49 Sediment Reference Material (SRM1944) comparison: (A) Certified values
comparison as obtained from both systems. (B)-@imeensional chromatograms
showing the target compoundsdé separation
sample when using the csumablefree single stage modulator. BDEbrominated
diphenylethers; Dx polychlorinated dioxins; F& polychlorinated furans; PCN
polychlorinated naphthalenes.
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Beside the retention time shifts, it was very important to have reproducible chromatograms when
the trap needed to be replaced. Changing the column set for the routine metkba RBPCB

x transfer line) required very meticulous adjustments: it wagarito have a specific length of

the 2D column placed in the main oven upstream of the modulator and an exact length of the
transfer line to the detector to obtain reproducible chromatograms. The constneable
modulator was not using the secondaryroaed the column lengths in tf2 oven or transfer line

were not variables in this case. For the tests, the trap used for the determination of the performance
data presented in thisesiswas switched for a new trap and tested by injecting three replicates of
the calibration standard at 20 ng/rmhe retention times of the five reference compounds used to
monitor the time shifts for the routine method (18,5 i br o mo b eDDE,ePCB52, p, p O
PCB151 and PCB199) were checked for the old and the new trap and negligible shifts were
observed. All theretention time shifts fell #between the ranges observed for the witiim

retention time ¥RSDs presented above.
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Table 45 Repeatability- within-run standards at 20 ng/ml: PCBs with different chlorination level,

OCs and CBs
Consumable
Expected LNz(I\I\/IIE)gg;ator free Modulator
Compound Name Xpecte B (N=10)
amount
(ng/mi) Average '?(5;3 Average '?O/S;D
EU Indicator PCBs |# Chlorines 0 0
2,4,412,4'5 40
PCB28/PCB31 Trichlorobiphenyl | (coelution) 41.8 3.8 38.8 2.6
2,2'55
PCB52 Tetrachlorobiphen 20 20.5 0.7 20.1 3.4
I
2,2',3,4'5
12,2',4,5,5 40
PCB90/PCB101 Pentachlorobipher (coelution) 43.2 1.2 38.2 2.6
I
2,3,4,4'5
PCB118 Pentachlorobiphen 20 18.0 5.8 21.1 5.3
I
2,234,455
PCB138 Hexachlorobiphen 20 20.2 2.9 18.8 4.8
I
2,2',4,4'55
PCB153 Hexachlorobiphen 20 22.8 7.8 18.8 | 12.9
I
2,234,455
PCB180 Heptachlorobipher 20 21.7 4.6 19.0 6.9
yl
Other PCBs # Chlorines
2,4~
PCBS8 Dichlorobiphenyl 20 21.2 2.7 20.3 3.1
2,2'.5
PCB18 Trichlorobiphenyl 20 204 | 2.9 21.1 2.3
2,2,3,3,4,4',55'6
PCB206 Nonachlorobiphen 20 21.8 7.9 18.8 3.1
I
2,2',3,3,4,4',5,5',6,
PCB209* - 20 20.7 6.9 18.7 | 4.2
Decachlorobiphen
OCs
p,p-DDE 20 18.8 3.3 182 | 4.7
Mirex 20 18.1 7.7 18.5 2.3
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Oxy-chlordane 20 19.1 7.9 19.7 6.5

Heptachlorepoxide** 20 N/A N/A | 20.8 | 115
CBs

HCB 20 22.3 | 34 19.8 | 5.8

Octachlorostyrene 20 20.0 7.9 19.5 6.2

1,3,5tribromobenzene* 20 219 | 44 | 20.7 | 5.0

*Surrogates
**Co-elutes with
PCB74

4.2.4 Conclusions

Comprehensive twdimensional gas chromatography coupled with a micro electron
capture detector has been used as a sensitive and selective routine method for the determination of
PCBs, OCs, and CBs in sediments, soils and sludges in a single analytioatihedast five years
in the analyticallaboratoryof the Ontario ministry of the Emonment and Climate Chang€&he
method proved to be an excellent analytical tool in the assessment of the presence of other
additional compounds and the initiadentification and monitoring of new and emerging
halogenated compounds present in sample extracts. The evaluation of the new corseenable

single stage thermal modulator was performed for the same target compounds as the accredited

method and focused oh h e

reproducibility of the results. The performance of the consurfeddethermal modulation system
proved to be comparable to the commercially available tadulator. The experimental data
obtaned was accurate and precise for the standards and reference material tested. Also, without
any further optimization of the GC method and without using the secondary oven&haicos

found in the LN method were resolved when the newly developed modulator was used. This very
simple, consumable free and cost effective modulator was very easy to install and operate on any

GC system making it a less expensive alternative for perforn@@xGC separations.

chromatographic
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separations
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Furthermore, its flexibility gives new opportunities of performing comprehensiveitwensional

GC with other detectors that are fast enough to handle the narrow peaks geneGid6y

4.3 Evaluation of a miniaturi zed singlestage thermal modulator for comprehensivewo-

dimensional gas chromatography of petroleum contaminated sofis

4.3.1 Introduction

Modulation based on cryogenic focusing has proven to be very effect@x&Cand
has become the dominant modulation stra{@§®]. The main limitation of this strategy is the
need for a refrigeration unit or expensive liquid cryogen, which limits the adoption of this
technique for routine and portable analy2®&9]. Resistive heating has been shown to be very
effective for providing temperature programmed GC ana[288]] and this technique was used
during the initial development t@CxGCtechniqug32]. Harynuk and Gorecki used resistively
heatedstainless steel5S trapping capillaries (53Am) packed withthe macrgorousorganic
polymerTenax TAusing both liquid nitrogen cryogemdair-cooling for solute focusinf90].
Capacitive discharge facilitatedpid mobilisation of trapped components with dipglication of
electrical current to the SS capillary. Libardoni et al. later developed a-siagle thermal
modulator with another SS capillaf¥80um ) coated with a nepolar stationary phase (MXT

1, 0.2um), however this design was reliant on refrigerated airgwgen for solute focusing9,

4 This section is based on the following publication:

M.R. Jacobs, M. Edwards, T. Gérecki, P.N. Nesterenko, R.A. Shellie, "Evaluation of a miniaturisedtsiggle
thermal modulator for comprehensive tdimensional gas chromatography of petroleum contaminated
soils,"Journal of Chromatography Apl. 1463, pp. 16268, 2016.

Author contributions include design and manufacture ofrtmeature version of thivk IV modulator remde
technical, operational and chromatographic suppedondary manuscript contributegyview and editing.
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291]. Work done byColin et al. highlighted how alternative modulator stationary phases could
be beneficial for thermal modulatdesigns, compared to conventional stationary phase coatings
[100].The use of a highly polar room temperature ionic liquid stationary phase coating within a
micro-fabricatedGCxGCmodulatorminimized stationary phase bleed from the modulator while
temperature pulses were being applied compared to converRiDiMb-based coatings that

have been utiked in thepast as the basis of thermal modulafafsl]. Muscalu et alreported

the development of novel thermally stable statioqdnrgse coating for singgage thermal
GCxGCfor the analysis gpolychlorinated biphenyl compounfiZ03]. While duaistage

modulators are typically used to prevent solutes from passing theoongtalulator without being
focused severalauthors havelemonstrated that optimisation of a singlage modulator design

can minimke the potential for breakthrough without recoursan additional focusing staff9,

203]. The aim of tis study wado evaluate a miniaturéd singlestage thermal modulator that
incorporates an adsorptive stationary phase coatingjighespeed resistive heating for
comprehensive twdimensionalGCxGC modulation. This modulator was evaluatedgia

range ofcompounds and then applied to the analysis of petroleum hydrocarbon spills affecting a

subAntarctic research statiofihe performance of this novelodulatoris reported herein.

4.3.2 Experimental
4.3.2.1 Instruments

An Agilent 6850A Gas Chromatograph (Agilent Technologies, Wilmington, DE, USA)
equipped with &/SLinjector, 7683B Serie8LS (Agilent) and an FID was used for all
analyses. The firalimension column was a DBES 25 m x 250 m x 0.25 m (Agilent) coated
with a low-polarity silarylenebased stationary phase equivalent 8 8iphenyl 95 %

dimethylpolysiloxane. The secowiimension column was an Rxi 17SilMS 1 m x 106 x 0.1
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pm (Restek, Bellefonte, PA, USA) coated with a +palarity silarylene stationary phase
equivalent to 506 dipheny} 50 % dimethylpolysiloxane, which was selected due to its high
efficiency and rapid separation speed. The modulator was constructed from a segment of SS
capillary (4 cm long, 0.28 mm) coated with @hsorptive stationary phase coating prepared
using a proprietary proceduj203]. The modulator was installed within the GC convection oven
and connected to the firsind secondlimension columns using two SilTite mini unions (Trajan
Scientific & Medical, Ringwood, Australia). Theapping capillarywas compressed between a
pair of ceramic pads mounted on a hinged device that was installed through the wall or roof of
the GC convection oven as shown inl¥g4.10 B. The compression device served as a heat

conduit, ensuring that the modulator was kept atosdn temperature. The deeiwas made of
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(A)

Injector Detector
(B) )

Column 2

Capacitive
Discharge [
Unit

Column 1

GC Convection oven

Figure 410 Schematic diagram of theapping capillary used in the istvely heated single
stage modulator (Aand a diagram showing the modul@oinstallation in a GC
convection oven (B).
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copper and cooled using a pair of fans Y32nd thermoelectric cooling padsV{52.6 A) that
were mounted outside of the convection oven. The trap was connectptbggammable (40
V) capacitive discharge power supply (4 x 44,Q6Ccapacitor array) using two glass fiber

braidinsulated copper wires.

4.3.2.2 Modulator performance testing

A test mixture containing a range of different compoundsimjasted (1jL) into the
S/ inlet at a split ratio of 100:1 and all analytes were determined in triplicate. The inlet
temperature was 25@ and a 4 mm SGE split liner (Trajan) was used. The carrier gas was
hydrogen, with a constant flow rate of 1.0mmn. The initial head pressure was 87.08 kPa at 30
°C. The GC temperature was initially 30 for 1 min and then temperature programed at a rate
of 5°C/min to 200°C. The FID temperature was 290 and operated at a data sampling rate of
200 Hz to ensure adequate detection of the narrow peaks generated during mda@ai2fidine
capacitive discharge power supply was programmed to provide a modulation period of 3.0 s,

with a discharge voltage of 21\0

4.3.2.3Petroleum spill analysis

Samples and standards were injectedL(linto aS/_ inlet with a split ratio of 20:1.
The inlet temperature was 280 and a 4 mm SGE split liner was used. All samples were
analyzedin triplicatewhile the facilitator sample (Sectign22.4) was analzed ten times
throughout the analytical sequence. The cag@rwas hydrogewith a constant flow of 0.8
ml/min. The initialhead pressure was 66.10 kPa at@0The GC temperature wamstially 40
°C for 1 min and thethetemperaturevasprogramed at a rate 6f°C/min to 320°C and held
for 3 min. The FID temperature wag80°C. FID data acquisition rate and capacitive discharge

powersupply parameters were as described in Sedti@A.2.
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4.3.2.4. Standards and samples

Toluenen-octane, ethylbenzene;H&ptanone, pentylacetatedecane, dctanol, 2
nonanone, 1fexanedioln-docecane, -2lecanol, 4&chlorophenol ana-tetradecane were
obtained fronSigma Aldrich (Castle Hill, Australia) and used to prepare a foltkion of a
model mixture used for the performance testing of the moduw&th®,000 mg/kg in
dichloromethane (Sigma Aldrich}his stock was diluted witdichloromethan¢o obtain a series
of standardsvith concentration ranging from 100 to 0.5 fkgy Soil extracts were obtained from
the Australian Antarctic Division (Kingston, Tasmania). Soil samples were prepared using the
method described iref. [293]. Each soil sample (10 g) was spiked withrbmoeicosane at 25
mg/kg (SigmaAldrich) and then extractedgsingn-hexane (Mallinckrodt Baker, USA). The
extracts originatefom two sites, indicated as the Fuel Farm (FF) and Main PBlwese
(MPH) on Macquarie Islansee referencg94] for details on each sampling 9ité& sample of
Special Antarctic Blend (SAB) dieselas obtained from the Macquarie Island research station.
A seriesof SAB diesel dilutions were prepared ranging in concentréton 100 to 3000 migg
in n-hexane (Mallinckrodt Baker). Ea8@AB diesel sample was spiked witbblomoeicosane at
25 mgkg (SigmaAldrich) for internal standardisation purposes. Two &mll sample extracts
containing approximately 3000 rtkg of petroleum hydrocarborfsom the FF and MPH sites
were combined in a 1:1 ratio and used as a facilitator sample as describathdet al.[295].
A 10 mgkg standard containing-alkanes fromm-octane tan-eicosane (Sigma Aldrich) and a
range of polycyclic aromatieydrocarbongPAHSs)including naphthalene, fluoranthene,
acenaphthene, chrysene, benzo(k)fluoranthene, dibenz(a,h)anthtmrereg,h,i)perylene,

benzo(a)pyrene, anthracene, phenanthiedeno(1,2,3c,d)pyrene, benzo(b)fluoranthene,
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fluorene, pyrenehenz(a)anthracene;lethylnaphthalene and acenaphthyléRestek,

catalogue #31458) was preparechihexane (Sigmaldrich).

4.3.2.5. Data processing

Data were acquired using ChemStation Software B04.038kplent, Santa Clara, CA,
USA) and thenmported into GC Image R2.5b4 software (@@age LLC, Lincoln NE, USA).
Baseline correction and peak detection were performed using GC Image with default settings.
Peakareas, retention times and chromatograms were generated foodiaéator performance
testing mixture, which were then exportedviicrosoft Excel for calibration and analyside
Image Investigator feature of GC Image was used to generate a composite chromatogram that
was constructed from teeplicate analyses of the facilitator samplgyéek template waken
constructed based on this composite chromatogram. Thideaakate and the Image
Investigator feature were used to azealgachof the GCxGCchromatograms and generate a
peak summaryeport. All chromatograms wersanually reviewed to ensure correct alignment
of the peak template and all peak summary tabtge exported in Excel format for further

analysis.

4 3.3 Results anddiscussion

4.3.3.1 Modulator evaluation

The key to effective single stageodulation is to ensure that the mobilisation step is very
rapid, and that the return to tgdpg temperatures is fast enough to prevent the breakthrough of
solutes from the firstimension column. A SS capillary (280 um) was used as the basis for the
present modulator, which is based on previous research by Gérecki-andkars[95, 203]
The capillary was rapidly heated using a capacitive discharge power soidy temperature

(>400°C) in just a few millisecondsvith thefinal trap temperature depending on the charging
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voltage selectedith the power supplyFigure4.10 shows the construction (A) andstallation
(B) of the singlestageGCxGCmodulator. The modulator was installed within the GC
convection oven using a Peltieooled heasink device as shown in kige4.10B. This
installation ofthe heat sink through the wall of the GC convection oven alldlaetrap to track
the temperature of the oven with a temperatiifferential to enhance the solute loading
capabilities of the trag-or example, while the GC oven temperature wa¥z}Q@he initial
modulator temperature was 16 cooler with respect to the ovérhis temperature diffential
increased progressively throughautemperaturprogrammed analysis to yield a 100
differentialat an oven temperature of 300. The present modulator diffdrem the Mk 1V
design previously described isection 2.5in a number of wayg03]. Specifically, the length of
the trapping capillary has beeeducedo just 4 cm longand the totasize of the heat conduits
and heat sinkised for trap cooling wagduced by more than 36 while still providing
modulation capabilities. The modulatwas amenable towardield analysis with its small size
and requirement of only electricity foperation An image of the modulator can been in

Figure4.11.
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Figure 411 A photo of theportable version of the Mk IV design.

Theability of this modulator to trap and molz#i solutes waassessed by analysing a
model mixture composed of 13 compoumdth different chemical functionalitiet® determine
whether anysolute discrimination was occurring within the modulator. A rasfgencentrations
(0.5'100 mdkg) were analysed in triplicate evaluate the solute loading capabilities of the trap,
as well agletermine its ability to focus solutes in a repeatable mannerhvattesults
summarzed in Tabled.6. A bi-logarithmic plot ofpeakarea (Vp) versus solute mgsss) was
used to assess the losssofutes to breakthrough, where slopetessthan 1 represent solute

losses[90, 91]

All solutes were well modulated with the exceptiomadctane, which showed
significantbreakthrough with approximately 21 % of the mass passing through the trap without
being focused. Interestingly, toluene was well focused by the modulator, suggesting that the
stationary phase of the trap had enhanced solute loading capacity for aromgibeiods

compared to volatile aliphatic compounds likectane.
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Table 4.6 Summary of different resistively heated modulator designs including: the capillary
type (SS = stainless steel, FS = fused silica), trap stationary phase, modulator cooling

used.
: Trapping stationary .
Authors Modulator construction hase Trap cooling| Ref
Liu and FS column, 100 pum,
- conductive paint, dual stag PDMS 0.5 pm GCovenonly [32]
Phillips 15 em
de Geust FS column, 220 um, |CP-Sil8 CB (5% phenyl| ,. :
al. conductive paint, 30 cm PDMS) 0.5 pm Air cooling [41]
Phillips et al. FS column, 100 um, rotatin PDMS 3.5 pm GC ovenonly [45]

modulator, 10 cm

Harynuk anc Micro packed TENAX Liquid

SS tube, 530 pm, 2.0 cm [78]

Gorecki TA nitrogen
SS tube, 530 um, 11 cm; H

Burgeret al. column 200 pm DB-1 (PDMS) 3 um |GC ovenonly [43]

Libardoniet| SS column, 180 um, single MXT -1 (PDMS) Refrigerated [89]
al. stage, 5.5 cm 0.2 um air

Libardoniet| SS column, 180 pm, single MXT-1 (PDMS) Refrigerated

ethylene [291]

al. stage, 5.5 cm 0.2 um glycol

Goldsteinet| SS column, 530 um, dual MXT-1 (PDMS) 3 um| Air cooling [95]

al. stage, 15 cm
Libardoniet| SS column, 100 um, dual MXT-1 (PDMS) Refrigerated [91]
al. stage, 5.5 and 2.2 cm 0.2 um air
Panetal, | SScolumn, 280 um, dual vt g9 ppMs) 1 pum| Aircooling | [94]
stage, 15 cm
. : Air and
Muscaluet |SS column, 280 unflatteneg Proprletary. adsorptive thermoelectrid  [203]
al. to 100 pum, 15 cm coating .
cooling
. : Air and
Present |SS column, 280 um, flatten{ Proprietary adsorptive .
. thermoelectri¢c  N/A
modulator to 100 um, 4 cm coating cooling

Higher molecular weight-alkanes if-nonane onwards) did nekhibit this breakthrough effect,
suggesting that the cooling tfe trap might nohave beesufficient for focusing high
concentrationsf the most volatile aliphatidiydrocarbonsA chromatogranof two
representative compounds@ecane and ethylbenzeneliwown in Figire 412. A number of

test compounds also revealed g log ms slopes greater than 1, which indicates that some
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signal enhancement was occurring. Calibrations were linear dbheessncentration range of 5
1300 pg (mass on column) with ameragd_OD of 70 pg using FIDAverage RSB (%)of 9 x

10 ® and 2.7 were achieved for the fir6ttr) and second dimensiofts) retention times
respectively, which compared favourably with other thermal and cryogenic mod {2089,

90, 203] An average peak area repeatability 8 RSD was obtained, which is sufficient for
guantitative analysis. The seceditnension peak widths of each solute sumpeakin Table 4.7
showedaverage values on the order of 72 + 3 ms measured at half height. Polar solutes were
retained more strongly by the secegichension column than aliphatic spe¢iebich caused
greater peak broadening compared to-polar analytes, as expected during GCxGC
separationsPeak symmetryas used as an indicatorarialyte sorpon behavioubetween the

mobile and stationary phageeaksymmetry was calculatagsing the following formula

0 QE@a a Qo gw
whereb represents the distance from the peak midpoitite trailing edge of the peak measured
at 5% peak heighandarepresents the distance from the leading edge to the midpoint measured
at 5% peak heighPeak symmetry values less than 1 represent a fronting gredkalues
greater than 1 represent a tailing pethe peak symmetry factors for polar solutes were on
average 1.9 £ 0.3, while ngoolar solutes displayed greater asymmetry with a symmetry factor
of 2.8 + 0.5. The improved symmetry statistics for the polar solutes is likely due to the improved
capacity ofeach of these solutes in the polar seegimdension column. The consumable free
system provided performance competitive with cryogenic based and alternative thermally
modulatedGCxGCsystems, which typically produce peaks with widths between 2Q2Mds

at half
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Figure 412 Onedimensional chromatograms for (AJdecane solute and (B) ethylbenzene
solutes, showing peak symmetry of the modulated solutes. Three chromatograms are
overlaid, the orcolumn solute mass is 25 pg for baethlutes.

height. Application of the capacitive dischafiggsed thermal modulator is more convenient to

implement than present commercial cryogenic modulators, and easier to configure araoptimi
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than flow modulatedsCxGCsystemsCommercial cryogenic modulators require constant
resupplying of cryogen, while the presembdulator only requires electricity for operation. A
discharge voltage is selected to ensure that focused solutes are eluted in @jestiow band,
similar to the programming of hot/cold jet timingfscryogenic modulators. It is important that
the voltage selected ot so high so as to cause analytes tpywelyzedduring desorptiofrom
the trap, or destruction of the metal capillary by overhealihg.reqirement of increasing the
temperature of the SS capillamglative to the GC convection oven limits the ability of the
modulator to mobilze high molecular weight solutes without damagimg SS capillary or
stationary phase of the modulator. Effectmedulation was demonstrated for the solute
triacontanevhile using a low charging voltage of 21 V fikle present research. Finally, it is
important to ensure that the trapping capillary is carefully aligned between the two ceramic pads

to ensure that it isatisfactorily cooled.
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Table 4.7 Peaktatistics for test compounds showing the retention time and peak area repeatability
(n =12); LogLog slope and linearity test (n = 215if= 3.45); limit of detection (mass
on column); the secondimension peak widths at half peak height (150 pg solute mass

on column, n = 3, U = 0.05); the symmetry
on column, n = 3, U = 0.05).
D D Peak Log-Log D
Compound Retention | Retention| Area Slope o LOD | Peak | 2D Peak
P time time (RSD | (Peakarea| ®®®Mmal (ng) | width | Symmetry
(RSD %) | (RSD %) %) VS mass) (ms)
Toluene 1.7 x 164 2.3 5.3 1.00 £ 0.02 2.61 132 | 93+3| 15+£0.2
n-octane 1.5x 106 34 3.0 0.79+£0.01 1.04 207 | 88+3| 1.7+0.2
Ethylbenzeng 1.2 x 16 2.3 4.3 0.96 + 0.01 1.80 113 | 88+6| 1.6+0.3
2-heptanone| 1.1 x 1¢* 2.6 3.9 1.06£0.01 1.10 37 | 77+3] 25+£03
pentylacetatg 1.0 x 10 2.4 4.3 1.24 £ 0.03 251 43 1110 * 1.7+£0.7
n-decane | 7.8 x10C° 3.1 0.9 1.03+0.01 2.30 34 | 52+3| 3.3+09
2-octanol 7.6 x10° 2.3 1.9 1.19+£0.03 1.14 62 | 67+£3| 1.6+05
2-nonanone | 6.5 x 10° 2.9 2.4 1.28 £0.02 3.05 29 | 55+1| 24+03
L6 6.3 x 10 2.3 3.0 1.12+0.01 2.45 19 | 72+3| 22101
hexanediol
n-dodecane | 5.3 x 16° 3.2 1.7 1.02+£0.01 3.10 29 | 45+1| 3413
2-decanol | 5.2 x10° 2.3 1.9 1.18 +0.02 1.26 22 | 70+1| 2006
& 1.5 x 10 2.8 4.9 1.19+0.03 1.38 160 | 72+3| 1.6+0.3
chlorophenol
n-tetradecang 4.1 x 10 3.2 2.6 0.97£0.01 1.17 21 | 47+3| 2704

4.3.3.2.Modulator application to petroleum spill analysis

Petroleum hydrocarbon contaminatidHC) of Antarctic andsulbAntarctic terrestrial
environments is a significant problearising from human polar exploration and resed296,
297]. Conventional singlelimensional GC is unable to adequately sepdn@&eomponents of
these PH&ontaminated soils due to the complexity of petroleum and its degradation products.
GCxGCcan beused to enhance the separation of complex petroleum spikgpayating
compounds in two temporal dimensid@60, 288] Analysis ofpetroleumbasedsamples using
GCxGChas been welkstablished in a number of studies and offers benefits in tdrangnal

enhancement as well as simplifying the integratiope#k areas, due to the constant presence of
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a reliable baselinthroughout the&sCxGCchromatogranj298-304]. Furthermore, thavo-
dimensional chromatograms that are generated can béandadl source fingerprinting to

determine the source of petrolea@antaminatiorf305].

The present GCxGC platform was applied to the separatiBrGf present in
contaminated soil sample extracts sourced fikdamequarie Islanga small subAntarctic island
located 1500 km southeastAdistralia. It serves as a critical breeding location for seals and sea
birds, and a permanergsearch station has been maintained there since 1948 for the purposes of
studying subAntarctic wildlife, and as a resupply statifor Antarctic operations. There have
been a number of petrolewspill incidents with release volumes ranging from 100 to 10,000 L
and remediation of these petroleum spills is ong{83]. The riskposed by PHC has been
evaluated using microbial and invertebrgpecies which are indigenous to Macquarie Island,
with total PHClevels in soil ranging from 50 to 200 kg (of soil) posing significant risk to the

health of the[204s3068 nds &6 ecosystem

Figure4.13 shows a5CxGCseparation of a SAB diesel samplatained from
Macquarie Island. A number of the more abundamponents of the petroledbased sample
revealed a tailing peadssymmetry, which indicates that the modulator stationary ptegsacity
was exceeded for these solutes. This overloading and breakthlootigis when a solute exceeds
the capacity of thenodulator stationary phase while the trap is cooling down fhahot state

following a capacitive discharge ev4a].
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Figure 413 Two-dimensional chromatogram of Special Antarctic Blend (SAB) diesel (3000
mg/kg in n-hexane).

Dilution of the samples or the use of a higher split ratio would alles@tge overloading issue

and minimge peak tailing, but this woulalso reduce analytical sensitivitgoweverthe

majority of peaksn the twadimensional chromatogram exhibited good peak symmetry with
minimal peak tailing or peak fronting, which confirmed that the stationary phase capacity of the

seconddimension colummvas not being exceeded for these compounds.

An eightlevel calibration was prepared using a serieSAB diesel standards spanning
concentrations from blank 8000 mgkg. The integrated peak area of each of these SAB diesel
standards was normadid using the -bromoeicosane internatandard used to construct a
calibration graph to estimate the concentration of Rid@aminated soil. LOD values for total
PHGCs were calculated using these peak area responses and the caljimatiEature outlined in
referencg307] (8 level calibration, n = 16, plicates for each levelgh = 2.5, kiit= 3.2,
blankaverage 0.0017and all LOD values were relative to the ability of the methogliantify

known amounts of authentic SAB diesel. The LOD wasmgkg, which compared favourably
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to the 64 mgkg LOD achieved using the previous 1D GC metf@@B]. This lower LODwas
important for being able to quantify low levels of PHCsamples to ensure that remediation
efforts have been sufficient ftne cleanup of petroleum spill sites as outlined by Mooney et al.
[306]. The calibration was used to determine the amounts of g?e&nt at two sites on
Macquarie Island, and ti@CxGCdeterminations were found to be significantly different from
one anotherOnedimensional GC typically undgredicted the concentratiaf PHC at levels
below 1500 mgg, which is likely due to the ped&cusing effect provided by the modulator.
Additionally, the average confidence intervals of determinations provided by the GEysBsin
were 0.3 + 0.2, compared to the 30 + 36kgagchievedusing onedimensional GC. The wider
range of confidence intervaiar the onedimensional system resulted from urtaenties of the
more heavily contaminated soil samples that were problematitegrate due to the lack of a

stable chromatographic baseline.

4.3.4 Conclusions

The resistively heated sing#tage thermal modulatdescribed herein reduces the
complexity of hardware required fachievingGCxGCwhile delivering excellent performance.
Accesdo electrical power is the only consumable presently nefeateaperation of this
modulator, compared to other designs tieguire liquid cryogen. Additionally, the modulator
and capacitivelischarge power supply are compact and amenable to paateddiesis unlike the
refrigeration units that are used as alternatfeesiquid cryogen. This modulator delivered
retention time ang@eak area repeataltylicomparable or better than present commercially
available modulators. Capacitive discharge facilitagrd, repeatable mobilisation of trapped
solutes in narrow reinjection bands (72 + 3 ms average peak widths) as is requ&ck G

analysis. The present modulator is able to focus a raidge of chemically different solutes at
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different concentration&i 1300 pg on column mass) without the need for a secomggying
stage, which simplifies system design. This modulai@s applied for the separation of
petroleum contaminated seshmples and found to be very effective for categorising petroleum
spill sources and measuring low concentratiorgetfoleumwhen compared with ore

dimensional GC analysis.

4.4 Evaluation of a commercial perfume sampley GCxGC-FID

4.4.1 Introduction

Flavours and fragrances are amongst the most studied application areas wrli@ GC
due to samples within this category featuring hundreds of unique compounds across a wide range
of chemical classes. One sample that has received considerable attention in recang years
commercial fragranseand pgumes.In 2003 the European Unionosmetics directiveecided
to regulate 2@ragrance allergesin cosmetic product809]. Later in 2009the European
cosmetics regulatiomoved torequirecustomers of cosmetic produttsbe informed if these
allergenswere abovel0 ppm in leaven productsand 100 ppm in wasbff productg[310].
This regulation required chemists to develeliable methods to quantify thiarget list of
allergenswhich resulted in the development of ther&@pean standard method HN274
updated most recently in 20§&L1]. The GCMS methoduseal two separate columraf differing
polarity for theseparation of the complex samples with MS being used for detection and
guantitation A logical alternative to this approaafould be to use GE&GC as a separation
mechanism insteads the separation of suchmplex samples could be achieved in a single
analysis instead of twas described in theEN 16274 methodJponattendinga meeting where

the performance and applicatiaf the Mk IV modulatorwas being presentedn individual
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employed by a major fragrance produceSwitzerland requestdtieir samples be evaluated
Waterloo by GBGC analysisAn experimental plamasdeveloped andamples of a
commercially available perfume wedelivered to Waterlo. The purpose of the experiments
was toevaluate the retention time and peak area repeatatfilihe Mk IV modulatoiin a
preliminarytest to determine its potential suitabilfty the GCxGC analysisof fragrance

allergens

4.4.2 Experimental
4.4.2.1 Chemicals and materials

Commercial perfume samples were delivdmgdhe collaboratoin 10 ml headspace vials
sealed with screwop caps A 1 ml aliquotof the fragrance sample was subsequemeiiyoved
and placed in to a 2 ml GC vial. Samples were kept in a refrigeratornvathémuseThe wash
solventused with thdiquid autosamplewas ethyl acetat€Sigma Aldrich, Mississauga,
Canada)No further dilutionof the samplavith solvent was required
4.4.22. Instrumentation

The GCxGGTOF MS system used for this study consisted of an Agi880GC (Pdo
Alto, CA, USA) equipped with a splispitlessnjector. A column combination consisting aDB-
130 mx 0.25 mmx 0.25 pm(J&W Scientific Folsom, CA, USAlwas used in théD ard aDB-
502 mx 0.18 mm x 0.18 pm(J&W Scientific, Folsom, CA, USAwas useds the?’D column
Theoventemperatur@rogram started &0 °C increasing at 4 °C/min untd10 °C.A 1 yl sample
was injectedusing the split/splitless injector operated in spiddeat a temperature &00°C
while using & mm id gooseneck liner (Restek Corplhe sample was split 50:1 during injection.
Helium gas with a purity of 99.99% was used abecarrier gas at 1.2 iimin constantlow rate.

A LECO Pegasus TOF MS detector (LECO, St. Joseph, MI, USA) was used for detection. The
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transfer lineand ion source were both held3®0°C. A mass range of 3800 atomic mass units
(amy was selected with the detector acquiring2@0 hertz (Hz) at a voltage of1800 V.
ChromaTof software (LECC5t. Joseph, MI, USAyas used for data acquisition and processing
of the TOF MS dataThe Mk IV modulatorused in this study has been previously described in
section 2.5A modulation period of 4 s was usked all experiments.
4.4.3 Results andliscussion

The initial review of the perfume sample revealed a highly complex chromatogram with a
wide range of analyte concentratiomoth 1D and 20chromatograms of the sample can be seen
in Figure 4.4. Peak detection wagerformedand theacquired spectra were searched against a
NIST library for compound identificatiod.he prominent solvent peak revealed the perfume had
been diluted in ethandfortunatelythe solvent tail hadeduced to such a level as not to interfere
with the first compound of interesbver 500 separate peaks were identified within the sgmple
the bulk of which eluted before the 50 minute mark of the temperaturewhiopcorresponded
to an oven temperature approximatel\230°C. Good peak shape overall was observed with
some tailing seen in tH® for more concentrated speci@$ie purpose of running this sample
was to determinbow the Mk IVperformed in pealarea and retention time repeatabilifhe
sample was run 5 timesday over two daysFive peaks were selected from the chromatogram
thatranged in'D retention times froml1 minutes to 60 minuseandhadstrong spectral matches
to the NIST library. These peaks includég i ne n e, Iphellandreeeheazyl addtate,
ethyl vanillin and4-methoxycinnamic acidOverlaid subpeaks for limonenand ethyl vanillin
are shown irFigure4.15. For all six peaks selectethe sub peaks from each replicate injection
when overlaid on each othappearedo be well alignedE a ¢ h  p e dkahd?D ratentona ,

times were recorded and plotteddrcel.
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Figure 4.4 Five overlaidreplicate injections of the perfume sample shown in 1D viewn{#)
the corresponding GGG C contour plot shown below (B).
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