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Partial modulation is developed and refined for one-dimensional gas chromatography (1D-GC),
comprehensive two-dimensional gas chromatography (GCxGC), and comprehensive three-
dimensional gas chromatography (GC?®). Since it’s first inception, partial modulation as a
technique has been relatively unstudied. In partial modulation, a small segment of the analyte
concentration profile is modulated, where the first dimension, 'D, peak profile is retained while
superimposing the second dimension, 2D, separation profile on top. The pulse flow valve
modulator, operating in partial modulation modes, enables a large increase in chemical information
density, that is the same chemical separation, or peak capacity, that is possible with current
modulators can be done in a fraction (as low as every 50 ms vs > 250 ms) of the time. Coupling
this modulator to an optimized GCxGC instrument provides an optimized GC? instrument that can

physically separate up to ~31,000 peaks in a 40 min separation, or a total of ~770 peaks separated



per minute of separation run time. Additionally, the pulse flow valve can operate as an injector to
a 1D-GC instrument, where it can separate similar, volatile organic compounds in very short time
periods (demonstrated at 200 ms and 500 ms) with baseline resolution between all analytes. This
modulation technique has readily provided analyte wy as narrow as single-digit ms, affording
incredibly high peak capacities in very short modulation periods. The application of the pulse flow
valve modulator, operated in the relatively un-studied partial modulation modes, has demonstrated
the ability to greatly increase the physical separation between analytes in complex mixtures, which

in turn can increase the scope and applicability of GC instrumentation.
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Chapter 1. Introduction to Multidimensional Gas Chromatography.

1.1 INTRODUCTION

Gas chromatography (GC) is a powerful analytical technique that can separate, identify,
and quantify volatile and semi-volatile analytes. Despite the efficiency and separation power of a
one-dimensional (1D) GC, complex mixtures of similar compounds (such as petroleum products
or metabolites) cannot always be sufficiently resolved or separated. In 1991 [1], Lui and Phillips
experimentally pioneered a form of multidimensional GC (MDGC) known as comprehensive
two-dimensional (2D) gas chromatography (GCxGC). The addition of a second separation
dimension (i.e. column one with a nonpolar and column two with a polar stationary phase)
provides a complementary separation and has greatly increased the separating and resolving
power of GC-based separation methods [2-5]. Now, analytes that are overlapped on the first
dimension (*D) can be resolved on the second dimension (D), enabling more complete
separations of complex mixtures [6-9].

The heart of the GCxGC instrument is the modulator, which transfers the effluent from
the 1D separation to a comprehensive 2D separation. Generally, GCxGC instruments rely upon
“full” modulation methods, where all of the analyte is modulated and separated [10]. During full
modulation, the entire analyte is compressed into a pulse, focused, reinjected and further
separated on a second column. This is the case whether a modulator transfers 100% of the eluate
(duty cycle = 1.0), or if it transfers only a fraction of the eluate (duty cycle < 1.0). With some
data processing, the original shape and pertinent *D figures-of-merit (such as peak width-at-base,

W5, and retention time, t;) can be obtained. Central to MDGC are the concepts of sampling
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density and peak capacity. Sampling density, ps, is defined as the number of modulations per D
analyte peak.

1Wb

ps = (1)

Pm
For a comprehensive separation, ps ideally is between 2 and 4, ensuring proper sampling of the
previous dimension without oversampling an excessively wide peak [11-13].

When compared to 1D-GC, GCxGC theoretically provides a 10-fold improvement in peak
capacity (n¢) [14-17] due to the second dimension. In our research, the best practice of GCxGC
relies on maximizing peak capacity. The 1D separation peak capacity (n¢), at unit resolution, Rs =
1, is defined as the total time (*t) of the 'D separation divided by the average width-of-base, *Wh,

of the analytes

n. =—4 (1.2)
1Wb

For GCxGC the ideal peak capacity is given by,
Ncop = ne x ?n (1.3)

where n¢ and ?nc are the D and 2D peak capacities, respectively. Equation (1.3) can be expanded

in terms of modulator performance, and the impact on peak capacity optimization,

1 2 1 Pm
Npop = —— X —=— = =L X (1.4)
¢2D ™ 4 2 1 2

Wp Wp Wp Wp

Similar to the leap from 1D-GC to GCxGC, we have recently begun exploring the jump
to comprehensive three-dimensional GC, referred to as GC?, to further increase separation power
and enhance chemical selectivity [18-23]. One then imagines a similar improvement in peak
capacity when moving from GCxGC to GC3. However, this was not possible in early studies, as

there was no modulator available that could be used fast enough to not “dummy-down,” or
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artificially widen, the previous 2 dimensions. Early GC? instruments traded total peak capacity
for increased selectivity in the third dimension (3D) [19], where the °D was used like a
multivariate detector [20]. Initially, the GC? instrument could only obtain a peak capacity (nc.3p)
comparable to, albeit lower than, optimized GCxGC instruments [19,20]. While promising, the
initial instruments did not have the same separating power as current GCxGC instruments
[5,14,24-26], as modulators were not sufficiently fast enough (i.e. modulation period, P, is too
long) to modulate 2D peaks effectively. More recent work using partial modulation methods have
shown that the GC? instrument can reach peak capacities approaching 10,000 in 11 min [23].
The GC2 instrument has the potential to be very useful for the analysis of complex
samples. However, there remains a need to provide more peak capacity coupled with more
effective use of the separation space. To address this challenge, we explored the manipulation of
phase volume ratios, £, [27] to further optimize the GC? instrument. The g for an open tubular
capillary column is the ratio of the volume of the mobile phase, Vi, to the volume of the

stationary phase, Vs,

_Vm dc

p=—= (1.5)

Vs 4df
where d. is the capillary column’s inner diameter and ds is the stationary phase’s film thickness.
The phase volume ratio g is immensely important for GC, as it is directly related to the retention
factor, k. Manipulating g through the selection of columns with different d. and df enables
modification of analytes’ elution temperatures, Te [28]. For GCxGC separations, it has been
recently reported that one can more effectively control and improve the useful peak capacity by

considering the g, the ratio of g between dimensions [27]

Br = (1.6)
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Prudent selection of the fr of a GCxGC system improved peak capacity and the use of the
available separation space. A positive linear dependence between Wy and %k was demonstrated,
and shown to be independent of t, [27]. Additionally, increasing 8 will also increase %k, and
therefore plays a pivotal role in the peak capacity of the separation [27]. Lessons learned from
this previous GCxGC study are directly applicable to improving GC? instrumentation for
addressing current goals. Additional discussion concerning the effect of the fr on MDGC can be

found in previous reports [25,27].

1.2  CHALLENGES AND MOTIVATIONS

Gas chromatography is a well-established, mature field for analysis. As such, it is
constantly given more complex mixtures (such as diesels and metabolic samples) with tens of
thousands of components which may never be fully resolved. One approach to handle such
complex mixtures is the proper application of chemometric techniques. While there are no one-
size fits all technique, chemometric analysis has proven itself invaluable in both targeted and un-
targeted analysis. Despite the number of chemometric techniques available, they all fail after a
separation is too saturated and there are too many components co-eluting. This can be dealt with
by using a modulator, or modulation technique, that provides improved separating capability
before the data every gets to the analyst. Improvements in total peak capacity, regardless of the
detector, can enable current chemometric techniques to perform better and improve the extraction
of useful chemical information.

Modulator technology has evolved a great deal since its inception nearly 30 years ago.
Thermal and flow-based modulators provide incredible improvements (in resolving power and
peak capacity) to a 1D-GC separation. However, neither are without flaws. Thermal modulators
typically require expensive and resource intensive (lab space) cryogenic fluids. While a push
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continues for improved cryogen-free thermal modulators, there will always be breakthrough
concerns for low boiling point analytes, and a lack of ability to properly modulate very heavy
analytes as well. Flow-based modulators address these shortcomings but are often unable to sample
the entire 1D effluent, thus losing overall S/N (as not all of an analyte makes it to the detector).
Additionally, flow-based modulators often operate at very high flow rates, meaning additional
considerations, such as column splitting, are required before attachment to a mass spectrometer.
Additionally, neither form of modulator can modulate below 250 ms, leaving a gaping hole in fast
GC analysis.

With these challenges in mind, the research presented herein demonstrates our efforts to
improve gas-phase separations in 1D-GC, GCxGC, and GC?. Chapter 2 builds upon the work first
pioneered by Cai and Stearns [10], later re-introduced by Freye et al. [29], and then combines it
with a theoretical study by Parsons et al. [27]. The application of a new, ultrafast modulator
combined with a new strategy for appropriate selection of column dimensions for
multidimensional GC was done to show the true separating power of an optimized GC? instrument
over a traditional-length GC separation. It is hypothesized that the application of this new variable,
the ratio of phase volume ratios, will enable tight control of %k’ and 3k’ throughout a separation,
enabling a peak capacity production nearing 1,000 peaks/min to be achieved regardless of the
separation time frame.

Chapter 3 aims to develop upon an un-studied method of partial modulation, termed the
negative pulse mode by its original pioneers, Cai and Stearns [10]. Previous reports by our group
[23,29,30] have solely focused on only the positive pulse mode, which, while effective, creates
unwanted preprocessing steps in order to extract the pertinent chemical information from the raw

data. The negative pulse mode will produce positive peaks, and it is hypothesized that these peaks
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will retain many of the same impressive figures-of-merit (narrow, reproducible wy, high resolution

between volatile compounds) while simultaneously reducing the number of preprocessing steps

for the extraction of chemical information.
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Chapter 2. Column Selection Approach to Achieve a High Peak
Capacity in Comprehensive Three-Dimensional Gas

Chromatography

This chapter was reproduced from Derrick V. Gough, H. Daniel Bahaghighat, and R.E. Synovec,
“Column Selection Approach to Achieve a High Peak Capacity in Comprehensive Three-
Dimensional Gas Chromatography” Talanta 195 (2019) 822-829.

2.1 INTRODUCTION

Gas chromatography (GC) is a powerful analytical technique that can separate, identify,
and quantify volatile and semi-volatile analytes. Despite the efficiency and separation power of a
traditional one-dimensional (1D) GC, complex mixtures of similar compounds (such as
petroleum products or metabolites) cannot always be sufficiently resolved or separated. In 1991
[1], Lui and Phillips experimentally pioneered a form of multidimensional GC (MDGC) known
as comprehensive two-dimensional (2D) gas chromatography (GCxGC). The addition of a
second separation dimension with a different polarity relative to 1D-GC provides a
complementary separation. Indeed, the advent of GCxGC has greatly increased the separating
and resolving power of GC-based separation methods [2-5]. Now, analytes that are overlapped
on the first dimension (*D) can be resolved on the second dimension (°D), enabling more
complete separations of complex mixtures [6-9].

Similar to the leap from 1D-GC to GCxGC, researchers have recently begun exploring
the jump to comprehensive three-dimensional GC, referred to as GC3, in order to further increase
separation power and enhance chemical selectivity [10-15]. When compared to 1D-GC, GCxGC

theoretically provides roughly a 10-fold improvement in peak capacity [16-19] due to the
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addition of the second dimension. It is intriguing to imagine a similar improvement in peak
capacity may be gleaned when moving from GCxGC to GC?, if the instrumental design is
carefully considered. However, early studies traded total peak capacity for increased selectivity
in the third dimension (D) [11]. Essentially, the third dimension was used primarily like a
multivariate detector, providing an additional form of and/or enhancing the chemical selectivity
[12]. In these studies, the GC? instrument was able to obtain a peak capacity of 3,500 in 60 min,
and then the instrumentation was improved to obtain the same peak capacity in one-third of the
time [11,12]. While being very promising, the initial instruments did not have the same level of
separation power as current GCxGC instruments [5,16,20-22]. More recent work has shown that
the GC2 instrument is not only able to retain the same separation power [13] as GCxGC, but is
now able to improve upon it with peak capacities of up to 10,000 in 11 min, with peak capacity
production nearing 1,000 peaks/min [15].

The leap in separating power (i.e. peak capacity and peak capacity production) from
state-of-the-art GCxGC to GC? instruments was made possible by the evolution of the available
modulators that link each successive separation dimension together. Moreover, the modulator is
essential in transferring the eluate from the previous to successive separation dimension at a
user-defined time interval, known as the modulation period, Pm. There are two broad categories
of modulators: thermal [23-26] and flow-based [27-31] modulators. Briefly, thermal
modulators use a thermal means of focusing (often with cryogenics) to trap analytes and then a
rapid heating mechanism to quickly desorb, or reinject, the analytes onto a subsequent column.
There are three general types of thermal modulators: resistively heated trap [1,32], heated
sweeper [33,34], and cryogenic focus [25,35,36]. Flow-based modulators isolate the eluate

coming from a given column into a sample loop at the modulator. An auxiliary carrier gas flow
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periodically compresses and reinjects the analytes onto the subsequent column. This auxiliary
carrier gas flow is independently controlled, and for example with GCxGC, is often much higher
than the flow through the D column [20,27,29,37]. Thermal modulators have the benefit of a
duty cycle of 1.0 (or zero loss of analyte between dimensions) with the added issues that come
with more equipment to trap and rapidly reheat analytes. Flow-based modulators, which are still
able to provide comprehensive sampling between successive separation dimensions, typically
have a duty cycle less than 1.0 (i.e. some loss of analyte at the modulator) but are generally less
equipment intensive and simpler to operate [38].

Herein, we refer to these types of modulators as providing “full” modulation, as the
entirety of the analyte concentration profile for a given time interval is modulated each time the
modulator actuates [39]. During full modulation, the analyte is trapped and/or compressed into a
pulse that is then introduced to the subsequent separation column for separation from
concurrently modulated analytes. Albeit with some data processing, for example with GCxGC,
the original shape and pertinent 1D figures-of-merit (such as peak width-at-base, W, and retention
time, ty) can be obtained. In contrast to full modulation, a relatively unexplored modulation
approach pioneered by Cai and Sterns is referred to as “partial” modulation, with more recent
reports by our group [15,39,40]. Relative to full modulation, during partial modulation a distinct
fraction of the analyte concentration profile within a given time interval is modulated, enabling
the original peak shape to be retained with additional chromatographically-encoded chemical
information within each partial modulation. Indeed, most recently, the use of a pulse flow valve
modulator to perform partial modulation enabled researchers to analyze and interpret this
encoded information by using the properties of vacancy chromatography and frontal analysis

[15,40,41]. Moreover, the pulse flow valve modulator can operate with an ultrafast P, as low as
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50 ms [15]. This ultrafast modulator is ideally suited as the second modulator in a GC?
instrument, enabling researchers to not sacrifice optimum separation conditions on the D and 2D
columns, concurrent with effective and efficient modulation onto the 3D column [15].

The GC2 instrument has the potential to be very useful for the analysis of complex samples,
and building upon this most recent study [15], there remains a need to provide more peak capacity
coupled with more effective use of the 3D separation space. To address this challenge, herein we
explore the means to further optimize the GC? instrument to improve its separating power. A
relatively unexplored avenue to increase and to make more effective use of the peak capacity, is
the manipulation of the ratio of the phase volume ratios, fr, between successive separation
dimensions in GC3, as previously studied with GCxGC [42]. In the process of doing so, we note
that commercial availability of GC columns must be taken into account, as there are relatively
limited options of common, commercially available phase volume ratios, $, to choose from for
typical GCxGC and emerging GC? instrument designs, such as 5 of 250 (capillary insider diameter
dc of 180 um with a film thickness dr of 0.180 pm), 112.5 (dc: 180 pum, df: 0.40 pm), 62.5 (dc: 250
pm, dr: 1.0 pm), 625 (dc: 250 pm, d: 0.10 pm), 250 (dc: 100 pum, df: 0.1 um), 125 (dc: 100 pm, ds:
0.2 um), to list a few. Since our focus is on producing a high peak capacity GC? design, we rely

upon columns with dc of 180 and 100 pm.

2.2  FUNDAMENTAL PRINCIPLES

2.2.1 Beta Ratio

The phase volume ratio, g, for an individual open tubular capillary column is the ratio of

the volume of the mobile phase, Vi, to the volume of the stationary phase, Vs,

vm _ dc

F=s

= 2.1)
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where dc is the inner diameter of the capillary column and d is the film thickness of the
stationary phase. The phase volume ratio f is immensely important for GC, as it is directly
related to the retention factor, k, for each analyte. Manipulating g through the selection of various
columns with different dc and df, while keeping the stationary phases constant (or nearly so) has
enabled researchers to modify the elution temperature [43], Te, of analytes and to do phase ratio
focusing [44] without changing chemical selectivity.

For GCxGC separations, it has been recently reported that through the selection of
appropriate S values between successive dimensions, the analyst can more effectively control
and improve the useful peak capacity of their GCxGC separations [42]. From this report, the

operative variable for this control is the S ratio between successive dimensions, f,

xp — _PB
ﬁr - x+1B (2-2)

Hence, prudent selection of the S between successive separation dimensions, *D and 2D, of a
GCxGC system, while holding all other separation variables essentially constant, was
demonstrated to enable peak capacity and use of the available 2D separation space to be more
effectively controlled. The analyst can alter the Te of an analyte from the D column (termed Te)
by modifying its phase ratio, 4. Also, since the 2D separation is a short column with a short P,
typically in the range of a few seconds, the 2D separation is pseudo-isothermal. A positive linear
dependence of 2W on 2k was demonstrated, and shown to be independent from *t, [42].
Additionally, changing the 1T of an analyte modifies the temperature the analyte experiences on
the pseudo-isothermal 2D separation. For instance, decreasing the 4 (increasing the d to d. ratio)
causes 1Te to increase, resulting in the 2D separation occurring at a higher temperature. The same
analyte undergoing the same 2D separation at a higher temperature will demonstrate a lower %k

than at a lower temperature. Proper selection of the 2D phase volume ratio, 2, gives effective
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control of analyte retention on 2D. Overall, 8 conveniently describes the relative k on successive
separation dimensions; increasing Sr will also increase %k, and therefore plays a pivotal role in
maximizing the peak capacity of the overall separation [42]. Additionally, j: affects the potential
2k range for analytes; a lower g allows for a lower starting 2k, while a higher g allows for a
larger range of 2k. Lessons learned from this GCxGC study using S to control performance
appear to be directly applicable to improving GC? column selection for addressing the need to

increase GC?® peak capacity, as is presented herein.

2.2.2  Peak Capacity

In this study, we do not take into account geometrical, statistical, and column set
orthogonality considerations for peak capacity [17,45-47] since their effect has not been
sufficiently developed for GC3. Instead, we make comparisons using an expression for ideal
peak capacity as defined by Giddings [48], which is simply the product of the peak capacity for
each dimension. This provides clarity and consistency with our previous GC* work. A discussion
of GC2 peak capacity begins in the context of a given 1D separation dimension, X, at unit
resolution, Rs = 1, defined as the separation time, t, which is the portion of the total separation

used to determine peak capacity, *nc, divided by the average width-at-base (46), W,

*t
xnc = x_W (23)
For GCxGC, or for two coupled columns in GC3, the ideal peak capacity is given by,
Ne2p = xncx+1nc (2.4)

where *nc and **n. are the peak capacities of the two successive separations, specifically n¢ x
2ne in GCxGC, or n¢ x ?n¢ and ?n¢ x 3nc in GC3. Based upon Egs. (2.3) and (2.4), for GC3, the

ideal peak capacity is given by,
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Ne3p = 1nc 2n(: 3nc (2.5)
At unit resolution, Eg. (2.5) can be expressed as,

1, 1 2
__ 't "PM“Pm
nc,3D - 1w 2w 3w (26)

where 't is the portion of the total run time on D used to determine the peak capacity, and Pw
and 2Pw are the first and second modulation periods, equal to the 2D run time and 3D run time,
respectively. In order for GCxGC and GC? separations to be sufficiently comprehensive, the

sampling density, ps, should be ps > 2 [49-51],

X w

Ps = 7p- (2.7)
Combining Egs. (2.6) and (2.7), one can put nesp in terms of the *D and 2D sampling densities,

1ps and 2ps, respectively,

1 1 %t
T, 2, 3y,
Ps “Ps "W

(2.8)

Ne3p =

Equation (2.8) indicates that to maximize nc3p, the peak width on 3D given by 3W must be
minimized, as well as operating the GC? instrument with minimally allowable sampling densities
on !D and ?D. The pulse flow valve modulator has been shown to able to operate at Pm of as low
as 50 ms and provides very narrow W, on the order of 10 ms [15,40]. The 1ps can be minimized
by proper chromatographic conditions to control the 'W, such as temperature programming rates
for GC. The 2ps can be minimized by controlling the 4 selected. As recently demonstrated, a
lower 14 equates to lower %k values and 2W [42] across the entire separation. Moreover, the
lower 14 properly reduces the range of possible %k values, enabling us to keep the range of ?W
manageable to achieve a proper ?ps. Indeed, the results reported in this previous study of the
impact of grin GCxGC [42] serves as a control experiment indicating that a g~ 0.5 is well suited

for the D to 2D dimensions in GC3.
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Learning from our previous GC2 and f: studies [15,42], which served as our baseline for
the performance of the column selection strategy in GC3, we now realize that the fr used to link
the D and 2D, and 2D and 3D were previously both 1.0 [15] and the Srof 1.0 for D to ?D generally
requires an inordinately high *Pw [42], which we sought to avoid in the current optimization effort,
in order to increase the overall peak capacity, n¢3p. However, the noted gain in instrument
performance over previous studies [15] came from improvements to the modulator itself,
specifically the implementation of the pulse flow valve modulator did produce very narrow 3w,
and did allow some improvements to the *D and 2D separations while still providing a sufficient
2ps. Building from this previous work, we desired to achieve this high level of peak capacity
production, but for a longer run time on D, to achieve perhaps an ideal nc3p approaching 40,000,
based on Eq. (2.8) for a 40 min run using ‘psand %ps of ~ 2.5, and achieving *W ~ 10 ms. This gain
in peak capacity would be roughly 10-fold more than typically achieved in the same time frame
with commercial GCxGC instruments. The independence of the relationship of the W to the %k
from the t, implied that this is achievable. To achieve this, three goals must be met. First,
maximization of the 3D peak capacity, °nc, is required. Second, the 2Py and *W must be made as
small and narrow, respectively, as possible. Third, we seek to achieve a product of the peak
capacities for the ?D and 3D separations, ?nc x °nc, in the range of ~ 50 to 100, so as to be
substantially larger than the value of the typical ?n. obtained with GCxGC, which is in the range
of ~ 10 to 20 [16]. This last goal is important to bring the total peak capacity production close to
1000 peaks/min as in the previous report. Accordingly, herein we demonstrate that proper selection
of S between the D and 2D separations, specifically a 15 ~ 0.5 based upon the previous f: study
with GCxGC [42], and the S between the 2D and ®D separations, specifically a 24 ~ 1.0 based

upon the prior GC® study [15], will enable each of these goals to be concurrently achieved and
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sustained over an extended separation time due to the control of the 2k and °k ranges, coupled with
a suitable Pw between D and 2D of 2 s to properly sample the peaks eluting from D, and a very
short 2Py between 2D and 3D of 100 ms so the narrow peaks eluting from 2D are properly sampled
onto D. The resulting data structure is depicted in Fig. 2.1, in which every 2 s along the D
separation, a GCxGC chromatogram is collected by the 2D x 3D column set with a very high peak

capacity for %n¢ x 3nc in the range of ~ 50 to 100 for each modulation of a 40 min D separation.

100

3D Time (ms)

L &
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2 0

Figure 2.1 Visualization of three-dimensional (3D) data sets from the GC? instrument. There is
inherent complexity to visualizing how individual and groups of analytes elute in three distinct
time frames on the GC3, and it becomes convenient to consider only the 2D x 3D chromatogram
at various points in time along the D axis. With a modulation period of 2 s from D to 2D, every
2 s along the D axis, the GC? instrument reported herein produces a GCxGC chromatogram
with an ideal peak capacity in the range of ~ 50 to 100, enabling a large volume of chemical

information to be retained and deciphered by the researcher.
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2.3  EXPERIMENTAL

The GC3instrument, as depicted in Fig. 2.2, was based upon an Agilent 6890 GC (Agilent
Technologies, Palo Alto, CA, USA) platform, using a flame ionization detector (FID). The stock
electrometer for the Agilent FID was replaced with a high-speed electrometer, built in-house,
allowing the data to be collected at 100 kHz, with the data boxcar averaged to 1 kHz. The
electrometer was interfaced to a data acquisition board, and the resulting data was collected using
an in-house written LabVIEW program (National Instruments, Austin, TX, USA). Post-run data
processing was performed in MATLAB R2017b (The Mathworks, Inc., Natick, MA, USA).
Samples were introduced to the instrument via a 7683B auto-injector (Agilent Technologies, Palo
Alto, CA, USA). Prior to each sample injection, HPLC-grade acetone (Fisher Scientific, Hampton,
NH, USA) was used as a solvent rinse. Ultra-high purity hydrogen (Grade 5, 99.999%) was used
as the carrier gas (Praxair, Seattle, WA, USA). All experiments utilized an inlet temperature of
175 °C and FID temperature of 250 °C.

The GC3 instrument was fitted with two modulators: a high-speed, six-port, high-
temperature diaphragm valve (VICI model DV12-1116T, Valco Instruments Company Inc.,
Houston, TX, USA), and a high-speed pulse flow valve (Model 009-0347-900, Parker Hannifin,
Hollis, NH, USA). The diaphragm valve was fitted with a 5 pl sample loop, mounted in the oven,
linking the D and 2D columns. The pulse flow valve, mounted outside the oven, linking the 2D
and D columns through a 3-way T-union (Model MT.5CXS6, Valco Instruments Company Inc.,
Houston, TX, USA) mounted inside the oven. An in-house fitting was fabricated to mate the pulse
flow valve to 7.24 cm x 1.65 mm copper tubing (Restek, Bellefonte, PA, USA) reduced to 3.81 cm

x 0.635 mm steel tubing interfaced with a 2 ul sample loop (Model CSL2, Valco Instruments
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Company Inc.) which was connected to the 3-way T-union. The diaphragm valve, pulse flow

valve, and the FID were controlled using the same LabView program.

Valve Pulse Valve
= Controller Controller
—F— Pulse
= Vahe =
<
Inlet 3 Way FID
Union
High Temp Diaphragm \
Valve

3D Column

Figure 2.2 Schematic of the main components of the GC3-FID instrument. The first modulator,
linking the *D and 2D columns was a high-temperature diaphragm valve. The second modulator,

linking the 2D and 3D columns was a pulse flow valve.

The 1D column was coated with an RTX-5 Sil MS (5% phenyl/95%
dimethylpolysiloxane) stationary phase: 40 m length x 180 pm *d; x 0.40 pm *ds, the 2D column
was coated with a DB-17 (50% phenyl/50% dimethylpolysiloxane) stationary phase: 3 m length
x 100 pm 2dc x 0.1 pum %ds, and the 3D column was coated with a DB-WAX (polyethylene
glycol) stationary phase: 0.5 m length x 100 pm 3dc x 0.1 pum 3ds. Table 2.1 provides a summary
for the columns selected. A 2.0 pl volume of a 115-component test mixture was injected at a split
of 50:1. The test mixture contained a diverse set of compounds in order to evaluate the

instrument setup. The test mixture contained a wide range of boiling points (36—-372 °C) with
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nine chemical compound classes: alkanes, esters, halogenated alkanes, aromatics, alkenes,

alkynes, ketones, alcohols, cycloalkanes [13,40].

Column 1 Column 2 Column 3
Inner Diameter 180 100 100
(dc), pm
IFilm Thickness 0.40 0.10 0.10
(dp), um
Phase Ratio, f 112.5 250 250

Table 2.1 Relevant dimensions for calculating the phase ratio, 8, and beta ratio, g, of each
dimension in the GC? instrument. Using Egs. (2.1) and (2.2), the 4 and 24 can be calculated to
be 0.45 and 1.0, respectively.

All three columns were in the same oven, so were subjected to the same temperature at any
given time. The oven was set to two temperature program rates, an initial temperature of 40 °C
was held for 2.5 min, then ramped at 4.25 °C/min to 164 °C, then immediately ramped 10 °C/min
to 240 °C and held for 1 min, for a total run time of 40 min. A programmed flow rate was also
used to minimize the general elution problem on the D separation, beginning at 1.0 ml/min,
ramped by 0.05 ml/min to 2.0 ml/min, then ramped by 0.06 ml/min to 3.2 ml/min. The 2D column
flow was controlled via an auxiliary pressure controller with a pressure of 367.5 kPa (53.3 psi),
corresponding to a flow rate of 4.5 ml/min. This flow rate was maintained by applying a pressure
ramp rate corresponding to the oven temperature to maintain the flow rate of 4.5 ml/min. The D
column pressure was kept slightly lower than the 2D pressure, 326 kPa (47.3 psi), and ramped
concurrently with the 2D column flow. All pressure and flow ramp rates were synchronized with

the oven temperature ramp rate. A Py of 2 s with an injection pulse width, py, of 80 ms was
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applied to the diaphragm valve (coupling D to ?D), and a ?Pwm of 100 ms with an injection pulse

width, %pw, of 2 ms was applied to the pulse flow valve (coupling D to °D).

2.4  RESULTS AND DISCUSSION
24.1 Beta Ratio Selection and Data Interpretation

Table 2.1 summarizes the pertinent dimensions and f’s for the three columns selected for
the GC2 instrument. From these /s, per Eq. (2.2), the 14 (linking the D to the D) was 0.45 and
the 24 (linking the 2D to the *D) was 1.0. As previous explained in the Fundamental Principles
section, these ratios were selected based on knowledge gained from previous studies
[12,13,15,42]. A 1B of 0.45 was selected to ensure the T. for analytes eluting from D provided a
suitable %k range on the 2D separation (with 2nc in the 5 to 10 range). A relatively shorter %k range
ensured a very modest range in 2W as well, enabling the ?ps to remain preferably low throughout
the entire run. Additionally, this enabled a modest step down in capillary dc, with this g being
easily achievable in a step down of dc from 250 pum to 180 um, or 180 pm to 100 um (which was
selected). The overall control of analyte %k is prevalent throughout the entire run, which in turn
facilitates production of narrow 2W as will be demonstrated.

Next, with a sufficiently short and efficient column, a s, of ~ 1.0 was determined to be
appropriate due to the nature of the second modulator. The theory of operation of the pulse flow
valve is explained in more detail by Freye et al [40], and the theory of partial modulation is
explained more in detail by Cai and Sterns [39]. The same d. for the D and 3D columns ensured
the characteristics of the pulse flow valve as a modulator were not interfered with, while
minimizing the observance of artifacts within the data. The pulse flow valve can operate at
exceptionally fast rates, enabling ultrafast 2Py and ?pw (operated at 100 ms and 2 ms,

respectively). Notably, the same d. and dr were used for the D and 2D columns, providing a 4
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of 1.0 which also caused the 3D to mimic the pseudo-isothermal nature of the 2D. As importantly,
a ?fr of 1.0 for the 2D x 3D column set has been shown to maximize the peak capacity of the °D
separation in concert with a high peak capacity of the 2D separation, which was a key goal for
the development of high peak capacity GC2. No additional consideration to the 2, such as
control of Te on the 2D dimension, was deemed appropriate. In the context of Eq. (2.8), the
current column selection strategy accounts for the 1ps and ?ps observed and the pulse flow valve

modulator accounts for the narrow 3W achieved.
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Figure 2.3 (A) Raw, preprocessed vector chromatogram for the GC? separation of the 115-
component mixture for the experiment. (B) Processed 3D isosurface plot of the entire separation.
(C) Traditional, processed, D x 2D GCxGC chromatogram of the entire separation, where the data
was summed along the 3D axis. The six highlighted analytes, A-F, are further detailed in Table 2.2
for pertinent figures-of-merit. The volume of the data density in these macroscopic views detracts
from quality of the chemical information contained in the separation. These views highlight the

need for new ways to visualize and interpret complex samples and their data sets.

32



The 115-component test mixture was analyzed by GC3 using the selected *4r and 24, with
the columns indicated in the Experimental Section and summarized in Table 2.1. Fig. 2.3(A)
displays the raw vector chromatogram prior to applying any data processing, which is not shown
for brevity, but the steps are provided in previous reports [15,40]. Processing of the entire
separation of analytes in Fig. 2.3(A), using the previously reported method [15], produces the
isosurface “3D” plot in Fig. 2.3(B). The isosurface 3D plot in Fig. 2.3(B) highlights the potential
for enhanced analytical information in GC? separations, but also the complexity of the plot
emphasizes the challenges in how to effectively dissect and communicate the vast amount of
information that is provided. Use of the GC? instrument necessitates new ways to visualize and
interpret complex samples and the data sets produced. One way to simplify the viewing of the
entire separation is presented in Fig. 2.3(C), which is the D x 2D chromatogram, where the
separation data has been summed along the 3D axis for the entire separation. Even in this
“macroscopic” view, few details for the entire separation can be seen. The analyte peak widths
on D, W, are extremely narrow when compared to the entire separation, with *W ranging from 4
to 6 s in a 2400 s (40 min) separation, and much of the detail regarding the sample and separation
is not clear. Clarification of the exquisite 3D separation is provided by zooming in on short
sections of the D separation.

For close examination of a GC2 separation, it becomes useful to “slice” the 3D data set into
sections of time along the D axis, as depicted in Fig. 2.1, for a given number of successive D
modulations. Each slice can span a user-selected segment of D time (5-6 min, 33-38 min, etc.),
and the researcher can elect to examine only the analytes that elute in this time span in a number
of compact plots as presented in Figs 2.4(A-D). For example, Fig. 2.4(A) provides a zoom in view

of the raw data in a 30 s window in the D separation (approximately at the 20 min mark). The
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partial modulation from the pulse flow valve is now seen on the modulations from the 2D peaks to
the 3D separation, and a zoomed in view is provided in Fig. 2.4(B). Again, the raw data presented
in Figs. 2.4(A-B) undergoes data processing [15] to become “apparent” peaks. Next, this data can
be plotted in whole, as an isosurface 3D plot in Fig. 2.4(C), or the D dimension can be summed

away and a °D x 3D chromatogram, such as Fig. 2.4(D), can be viewed.
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Figure 2.4 (A) Raw, preprocessed vector chromatogram for the GC?3 separation at ~ 20 min
(Analyte C in Fig. 2.3C). (B) Zoomed in view of the peak in Fig 2.4(A) with the highest signal
intensity to show the pulse flow valve actuating on a 2D peak. The pulse flow valve modulation
period, 2Py, is shown. (C) The three analytes from Fig. 2.4(A) processed and plotted in a 3D,
isosurface plot. (D) A 2D x 3D GCxGC chromatogram, summed along the D axis, for the same
three analytes eluting as Fig. 2.4A. This “slice” of 1D time, a 30 s window in this case, is more
user-friendly to visualize and interpret and can be repeated for any time points of interest along a
separation.
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Comparing Figs. 2.4(C-D) to Figs. 2.3(B-C), one can quickly note the clarity of the
information presented and the immediate utility of this less data-rich, “sliced” approach. By
examining selected “slices” of the D separation, the researcher can make useful determinations
about the analytes that elute with less extraneous information. This process was performed in
MatLab by cutting out segments of *D time (in data points) and then summing the data along the
D axis, thus leaving only 2D and 3D data to be plotted on a chromatogram based on the time that
was “sliced.” The GC? instrument can more readily be used to identify analytes of interest within
a complex sample by viewing the chromatograms as °D x 3D at specific 'D time points (determined

by expected elution times based on analyte boiling points [14,15]).

2.42  Peak Capacity Production

Peak capacity and peak capacity production were both evaluated for this GC? instrument
for the two GCxGC column sets, D x 2D, and 2D x 3D [42]. Six representative analytes were
selected spanning the range of retention times on all three dimensions for analysis of the ability
of sustained peak capacity production by the GC? instrument. The locations of these six
representative analytes are highlighted in Fig. 2.3(C) and have their relevant peak width
measurements (*W, 2W, and 3W for !D, 2D and 3D, respectively) and figures-of-merit for peak
capacity and peak capacity production provided in Table 2.2. Measurement of the peak widths
and retention times on all three separation dimensions for each analyte is not shown for brevity,
but was accomplished as presented previously [15]. There is an initial surge in peak capacity
production within the first 10 min of the separation, and then the GC? instrument appears to
maintain a more consistent peak capacity production with minor variations in *W, 2w, and 3w
from 10 to 40 min. The chosen temperature programming rate, along with the relatively lower 15

of 112.5, produced relatively constant *W throughout the D run. The minor changes in W are
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directly related to the 8 of 0.45 and the control that this jr provides over the Te and thus the 2k
range that eluting analytes can exhibit. These six representative analytes average an ideal nc3p of
30,600 over 40 min, or a sustained peak capacity production of 765 peaks/min. To calculate
these amounts, Eq. (2.6) was used with the average *W, ?W, and 3W values in Table 2.2. Further
work to reduce *W and 2W, or alternatively a drop in 1ps and ?ps values to ~2.0, according to Egs.
(2.6) and (2.8), can theoretically provide a peak capacity production well above 1,000 peaks/min,

and an ideal 3D peak capacity nc3p approaching 60,000 in a 40 min separation.

Analyte | Analyte | Analyte | Analyte | Analyte | Analyte | Average
A B C D E F

! t, (min) 4 10 20 22 35 40 -
W (s) 3 4 5.5 6 5 5 4.8
1,0 1.5 2 2.8 3 2.5 2.5 24
2W(ms) 266 356 358 342 341 359 337
zp 2.7 3.6 3.6 3.4 3.4 3.6 3.4

2 7.5 5.6 5.6 5.8 5.8 5.5 6
3W(ms) 8 10 10 10 10 10 9.7
3 12.5 10 10 10 10 10 10.4
2, %3y 93 56 56 58 58 55 62

Table 2.2 Chromatographic peak measurements and figures of merit for the 115-component
mixture during the 40 min separation. See Fig. 2.3(C) for location of the analytes in the
chromatograms. Using Eq. (2.6), the total nc,3D is calculated at 30,600 peaks, or a peak

production capacity of 765 peaks/min for the 40 min separation.

Additionally, the complementary chemical selectivity provided by the semi-polar 2D and

polar 3D are emphasized. Fig. 2.5(A) through (D) displays 2 of the 6 analytes listed in Table 2.2,
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highlighting the selectivity differences in the 2D x 3D chromatograms relative to the D x 2D
chromatograms at these time points along the D separation. The exceptional separation
efficiency in the 2D and D separations results in a high 2D peak capacity in the D x D plots,
Fig. 2.5(B) and (D), which provide a 2D peak capacity of 93 and 56, respectively. Note that the

chromatograms in Fig. 2.5(B) and (D) span a 'D time of 14 and 32 s, respectively, but are done

so to enable comparison of nearby analytes.
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Figure 2.5 (A) Two sets of GCxGC chromatograms. The y-axis is held constant to show the 2D
for ease of comparison. Additionally, each analyte is numbered for comparison between (A) and
(B), and (C) and (D). (A) Two analytes eluting at ~4 min on the D axis. (B) The same two analytes
from (A) on a 2D x 3D chromatogram, spanning the same !D axis time. Appropriate W
measurements are shown to highlight the nc2p of ~93 for the 2D x 3D. (C) Three analytes eluting
at ~20 min on the D axis. (D) The same three analytes from (C) on a ?D x 3D chromatogram,

spanning the same D axis time. The W measurements are shown to highlight the nc2p of ~56.
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Peak capacity production is a useful figure-of-merit to compare the separation power of
various GC-based instruments. Not only did we consider the total separation power of the GC3
instrument, but we also realized its potential for further applications. As mentioned, looking at
slices of time along the 1D axis, snippets of time can be compared for a given 2D x 3D
chromatogram. One can envisage the 'D separation as providing a distillation process, with the
2D x 3D dimensions providing a GCxGC instrument with a 2D peak capacity approaching 100.
These snapshots in time, which can be reduced to as low as the *Pwm (2 s in this study), provides a
near-real time snapshot of what is occurring on the D column at any given point in time. In this
case, the 2D peak capacity, averaging 55 peaks in this 2 s time window, holds great promise in

observing chemical reactions in near real-time progression.

2.5 CONCLUSION

MDGC is an evolving field that continues to be challenged by increasingly complex
samples. New hardware designs continue to be explored to solve emerging chemical analysis
problems, and in particular, GC® appears to hold great promise, although it is still in its infancy
stage of development. Various instrument parameters and hardware designs must be carefully
chosen to maximize peak capacity and thus to appropriately separate, identify, and quantify
analytes. However, the one hardware design variable often overlooked is the relation of successive
phase volume ratios, ’s, between separation dimensions and the resulting control one gets over
analyte retention factors. This relation, termed the S ratio, f, is a key variable to control the relative
k minimum and range available on the succeeding column for eluting analytes. Moreover, this
control is provided throughout an entire D run, whether it is a short 5-min separation or a long
40+ min separation. In this study, this control is displayed by the GC® instrument, with a peak
capacity nc3p of nearly 31,000 obtained in 40 min, with a peak capacity production averaging 765
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peaks/min. The column selection strategy employed enabled this high, sustained peak capacity
production over the course of the entire separation, as is particularly in evidence by Analytes D,
E, and F in Table 2.2. The resulting peak capacity is nearly 4-fold higher than our previous report
with GC® [15], and about 10-fold higher than typically obtained with GCxGC

[15,22,35,38,40,41,52], which bodes well for the analysis of extremely complex samples.
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Chapter 3. Development of Partial Modulation: The Negative Pulse

Mode for Gas Chromatographic Separations

3.1 INTRODUCTION

Comprehensive two-dimensional (2D) gas chromatography (GCxGC) has rapidly evolved
since its first description by Giddings[1] and implementation by Liu and Phillips in 1991 [2]. The
addition of the modulator enables eluate to be trapped after exiting the first separation column,
focused, and re-injected on a second capillary column for second, faster separation. The modulator
will perform this trapping and re-injecting at a set frequency, termed the modulation period (Pwm).
This transforms the relatively wide first dimension (D) peak into a series of sharper, taller second
dimension (°D) peaks that follow the same general shape as the D peak. This 2D enables up to a
10- to 20- fold increase in total peak capacity (nc2p) over traditional one-dimensional GC (1D-
GC) [3-7].

The heart of all GCxGC instruments is the modulator. Multiple designs have been proposed
and implemented since the original report, and they fall broadly into two categories: thermal and
flow-based modulators [8,9]. Thermal modulators, as the name implies, use a cold area to trap
analytes and then periodically reheats the trapped area to desorb the trapped analytes for
subsequent separation [10-12]. Thermal modulators have the benefit of transferring all the eluate
(duty cycle = 1.0) from the D to the D column. Flow-based modulators originated from heart-
cutting GC-GC, where a Deans switch was used to transfer a portion of the eluate from the 1D
column to a 2D column [13]. The Deans switch was adapted to become a flow modulator, able to
focus a portion of the eluate (duty cycle < 1.0) from the 1D to the 2D column [14]. While there is
generally a loss of analyte from the 1D to the 2D this has been shown to still be comprehensive

[15], i.e. every analyte is still modulated and is seen by the detector despite some loss. Flow
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modulators are generally seen as providing simplicity, lower operational costs, and can operate
over a wider volatility range than thermal modulators [16-19].

Nearly all current modulators rely upon what has been termed “full modulation”
methods. Modulators trap the entirety of the analyte signal eluting from the *D column and
transfers it to the 2D column, with analysts able to mathematically fit a gaussian function to the
maxima of the D peaks to regain 1D figures of merit (such as retention time, t,, and width-at-
base, 'wp) [20,21]. However, this additional analysis step was addressed by pioneering work into
what is termed “partial modulation” by Cai and Stearns [22]. As the name implies, only a portion
of the analyte is modulated, superimposing the 2D separation on the D profile. As originally
illustrated with simulated data, partial modulation provides the possibility of mathematically
retaining and isolating the 1D and 2D profiles [22]. Despite the unigue and beneficial attributes
of partial modulation, this form of modulation remains in its infancy in development.

Inspired by the original report, we have used a commercially available pulse flow valve
to study the effects of partial modulation in the “positive pulse” mode, where a small pulse of
carrier gas is injected at a T-union between the D and ?D columns [23-26]. Each pulse created a
local vacancy in the analyte concentration profile, and as originally hypothesized, this vacancy
contains the chemical information of the 2D separation. Combining the principles of vacancy
chromatography with frontal analysis chromatography, one can differentiate and invert the
vacancies to produce “apparent” peaks [23]. These “apparent” peaks contain all the necessary
chemical information for the analyst in 1D-GC, GCxGC, and comprehensive three-dimensional
GC (GC?), are reproducible, and can be used for quantification and chemometric analysis [23—

26]. Additionally, the positive pulse mode generated narrow peak widths-at-base, wy (40), as low
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as single-digit ms, enabling high peak capacities for GCxGC (~11,000 in 11 min)[24] and GC3
(~31,000 in 40 min) [26] instruments.

Despite the beneficial attributes of this modulator operating in the positive pulse mode,
the need to differentiate the signal (additional chemometric step) resulted in a loss of signal-to-
noise ratio (S/N), making it generally unappealing for wide acceptance. Upon further study of the
original report, it was realized that we had only attempted one of the forms of partial modulation,
the positive pulse mode. There remains another unstudied form of partial modulation, which has

been termed the negative pulse mode.

3.1.1 Negative Pulse Mode, Partial Modulation Theory

In the positive pulse mode, the pulsed flow valve modulator modulates the analytes as they
exit the D column by injecting a narrow pulse of carrier gas perpendicular to the flow at the T-
union that joins the D and 2D separation columns. Here, we control how long the pulse flow valve
is open and by how much we dilute (inject a vacancy into) the analyte stream. Conversely, we can
control how long the pulse flow valve is closed, and thus we control how much of the analyte
stream becomes undiluted at the T-union, as illustrated in Fig 3.1. During normal operation (Fig.
3.1A), the pulse flow valve is open, allowing an auxiliary flow of carrier gas to dilute the analyte
stream at the T-union. During modulation (Fig. 3.1B), the pulse flow valve closes, allowing a small
segment of the D analyte stream to enter the 2D column undiluted. When the pulse flow valve
opens again (Fig. 3.1C), the analyte stream returns to its diluted state and the undiluted section
will be the only section to undergo visible separation on the 2D column. Visually, this expresses

itself as the 2D peaks superimposed ontop of the 1D analyte profile (Fig 3.1D).

46



No Carrier Gas from the
A Carrier Gas from Pulse B Pulse Valve

3 4

Analytes already moving on the
column become less “diluted”

Carrier Gas Carrier Gas —h—

Main column flow
from inlet Detector

Analytes Analytes

Detector

This section’s width is
determined by the ‘pulse width’

Carrier Gas from Pulse
Valve

C @ D

Local concentration
of analytes

Carrier Gas
Main column flow

from inlet Detector

Analytes

Figure 3.1 (A) In normal operation, the pulse flow valve is left open, allowing an auxiliary flow
of carrier gas to dilute the analyte stream. (B) During modulation, the pulse valve closes,
allowing an undiluted analyte segment from the 1D to enter the 2D. (C) The pulse valve opens,
returning the flow of analytes back to its diluted state. (D) An example of the resulting raw data

for the negative pulse mode.

These two extremes for partial modulation can be related to each other by their pulse widths
(pw). In the positive pulse mode, the pulse width (pw,ppm) is how long the pulse flow valve is open.
In the negative pulse mode, the pulse width (pwnpm) is how long the pulse flow valve is closed.
When combined, we find Equation 1

Pw,ppm + Pw,ppm = Pm 1)
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When pw,ppm << Pw,npm, We are in the positive pulse mode and obtain negative peaks. When pw,ppm

>> pw,npm, We are in the negative pulse mode and obtain positive peaks.

3.2 EXPERIMENTAL

This initial study was carried out on an Agilent 7890A GC and a 7683B auto injector
(Agilent Technologies, Palo Alto, CA, USA). The stock electrometer for the Agilent FID was
replaced with a built-in-house, high-speed electrometer which can collect data at 100 kHz. The
electrometer was interfaced to a data acquisition board and data collection was collected using an
in-house written LabVIEW program (National Instruments, Austin, TX, USA). Post-run data
processing was performed in MATLAB R2017b (The Mathworks, Inc., Natick, MA, USA). All
studies used an inlet temperature of 175 °C and an FID temperature of 255 °C.

The pulse flow valve (Model 009-0347-900, Parker Hannifin, Hollis, NH, USA) was
mounted outside the oven with a custom-built fitting to connect a 125 pum inner diameter (ID)
stainless steel tubing (VICI model T5C5D, Valco Instruments Company Inc., Houston, TX, USA)
to a 3-way T-union (Model MT.5CXS6, Valco Instruments Company Inc., Houston, TX, USA).
The pulse flow valve was controlled with an lota One Microfluidic Valve Driver (Model 060-
0010-900, Parker Hannifin, Hollis, NH, USA). All pressures and flow rates were controlled by the
stock gauges in the GC platform.

The GC instrument was configured for a 1D-GC (Fig 3.2) mode. In this configuration, 50
ML of analytes was injected via a guard column (Restek, 25 cm x 100 um ID) to a headspace
sampling vial (Part Number 8010-0412, Agilent Technologies, Palo Alto, CA, USA), and a pseudo
steady-state stream of analytes was delivered to the T-union via a second guard column (Restek,

25 cm x 100 pum ID). The separation column (DB-5, 1.0 m x 100 um d¢ x 0.10 pm ds). The
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separation was kept isothermal, with constant flow rates and pressure rates applied based on the

experiment.
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Figure 3.2 The GC instrument installed with a pulse flow valve modulator, in the headspace

sampling mode (1D-GC). A zoom-in of the highlighted region is provided.

3.3 RESULTS AND DISCUSSION

We begin by studying the negative pulse mode in a 1D-GC mode. By applying a pseudo
steady-state analyte mixture to the modulator, the pulse flow valve becomes an injector onto a
short, 1.0 m 1D-GC separation. Additionally, the high sampling (injecting) frequency capable by
the pulse flow valve enables a rapid means to obtain replicate chromatograms to ensure
reproducibility of the modulation technique. The first study used the alkanes C6-C10 (Fig 3.3) to
determine the separation potential of this modulation technique. The oven was set to an

isothermal temperature of 125 °C. The pressure of the auxiliary flow at the pulse flow valve
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(23.0 psig) was closely matched to the pressure at the inlet (23.7 psig), and a pw,npm of 8 ms was

applied. A relatively stable, elevated baseline is seen (Fig 3.3A) from the stream of analytes that
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Figure 3.3 (A) The raw data of 7 successive injections of C6-C10 in the 1D-GC configuration.

(B) Zoom-in view of the first injection (modulation) after baseline correction.

is constantly evaporating and entering the T-union. After a dead time (to) of approximately 60 ms,
all 5 alkanes elute within 130 ms, with baseline resolution between each analyte (Fig. 3.3B). These
5 alkanes can elute this well separated due to the narrow wy produced by the modulation method,
with wp ranging from 9.3 ms (Ce) to 10.1 ms (Cg) to 14.8 ms (Cuo).

Next, a more complicated separation was tested on the 1D-GC configuration. Using an
isothermal temperature of 100 °C, 12 analytes were injected (~50 pL) into the headspace vial for
subsequent separation. The pressure of the auxiliary flow at the pulse flow valve (48.5 psig) was
closely matched to the pressure at the inlet (47.6 psig), and a pw,npm Of 10 ms was applied with.
After baseline correction, we found a similar, powerful separation (Fig. 3.4). After a to of
approximately 90 ms, the 12 analytes again elute with baseline resolution between them (Fig. 3.4).

The order of elution is: acetone, heptane, octane, chlorobenzene, nonane, butylbenzene, decane,
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benzyl alcohol, undecane, 1-octanethiol, nonanol, and dodecane. The separating power of this
modulation method is apparent, as there is baseline resolution between all peaks, with all 12 eluting

within 500 ms of each other (Fig 3.4B).
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Figure 3.4 (A) The raw data of 10 successive injections of the 12 mix in the 1D-GC
configuration. (B) Zoom-in view of the first injection (modulation) after baseline correction. The
order of elution is: acetone, heptane, octane, chlorobenzene, nonane, butylbenzene, decane,

benzyl alcohol, undecane, 1-octanethiol, nonanol, and dodecane.

Additionally, this 1D-GC study presents an intriguing way to imagine the use of any GC
instrument. In this 1D-GC mode, the pulse valve is attached to a regular GC instrument. One can
imagine, instead of a headspace vial, that a process or chemical reaction that emits volatile
compounds can be monitored by supplying the T-union with a steady stream of analytes. This
enables the already powerful (and at times expensive) instruments that are currently present in
industrial facilities can be easily modified to provide continuous monitoring, or even on-line

analysis, of chemical processes.
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3.4 CONCLUSION

In this work, further development of the concept of partial modulation in the negative pulse
mode is presented. The negative pulse mode has proven to be a powerful separation technique that
enables the production of very narrow wy after modulation. The ability to separate this series of
light, volatile organic compounds on such short time frames (< 500 ms) with baseline resolution
between each analyte is a remarkable development for high-speed GC. Additional investigations
on the relationship between wy, of the pulse flow valve to signal intensity and wy of the analyte are
warranted. Moreover, using this modulation technique as the second dimension of a GCxGC
instrument will yield remarkably high peak capacities in short Pwm, as evidenced by the 1D-GC

studies.
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Chapter 4. Conclusion

Analytical chemists continue to investigate and develop new techniques and technologies
to analyze ever-increasingly complex samples. After nearly 30 years of research and innovation in
the field of multidimensional gas chromatography, continued improvements to the physical
separation space of analytes is needed to handle these more challenging samples. Our work to this
point has helped to address this need for increase physical separation space for analytes (Chapter
2). The availability of the pulse flow valve modulator, which can modulate as quickly as every 100
ms, provides the ability to add a fully optimized 3D to a GCxGC instrument, providing the physical
separation space to isolate up to 1,000 peaks/min (peak capacity production). This amount of
physical separation space is currently unparalleled. Additionally, the pulse flow valve, operating
as a partial modulator, provides incredible resolution between volatile organic compounds in short
separations (Chapter 3). Continued research into the ultrafast potential of this modulator, operating
in a 1D-GC as an injector, can lead to the GC being more useful to industries in need of powerful
continuous monitoring technologies. Even mature analytical techniques, such as gas
chromatography, can see bright new growth and evolution to increase their utility, applicability,

and power.
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