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By taking into consideration band broadening theory and using those results to select experimental
conditions, and also by reducing the injection pulse width, peak capacity production (i.e., peak capacity
per separation time) is substantially improved for one dimensional (1D-GC) and comprehensive two
dimensional (GC x GC) gas chromatography. A theoretical framework for determining the optimal linear
gas velocity (the linear gas velocity producing the minimum H), from experimental parameters provides
an in-depth understanding of the potential for GC separations in the absence of extra-column band
broadening. The extra-column band broadening is referred to herein as off-column band broadening since
it is additional band broadening not due to the on-column separation processes. The theory provides the
basis to experimentally evaluate and improve temperature programmed 1D-GC separations, but in order
to do so with a commercial 1D-GC instrument platform, off-column band broadening from injection
and detection needed to be significantly reduced. Specifically for injection, a resistively heated transfer
line is coupled to a high-speed diaphragm valve to provide a suitable injection pulse width (referred to
herein as modified injection). Additionally, flame ionization detection (FID) was modified to provide a data
collection rate of 5 kHz. The use of long, relatively narrow open tubular capillary columns and a 40 °C/min
programming rate were explored for 1D-GC, specifically a 40 m, 180 pm i.d. capillary column operated
at or above the optimal average linear gas velocity. Injection using standard auto-injection with a 1:400
split resulted in an average peak width of ~1.5s, hence a peak capacity production of 40 peaks/min.
In contrast, use of modified injection produced ~500ms peak widths for 1D-GC, i.e., a peak capacity
production of 120 peaks/min (a 3-fold improvement over standard auto-injection). Implementation of
modified injection resulted in retention time, peak width, peak height, and peak area average RSD%’s
of 0.006, 0.8, 3.4, and 4.0%, respectively. Modified injection onto the first column of a GC x GC coupled
with another high-speed valve injection onto the second column produced an instrument with high peak
capacity production (500-800 peaks/min), ~5-fold to 8-fold higher than typically reported for GC x GC.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

One-dimensional gas chromatography (1D-GC) has been an
important method of analysis for complex mixtures of volatile
and semi-volatile organic compounds for several decades. Much
of the current research effort focuses on refining the general prac-
tice of 1D-GC to decrease the analysis time, and/or to produce
instrumental and computational advances that allow the analysis
of increasingly complex samples. Underlying all of these research
efforts is the development of strategies to increase the peak capac-
ity production [1] (i.e., the number of peaks that fit within a given
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separation time in the chromatogram at a specified resolution).
The pursuit of high peak capacity production involves decreas-
ing the width of chromatographic peaks, because the smaller the
peak width then more peaks will fit in a given separation time. The
width of peaks observed in GC is the sum of the on-column and
off-column contributions, where on-column broadening is broad-
ening that occurs to the analyte peak while it is in the column,
and off-column broadening is broadening due to injection, detec-
tion, column connections, electronics, etc. Typically, on-column
broadening is minimized by applying GC theory to determine
optimal pressure and flow conditions for a given column, while
off-column broadening is addressed via improvements to instru-
mentation.

Of particular interest in this report is off-column band broad-
ening due to injection, and reducing it in order to enhance peak
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capacity production. The standard 1D-GC auto-injector on vari-
ous commercial instruments injects a sample pulse typically ~1s
wide. Researchers have devoted a significant amount of attention
to reducing the injection pulse width, with most techniques falling
into two groups: mechanical valves and thermal based focusing
devices. Single high-speed diaphragm valves are capable of injec-
tions of ~15 ms [2], while a dual diaphragm valve injection system
hasbeenreported that resulted ininjection pulses as small as 0.5 ms
[3]. However, in the development of an injection system, it is impor-
tant to optimize, as much as is possible, the representativeness of
the sample injected onto the column. As will be shown herein for a
valve-based injection system, separation can occur in the transfer
line between the GC inlet and the valve when oven temperatures
are low, as is typically the case at the beginning of a temperature
programmed separation [4]. Thermal injection techniques, on the
other hand, are unaffected by oven temperatures and have been
demonstrated to be capable of 10 ms injection pulses [5]. The nar-
row peaks resulting from the narrow injection pulses should, in
principle, result in high peak capacity production rates for even the
fastest separations.

Another source of band broadening is non-uniform oven tem-
peratures and temperature programming rates. Early reports of
high-speed 1D-GC separations were almost exclusively isothermal,
due to inadequate temperature programming capabilities. Com-
mercial instruments are now available with conductive heating
systems, allowing programming rates in excess of 10°C/s with
rapid cool down rates for reducing total cycle time. Direct resis-
tive heating of metal columns has also been reported with rates in
excess of 200°C/s [4,6]. Despite these advances, the vast majority
of 1D-GC instruments in laboratories today temperature program
via a traditional convection oven. For example, the standard Agi-
lent 6890 is limited to a maximum program rate of 40 °C/min over
typical temperature ranges (e.g. 50-250°C). Deviation from linear
program rates can occur at temperatures above 175°C and with
faster program rates [7]. With these instrumental limitations, stan-
dard 1D-GC methods are generally limited to temperature program
rates of 30°C/min or less. In a recent report by Leonard et al. [7],
the application of various temperature programming rates avail-
able in conventional 1D-GC instruments to high-speed separations
was studied, concluding that longer (25 m) columns resulted in the
best peak capacity production values.

Band broadening can further be minimized by optimizing
other experimental parameters, including the column dimensions
(length and inside diameter (i.d.)), stationary phase thickness, and
carrier gas linear velocity. Recent research in isothermal high-
speed 1D-GC theory outlined expected peak widths for various
column dimensions when operated at the theoretical minimum
plate height, H, in the absence of external sources (i.e., off-column)
of band broadening. According to Reid and Synovec [8], all columns
of common lengths (1-100 m) and i.d. range (50-530 pwm) are capa-
ble of producing peak widths ranging from less than 600 ms (for
long 530 pm i.d. columns) to as little as 0.6 ms (for short 50 wm i.d.
columns), for an unretained analyte (k=0). However, typical 1D-
GC methods often result in peak widths of 1s or more. Indeed, it
is common to see peaks on the order of 2s wide at the base for
1D-GC [9-11] and typically 6-20s wide in the first dimension for
comprehensive two-dimensional gas chromatography (GC x GC)
[12,13]. Peak broadening of this magnitude can be due to a vari-
ety of reasons: intentional implementation of non-optimal column
separation conditions, off-column sources of broadening, or more
likely, a combination of the above. Regardless of the source, the
result of the broadening is decreased peak capacity production from
the instrument.

In this context, GC x GC, pioneered by Phillips and co-workers in
the early 1990s, represents another tactic for increasing the over-
all peak capacity production of a GC instrument [14]. For GC x GC,

two separation columns with sufficiently orthogonal stationary
phases are connected in series by a suitable injection modulation
interface. Effluent from the first column is collected and injected
onto the second column by the modulation interface. The ideal
peak capacity, n¢ccxce, of such a GC x GC instrument is the prod-
uct of the peak capacities of each separation dimension [9]. Since
GC x GC separations should be completed in the same amount of
time as an equivalent 1D-GC separation, the addition of a second
column should in principle provide a dramatic improvement in
peak capacity production. However, as pointed out by Blumberg
et al. [15], the typical practice of slowing down the column 1 sep-
aration to allow the long column 2 separations required by wide
modulation pulses gives peak capacity production rates that are
between ~50 and 150 peaks/min, which as we shall demonstrate
herein is much lower than what is achievable. For example, with
6s wide peaks on column 1, using a modulation period of 2s to
achieve reasonably comprehensive separations [16], and with peak
widths of ~200 ms on column 2, the peak capacity production is
100 peaks/min.

In this current report, the theoretical framework for on-column
band broadening previously reported [8] was extended to temper-
ature programmed 1D-GC. Utilizing this extended theory, a 40 m
long column with a 180 pwm i.d. was selected for use with a rel-
atively fast temperature program available from an Agilent 6890
GC. The modified injection system (following the auto-injector),
composed of a heated transfer line leading to a single diaphragm
valve, was experimentally characterized and implemented to mini-
mize off-column band broadening from the injection process. Based
on the extended theory for on-column band broadening, instru-
mental parameters were optimized to provide evenly distributed
peak widths throughout the separations achieved, resulting in sig-
nificantly increased peak capacity production. The benefits of the
modified injection system are demonstrated on both 1D-GC and
GC x GC instruments.

2. Theory

For a givenresolution (R =1, herein) the theoretical peak capac-
ity for a 1D-GC separation, n.gc is given by

1tR _ ]tM
1Wb

Ne.Ge = (M)
where !t is the separation run time on column 1 (and could
be viewed as the last retained peak at the end of the separa-
tion), 1ty is the dead time on column 1 and 'wj, is the average
peak width throughout the temperature programmed 1D chro-
matogram. Requiring higher resolution (e.g., 1.5-2) will decrease
the peak capacity proportionally. For a GC x GC separation n.cxcc
is ideally the product of the peak capacity for each dimension

1tR _ ltM . sz
1Wb 2Wb

Mc,GCxGC = (2)
where 2ty is the separation run time on column 2 (suggesting that
2ty is sufficiently greater than 2ty and could be viewed as the last
retained peak at the end of that separation, or alternatively wrap-
around is allowed to fully utilize the column 2 modulation period
Py), and 2wy, is the average peak width throughout the column 2
separation. To calculate the 1D-GC peak capacity production, n¢gc
is simply divided by 'tg — ty,

¢ Ge 1

, _ 3

1tR _ 1tM 1Wb ( )

For the GC x GC case, where 2ty is equivalent in this sense to
the modulation period, Py;, and thus the modulation ratio, Mg, is
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equal to 'wy, divided by Py, the resulting GC x GC peak capacity
production is [17]

]tR—ltM - 1wb-2wb N ]Wb~2Wb N MR‘2WIJ

n 2
€,GCxGC tr Py 1 (4)

If the peak widths on column 1 can be maintained going from
1D-GCto GC x GC, the expected theoretical increase in relative peak
capacity production is then simply calculated from

1 P
n w,
C,GCxGC b M (5)

N¢,Ge Mg 2wy 2wy

Not surprisingly, a longer modulation period combined with
narrow peaks on column 2 produces the largest relative increase in
peak capacity production. However, this result is deceiving because
it obscures the relationship between modulation period and col-
umn 1 peak capacity production, where a longer modulation period
ina GC x GC separation may necessitate wider peaks on the column
1 to obtain comprehensive data, than would otherwise be obtained
in an optimized 1D-GC separation.

From Egs. (3) and (5), it is apparent that it is possible to
increase peak capacity and peak capacity production by decreas-
ing the peak width. To determine the lower limits for peak widths
(and thus the upper limits for peak capacity production) for a
column of given dimensions, it is necessary to further under-
stand on-column band broadening. Excluding off-column sources
of band broadening, the on-column band broadening, H, for an
analyte with a retention factor of k as derived by Golay is given
by

2kdj§ il

_ 2Dg.if | 1+6k+ 11k2 d2af
3(1+k)*Dy

H .
u 96(1 + k)*> Dc,o

(6)

where k is the retention factor of the analyte, d. is the i.d. of the
capillary, dy is the thickness of the stationary phase film, Dg, is
the diffusion coefficient of the analyte in the gas phase at the
outlet of the column, j and f are gas compression correction fac-
tors, Dy is the diffusion coefficient of the analyte in the stationary
phase, and i is the average linear velocity of the carrier gas. With
the reduced pressure, P, given as the ratio of the inlet and outlet
pressures P;/P,, the well-known James-Martin gas compressibil-
ity factor (j) and the Giddings gas compressibility factor (f) are
defined:

3P
i=53p 7
4 _ 2 _
9P 1P - 1) ®

8(P3 — 1)

For unretained analytes (such as methanol at 90 °C under exper-
imental conditions studied herein) k is equal to 0. The Golay
equation (Eq. (6)) in such a situation, simplifies to

2Dg,ojf d? uf

H=—=

i 96Dg of ©)

Defining the optimal average linear gas velocity, tiopt, as that
occurring at the minimum value of H, i.e., Hy,j,, We set the derivative
of Eq. (9) to zero and solve for 1, yielding an expression for ilopt

- 192Dy 4j
Uopt = digw] (10)
c

providing a relationship between the optimum average linear
gas velocity and the i.d. of the capillary. However, Eq. (10) does
not clearly indicate the dependence and interrelationship of tiopt
on the capillary length. To elucidate this relationship it is necessary
to begin with the relationship between iiop: and experimentally

relevant parameters. Another useful expression for @ in terms of
the column length, L, carrier gas viscosity, n, pressure at the col-
umn outlet, P,, and other parameters previously defined is given
by [18]

dz2p,
64nL

= (PZ - 1)j (11)

When ii = ilop¢ for a given set of conditions, the reduced pressure,
P,isreferred to as Paopt. Thus, Eq. (11)is set equal to Eq. (10). Solving
for Peop: gives the following,

Dg.orlL
P@Opt:\/64«/192 ;;;)” +1 (12)
cto

Given typical values for D¢, 17 and P,, one can readily calculate
Paop: for a column with given dimensions L and d.. Substitut-
ing this expression for Peopc back into Eq. (7) yields j, which can
subsequently be substituted into Eq. (10), providing the following
relationship

Y 192Dg,o (P(%Qopt -1 )

3
Uopt = = 3
2 de P@opt -1

(13)

where ilope is related to Pagpt, Do and dc. Note that figpt is also
implicitly related, through Eq. (12), to L, P,, and 7. Additionally, a
simplified expression for H,y;, is obtained by substituting Eq. (10)
into Eq. (9)

e
V12

Now that both tlopt and Hpyj, are defined, additional useful infor-
mation about the separation, i.e., hold-up time, efficiency and peak
width, can be determined. The efficiency, N, of the separation is
conventionally given by

. tr Z_L
N_16<W—b) - (15)

(14)

Hmin =

with the analyte retention time, tg, and peak width at the base,
wy, in units of time. Of particular interest is the peak width because
of its inverse relationship with peak capacity production. Since the
retention time is related to the dead time, ty, of the separation by
the retention factor k as follows

= R—M (16)
tm

and, since the dead time t; in terms of L and i is ty; = L/il, com-
bining Egs. (15) and (16), solving for wj, while setting k=0 yields
the following relationship,

wp = %Jﬁ (17)

At experimental conditions where 1 = topt and H = Hpy;,, the opti-
mum peak width, Wpagpt, is

4
opt

Wh@opt = i HminL (18)

This Wpaop is the peak width at the base of an unretained analyte
(k=0) at tiopt due only to on-column band broadening, without off-
column band broadening.

Herein, the modified injection system (heated transfer line
with a single high-speed diaphragm valve following the auto-
injector) will be demonstrated to minimize injection broadening,
the high-speed FID electrometer to minimize detection band broad-
ening, while the theory presented above provides a point of
comparison for evaluating our experimental efforts to minimize
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Table 1
Compounds included in the complex GC x GC test mixture. Listed in elution order
with boiling point.

Elution order Compound Boiling point (°C)
1 1-Propanol 97
2 Benzene 80
3 1-Heptene 94
4 2-Pentanol 116
5 Heptane 98
6 1-Heptyne 100
7 1-Pentanol 137
8 Toluene 111
9 Octane 126

10 Chloro-benzene 132

11 1-Cholor-hexane 135

12 Ethyl-benzene 136

13 DMMP 181

14 3-Heptanone 149

15 2-Heptanone 151

16 0-Oxylene 144

17 Nonane 151

18 Bromo-benzene 156

19 1-Bromo-hexane 155

20 Mesitylene 165

21 3-Octanone 165

22 Tert-butylbenzene 170

23 Decane 174

24 1-Br-heptane 108

25 Butylbenzene 182

26 1-Undecene 193

27 Undecane 196

28 Methyl caprylate 240

29 1,3,5-Trichlorobenzene 209

30 1-Bro-octane 202

31 Naphthalene 218

32 1-Dodecane 214

33 Dodecane 215

34 Tridecane 234

35 Methyl decanoate 224

36 Tetradecane 254

37 n-Pentadecane 270

38 Hexadecane 287

39 Heptadecane 303

40 Pristane 296

41 Octadecane 305

42 Nonadecane 330

43 Dibutylphthalate 340

44 Eicosane 344

band broadening in relation to standard auto-injection with the
GC.

3. Experimental
3.1. Reagents and chemicals

All chemicals were reagent grade or higher: methanol (J.T. Baker,
Phillipsburg, NJ, USA), anisole and octanol (Aldrich, Fairlawn, NJ,
USA), and tridecane (Alfa Aesar, Ward Hill, MA, USA). A 4 com-
ponent test mixture was prepared from these neat solvents with
approximately equal concentration by volume of each. The four
solvents (components) were chosen to span a boiling point range
of 65°C (methanol) to 234 °C (tridecane) to evaluate the modified
injection system. Polar analytes were included in the mixture to
demonstrate that modified injection is effective across compound
classes. Gasoline was also used as a demonstration of a complex
sample, and was obtained from a local gas station. The compounds
in the complex mixture used in the GC x GC experiment are listed
in the order of elution in Table 1. Boiling points for each analyte
were found in the CRC handbook of Chemistry and Physics [19].
The mixture was prepared by mixing neat analytes with sufficient
concentration of each to be able to see each analyte signal.

Face Mounted
Diaphragm Valve

[]

Deactivated |
Steel Column

Capillary Column

Fig. 1. Diagram of the Agilent 6890 GC with the modified injection system. Changes
include mounting a high-speed diaphragm valve in the GC and a high-speed elec-
trometer board for the FID. The valve inlet is connected to the instrument inlet by a
15 cm resistively heated, deactivated steel column transfer line. The transfer line is
electrically insulated from the GC by short lengths of deactivated fused silica column.

3.2. Instrumentation

All chromatograms were obtained using an Agilent 6890 gas
chromatograph with an auto-injector controlled by ChemStation
software (Agilent Technologies, Palo Alto, CA, USA) modified as
illustrated in Fig. 1. The Agilent FID was supplemented with a
custom electrometer that was built in-house and capable of pro-
viding data acquisition at a rate of 20kHz. This electrometer
was interfaced to a National Instruments data acquisition board
(model PCI-MIO-16XE-50, National Instruments, Austin, TX, USA)
and the resulting data was collected using a LabVIEW 8 (National
Instruments) program written in-house at a rate of 5 kHz. The GC
instrument was modified to use a diaphragm valve (VICI, Valco
Instruments Co. Inc., Houston, TX, USA), fitted with a 10 I sam-
ple loop for injecting a sample volume onto the column. The single
valve injection system presented by Hope et al. [2] was refined by
face mounting the valve as described by Sinha et al. [20], allowing
for a wider range of oven temperatures (comfortably to 250 °C). For
samples containing higher boiling point compounds (the complex
test mixture described in Table 1), the injection system was fur-
ther refined by switching the ports flowing into the valve (carrier
gas and inlet reversed) and the outlet ports (the column and vent
reversed). In this configuration the “load” and “inject” positions are
effectively switched [2]. The valve was timed to ‘load’ for a short
period after auto-injection and then ‘inject’ for the remainder of the
separation, allowing the sample loop to completely purge during
the temperature program. With this valve configuration the sample
volume injected is determined by the volume of the sample loop,
not the time the valve is open. For the GC x GCexperiments a second
diaphragm valve, with a 1.3 pl sample loop was added to repeat-
edly collect and inject the effluent from column 1 onto column 2
at a specified modulation period. Valve timing and actuation were
controlled using the same LabVIEW program described above. For
the modified injection system, sample was delivered from the GC
inlet to the diaphragm valve via a 15 cm length of deactivated steel
column with a 250 wmi.d. (UADTM-5, Quadrex Corporation, Wool-
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Fig. 2. (A) 2D separation of a four analyte test mixture in a GC x GC instrumental configuration using a 15 cm deactivated steel transfer line for the first dimension and a
1.4 m MXT-5 column as the second dimension. The retention order is methanol (M), anisole (A), octanol (0), and tridecane (T). Both dimensions had 414 kPa of absolute head
pressure. Analytes were injected onto the second dimension column using 15 ms pulses every 0.5 s. The oven temperature was 150 °C. The 15 ms time pulse A is illustrated as
it depicts the pulse of sample injected using the modified injection system in Fig. 1. (B) The 2D behavior of the modified injection system is observed. The same instrumental
parameters as A were used except that ~12V were applied to the first dimension to resistively heat the transfer line.

bridge, CT, USA). This steel column transfer line was electrically
insulated from the GC using two short lengths of deactivated fused
silica column, also with 250 wm i.d. (10079, Restek, Bellefonte, PA,
USA). The fused silica sections of the transfer line were coupled to
the steel column using steel column unions with a 250 pum i.d. bore
(VICI). A variable autotransformer (Staco Energy Products, Dayton,
OH, USA) supplied ~12V of alternating current to the transfer line
via three high temperature electrical leads placed on opposite ends
of the steel column unions, hence producing a heated transfer line
at~250°C(measured with an infrared thermometer) leading to the
diaphragm valve with the 10 .l sample loop.

3.3. Chromatographic experiments

To characterize the heated transfer line performance, 2D-
like separations were completed using the heated transfer line
described above as column 1, and a 1.4 m MXT-5 Silicosteel col-
umn (Restek) with a 180 um i.d. and a 0.4 pm film thickness (5%
phenyl/95% dimethyl polysiloxane) as column 2. For these experi-
ments the inlet was operated under a 5:1 split at 414 kPa absolute
while the head pressure on the column 2 was also 414 kPa abso-
lute. These separations were performed with a modulation period
of 500ms and a 15 ms injection pulse width. At an average vol-
umetric flow of ~1 pl/ms, 15wl are flushed through the sample
loop during injection, ensuring the 10 .l sample loop is sufficiently
purged for the purpose of the modified injection system study. The
oven was held at 150 °C throughout the run.

When utilizing the transfer line for injections in both the 1D-GC
and GC x GC configurations, the inlet was operated with a split of
5:1 atarelative pressure of 207 kPa. In both GC and GC x GC studies
the oven was held at 90 °C for 0.5 min, programmed from to 250°C
at40°C/min, and held at 250 °C for 0.5 min. 1D-GC separations were
completed using a 40 m Rtx-5 column (Restek) with a 180 pm i.d.
anda 0.4 pm film thickness (5% phenyl/95% dimethyl polysiloxane).
Valve injections were 15 ms wide unless otherwise noted in the
text.

GC x GCseparations were performed, using the same 40 m Rtx-5
column with a 180 pmi.d. for column 1. For column 2,a 2 m D5 trig-
onal tricationic ionic liquid column with a 100 wm i.d. and 0.08 pm
film thickness was used. This novel stationary phase, developed by
Payagala et al. [21], consists of a tri (2-hexanamido) ethylamine
core surrounded by propylphosphonium cationic moieties. The
modulating valve injected 15 ms pulses every 200 ms, fully evac-
uating the contents of the 1.3 wl sample loop. For clarity, absolute

pressure at the head of each column is specified for each separation
in the text.

3.4. Theoretical calculations

All calculations were completed for columns of various lengths,
L, and i.d., d¢, holding other parameters constant as specified. All
calculations used H; as the carrier gas and, for the sake of brevity,
using an analyte retention factor of k=0. The diffusion coefficient
of a typical analyte in the gas phase at the outlet of the column,
D¢, was estimated for a temperature at the beginning of the tem-
perature program (90°C). An analyte with a relatively low boiling
point, eluting with a k=0 at 90°C, such as methanol, will have a
D¢, ~0.7 cm?[s (approximate). Viscosity of the carrier gas, 7, was
calculated for each temperature based on a fit to experimental
data and is accurate for temperatures from 20°C up to 400°C and
pressures around 101 kPa (the pressure dependence of viscosity is
sufficiently small). The outlet of the column was assumed to be at
an ambient pressure of 101 kPa.

4. Results and discussion
4.1. Evaluation of heated transfer line

In order to evaluate the modified injection system for making
single injections for 1D-GC, it was initially configured in a “GC x GC
mode,” with the resistively heated transfer line as “column 1” mak-
ing repeated injections onto a short, narrow column as column 2.
An isothermal separation of the four component test mixture is
shown in Fig. 2A. Note that the four analytes have different reten-
tion times in the transfer line (column 1) dimension, indicating that
even though the transfer line is a deactivated steel column, suffi-
cient retention occurs if the transfer line is not heated significantly
above the oven temperature of 150°C. The dotted lines in Fig. 2A
demonstrate the volume sampled by a typical valve injection, defin-
ing A.InFig.2A we see the proportions of each analyte in the sample
volume injected by the diaphragm valve onto column 2 are not suf-
ficiently constant over time, i.e., as A is tuned across the column 1
time axis. If the transfer line and high-speed valve are used for a sin-
gle injection, the sample being injected onto column 2 at any given
time is not consistently representative of the sample injected on the
transfer line. In contrast, with resistive heating of the transfer line
to 250°C, as demonstrated in Fig. 2B, significantly reduces retention
time differences in the transfer line dimension. Unexpectedly, resis-
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Fig. 3. (A) Plot of inlet pressure (P;) at ilop vs. column length (L) per Eq. (12) for a typical analyte eluting at 90°C. (B) Plot of the optimum average linear gas velocity tigpt Vs.
column length L per Eq. (13) for the analyte described above. (C) Plot of the peak width at the base, Wyaop: Vs. the column length L per Eq. (18). The following parameters

were used to calculate the values plotted: k=0, H; carrier gas.

tive heating of the transfer line also appears to significantly reduce
retention times on column 2, particularly for methanol, anisole, and
octanol, which may be due to conductive heating of the metal cap-
illary being used for column 2. A single injection from the valve at
any time near the peak’s center of mass (i.e., a 15 ms pulse could in
principle be taken between 2 s and 4s in Fig. 2B) defined by time
width A provided a sample with analyte concentration propor-
tions similar to those introduced by the auto-injector (i.e., with a
controllable split), but with much less band broadening (as will be
demonstrated). In addition to providing a narrow injection pulse,
the diaphragm valve with the modified injection system also pro-
vides a split effect, by decreasing the amount of analyte injected
on the column as compared to the amount of analyte leaving the
instrument’s inlet. Peak volume calculations indicate that if the
time represented by A in Fig. 2B is a 15ms pulse occurring 2.5s
after the initial injection, the diaphragm valve reduces the amount
of analyte transferred from column 1 to column 2 by a factor of 160,
i.e.,equivalent to ~1:160 split. However, we shall see the 1:160 split
with the modified injection system provides significantly less off-
column band broadening as compared to the original auto-injection
system at either a 1:200 or 1:400 split.

4.2. Column and instrument parameter selection

In our previous report [8] the above Theory provided ana-
lysts with broad insight into understanding how wide “in time”
peaks could in principle be in 1D-GC (assuming no off-column
band broadening). In that report, we applied the Theory to a sin-
gle “typical” analyte with a single “typical” temperature while

varying column dimensions. In this report, the theory is focused
in its implementation by providing insight for column selection
and instrument parameter selection for an unretained compound
(methanol, with boiling point of 64.7 °C) eluting at the beginning of
atemperature program (at 90 °C). We will compare and take note of
the difference between taking the Theory approach provided herein
relative to the commonly applied van Deemter plot approach.

A column with an i.d. of 180 wm was selected for this study
because our previous theoretical work [8] had shown thisi.d. would
likely provide a high peak capacity production using a column
length in the 20 m to 50 m range (with 40 m selected), which would
also allow the maximum temperature ramp rate of 40°C/min of
the oven to be utilized. The absolute head pressure, P;, required to
obtain tigpt can be calculated for a variety of column lengths using
Eq.(12). Indeed, Pieop: (the inlet pressure at tiopt ) for a column with
180 pm i.d. is plotted as a function of L in Fig. 3A. We selected
L=60m as the longest length for the plots since this produces a
Pieopt that is above 793 kPa, the pressure limit of most commer-
cial GCinstrumentation. Ideally, the column length and flow would
result in a separation occurring on the same time scale as the oven
ramp rate. For this study a column with a 180 wm i.d. and a length of
40 m was selected because the Pjgopc of 670 kPa (dot in Fig. 3A) for
the beginning of the temperature program would allow for further
pressure programming during the temperature program to account
for the increased carrier gas viscosity.

Calculating Pigopt allows j, Hpyin, and iope to be readily deter-
mined for the same experimental parameters. The dependence of
ilopt on column length for 90 °C is shown in Fig. 3B (Eq. (13)). Sub-
sequently, values for wyeop; can be calculated using Eq. (18). A plot
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Fig. 4. (A) van Deemter plot of theoretical H vs. @i for the same analyte as described in Fig. 3, calculated using Eq. (9). (B) Plot of theoretical wy, vs. @i for the analyte described
above, calculated using Eq. (18). The following parameters were used to calculate the values plotted: k=0, H; carrier gas.

of Wpeopt as a function of L is shown in Fig. 3C (Eq. (18)). For the
column chosen above (40 m long with a 180 wm i.d.), Uopt is found
to be 120 cm/s (Fig. 3B dot), meaning the dead time should be 33 s,
while the optimal peak width is ~160 ms (Fig. 3C dot), for the unre-
tained peak at the beginning of the temperature program starting
at90°C.

This approach to band broadening theory incorporates the ilopt
from the van Deemter plots of a broad range of columns and instru-
ment parameters into a succinct and simplified picture, useful
to the general practitioner for selecting the appropriate column
dimensions for a given application and evaluating experimental
chromatographic data to determine the presence of off-column
band broadening. On the other hand, the traditional van Deemter
approach applies to one set of column dimensions, but illuminates
the impact of changing linear gas velocities on the resulting sep-
aration. For instance, the van Deemter plot, with k=0, at 90°C is
depicted in Fig. 4A, with the dot denoting the minimum plate height
of 57 wm. The plot is created by calculating H for various values
of & using Eq. (9). A plot of w;, as a function of @i for the same
analyte under the same conditions is given in Fig. 4B (Eq. (18)),
with the width at the optimum linear flow velocity marked with
a dot. From Fig. 4B it is clear that separations at linear flow veloc-
ities below the optimum can cause a significant increase in peak
width, while there is a decrease in peak width above the optimum,
encouraging the use of linear flow velocities at or above the opti-
mum. The experimental realization of the peak widths in Fig. 4B is

A S .
200:1 split, average w,=1.5s
—~ 4F M
~.>./ T
3
c 3
o
o
$ 2 | 86, Time (s) 90 245 Time (s) 250
(1
)
w1k
M A (] T
0 U
1 1 1 1 1
80 120 160 200 240
Time (s)

also dependent upon factors external to the column. The condition
given above is that off-column band broadening is not included in
the equations. To experimentally achieve peak widths as theoret-
ically calculated above requires minimization of off-column band
broadening due to injection, detection and other potential sources.
For the column used in this study (40 m long, with 180 pm i.d.)
and a temperature program beginning at 90 °C the theory indicates
that the average peak width for early eluting analytes should be
~160 ms.

4.3. Peak width and peak capacity production

To demonstrate the benefit of minimizing injection band broad-
ening, mixtures of the same four test analytes were analyzed
using the column selected above and the instrument’s maximum
temperature program of 40°C/min, using the two injection sys-
tems, standard auto-injection and modified injection. Injection via
standard auto-injection, with relatively large splits (200:1 and
400:1), and an initial absolute column head pressure (310kPa)
selected according to Agilent’s FlowCalc software resulted in chro-
matograms (Fig. 5A and B) in a separation time window of 180s
(from methanol to tridecane). Using Eq. (3) and an average peak
width of 1.5 s gives a peak capacity production of 40 peak/min for
a total peak capacity of 120 over this time window with the 200:1
split. The unretained peak (methanol) had a dead time of 88 s and
a peak width at the base of 1.4s, that translates into a chromato-
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Fig. 5. (A) Separation of a four analyte text mixture utilizing a 40 m x 180 wm Rtx-5 column and the standard Agilent 6890 GC auto-injection. Here, a 0.5 il of sample was
injected with a 200:1 split. (B) The same separation as A except 0.5 .l of sample was injected with a 400:1 split. For both separations the oven was programmed from 90 to
250°C at the maximum program rate of 40 °C/min. A constant volumetric flow at the column outlet of 1.3 ml/min was maintained by the instrument software. The retention

order was methanol (M), anisole (A), octanol (O), and tridecane (T).
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Fig.6. (A)Separation of a four analyte test mixture utilizing a40 m x 180 wm Rtx-5 column and the modified injection system (resistively heated transfer line with high-speed
diaphragm valve). Sample was injected onto the column using 10 nl sample loop and a single 15 ms valve actuation. The auxiliary electronic pressure control was used to
program the absolute head pressure on the column from 586 kPa to 793 kPa at a rate of 51.7 kPa/min during the temperature program. The same temperature program was
used as in Fig. 5 resulting in the same retention order. (B) The same conditions as in A except the auxiliary electronic pressure control was used to program the absolute
head pressure on the column from 310 kPa to 793 kPa at a rate of 121 kPa/min during the temperature program, resulting in essentially the same flow rate for the unretained

methanol peak as in Fig. 5.

graphic efficiency of N=63,000. Doubling the split to ratio 400:1
did not result in significantly better peak shape or width.

Using modified injection and an absolute column head pressure
(586 kPa, programmed linearly to 793 kPa) similar to that recom-
mended by theory, a second mixture of the same four components
(albeit with different concentrations of the four components) was
analyzed, resulting in a chromatogram in a separation window of
160 s (Fig. 6A). The peak width of the unretained analyte methanol
was only 250 ms and approaches the 160 ms width predicted by
theory (see Figs. 1C and 2B). Unfortunately, the peaks of ana-
lytes with larger retention times were progressively broadened to
750 ms for the last peak. Also notable is the reduction in tailing
of octanol using the modified injection system as compared to the
auto injector. Though the reason behind this improvement is not
clear, it appears to be another benefit of the valve-based modified
injection.

To facilitate comparison with the auto-injection separations in
Fig. 5, the initial absolute column head pressure was reduced to
310kPa, increasing the time each test analyte spent on the col-
umn and allowing each analyte to elute at a higher temperature
and a lower retention factor. The resulting chromatogram, with
nearly constant peak widths throughout the separation, is shown
in Fig. 6B. The separation window was 130s, with an average
peak width of 500 ms, resulting in a peak capacity production of
120 peaks/min (Eq. (3)) and a total peak capacity of 260 over this
time window. The separation in Fig. 6B represents a 3-fold increase
in peak capacity production with a concurrent 2.2-fold increase in
total peak capacity in 20% less separation time (compared to Fig. 5A
or B). Additionally, one can objectively compare the band broaden-
ing of the unretained methanol peakin Fig. 6B to that in Fig. 5B, since
both elute with approximately the same flow rate and temperature.
The methanol peak width of 450 ms with a retention time of 82's
corresponds to an efficiency N=530,000, an 8-fold improvement
relative to the standard auto-injection with a 200:1 split. This is

Table 2

the most striking evidence for the reduction of the off-column band
broadening, in conjunction with the evidence that when the col-
umn was run at optimum conditions for the unretained peak, that
the peak width experimentally observed essentially matched that
expected by theory applying Eq. (18) with wj, ~ 160 ms predicted
for these conditions per Fig. 2C.

4.4. Reproducibility study

The four component test mixture separation was run in trip-
licate using the conditions in Fig. 6B. These replicates were used
to evaluate the reproducibility of injections made by the heated
transfer line, single high-speed diaphragm valve combination. The
results are summarized in Table 2. For each analyte the retention
time, peak width at the base, peak height and peak area were mea-
sured and the average reported with one standard deviation. For
these measurements of interest, the RSD% for each analyte was
averaged and reported. Considering the developmental nature of
the modified injection system, values of 3.4% and 4% for the average
relative standard deviation in peak height and peak area compare
favorably to the 5% RSD% seen with traditional auto-injection (prior
to applying an internal standard). The peak widths also show good
precision indicating that valve actuation time is dependable. The
relative standard deviation in analyte retention time is ~0.0006%
which is very satisfactory for most applications, although more
replicates for retention time would be needed to make a more
rigorous assessment.

4.5. Application of optimized conditions to a gasoline sample

As ademonstration of the modified injection system under chro-
matographic conditions to achieve optimized and constant peak
widths, the instrumental parameters from the separation in Fig. 6B
were applied to a gasoline sample from a local service station.

Reproducibility of retention time (tg), peak width at the base, peak height and peak area, with + one standard deviation, for the separation of the four analyte text mixture
using the modified injection system (see Fig. 6B for representative chromatogram and experimental conditions).

Methanol Anisole Octanol Tridecane %RSD
tg (min) 1.3684 £ 0.0001 2.2668 + 0.0001 2.6921 + 0.0001 3.4060 + 0.0002 0.006% + 0.003
Peak widthg pase (MS) 459 + 2 51145 498 + 3 527 £7 0.8 +04
Peak height (V) 0.65 + 0.01 2.11 £ 0.07 0.56 + 0.03 0.13 £ 0.01 34+19
Peak area 939 £7 3300 + 130 880 + 50 209 £+ 14 443
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Fig. 7. Rapid separation of a gasoline sample utilizing the 40 m x 180 pwm Rtx-5 column with the modified injection system. Sample was injected onto the column using 10 .l
sample loop and a single 50 ms valve actuation. The same temperature and pressure program was used as in Fig. 6B.

Results for the gasoline sample separation in Fig. 7 were consistent
with the previous optimized separation in Fig. 6B. The separa-
tion window was ~120s. Peak widths of early eluting compounds
are nearly the same width as those of late eluting compounds
(~500 ms) resulting in a peak capacity production from Eq. (3) of
~120 peaks/min.

4.6. Application to a GC x GC separation

To further improve the peak capacity production of the instru-
ment, the above 1D-GC configuration (Figs. 6B and 7) was coupled
to a 2m column 2 via a high-speed diaphragm valve modulator,
face mounted in the GC wall to allow high temperature opera-
tion for GC x GC [20]. Fig. 8A demonstrates the potential of such
a GC x GC instrument with the separation of a complex test mix-
ture (Table 1) in a 4 min separation time window. Fig. 8B highlights
a smaller region of the 2D chromatogram. Peak widths at 13% of
the peak height are ~750 ms on column 1 for both early and late
eluting compounds. The lowest contour of the chromatogram plot
was chosen to be approximately 13% of the average peak height
over that region of the chromatogram, corresponding to the peak
width at the base (+2 standard deviations in time). On column 2
the peak widths range from 20 to 35 ms during the 200 ms modu-
lation period. Hence, Eq. (18) gives peak capacity production rates
ranging from 500 to 800 peaks/min. With the 200 ms modulation
period, and column 1 peak widths of 750 ms, the modulation ratio
was Mg of 3.8, which is quite adequate for a comprehensive GC x GC
separations. Addition of the valve modulated column 2 resulted in
back pressure from column 2 being applied to the primary column

outlet every modulation, effecting both the dead time and peak
widths on column 1. These issues were minimized by delaying the
actuation of the modulator until just before the first peak eluted
and increasing the initial head pressure on column 1. Fig. 8C is the
1D separation representation resulting from summing each sec-
ond dimension separation in Fig. 8A. As the insert in Fig. 8C shows,
peaks on the primary column are around 750 ms wide, resulting
in a reduction of 1D peak capacity production to ~80 peaks/min
(Eq. (17)). While the addition of the second column caused a 33%
loss in peak capacity production from column 1, the high-speed
modulation period and narrow peaks on column 2 increased the
peak capacity production by a factor of ~10. Additionally, adding
a polar ionic liquid column 2 to the non-polar column 1 provides
excellent selectivity for the separation. The peaks eluting between
130s and 160s on column 1 that are not resolved in the 1D rep-
resentation in Fig. 8C are resolved in the GC x GC separation of
Fig. 8B. It is interesting to note that this GC x GC configuration is
designed around an initially optimized primary column separation,
and then utilizing the narrow peaks of the column 2 separation
to provide a true enhancement in peak capacity production going
from 1D-GC to GC x GC. Hence, the GC x GC design we report has
not had the primary separation peaks purposely broadened in order
to allow longer modulation periods (e.g., several seconds instead of
the 200 ms used herein), as is the common practice. The instru-
mental approach reported herein provides a concurrent selectivity
advantage for GC x GC over 1D-GC, and a peak capacity production
advantage. The incentive to reduce off-column band broadening in
GC technology is ever more apparent. The benefits of addressing
this issue are significant.
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Fig. 8. (A) GC x GC-FID chromatogram of the test mixture defined in Table 1 utilizing a 40 m x 180 pm Rtx-5 column for column 1, and a2 m x 100 pwm i.d. ionic liquid column
for column 2. After a 0.8 min delay post-injection to column 1, the modulator valve onto column 2 was activated, making 15 ms injection pulses every 200 ms. The absolute
head pressure on column 1 was programmed from 517 kPa to 793 kPa during the temperature program. The absolute head pressure on column 2 was held constant at 621 kPa.
(B) Detailed view of the peaks clustered between 126 s and 162 s. (C) 1D representation of A, the result of summing the entire signal collected for column 2 onto the first

dimension.
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5. Conclusion

By reducing band broadening due to injection, substantially
improved peak capacity production was achieved using a commer-
cial GC instrument platform. Increased peak capacity production
allows the analysis time to decrease if the total peak capacity is held
constant to address a particular analysis challenge, making these
findings particularly useful in applications requiring high through-
put. These benefits were extended to GC x GC. The experimental
findings were also consistent with the band broadening theory
presented herein. Future advances in injection and detection tech-
nology are warranted to further advance these benefits and bring
these approaches into the hands of the general practitioner.
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