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.components of the effluent by a different criteria than that of the first column.

Peak crowding/overlapping limits the usefulness of traditional chromatography.
One way of handling the problem of peak crowding is overlapping
comprehensive two-dimensional gas chromatography. In this set-up, the effluent
from the first column is injected into the second column in a series of pulses by a
modulator located between the columns. The modulator periodically stops and
starts the movement of the effluent from the first column into the second

column. The effluent from the second column is fed to a detector for data

acquisition of the constituents of the effluent.

SUMMARY OF THE INVENTION

[0003] Cdmprehensive two dimensional gas chromatographic separation is
based on a modulation system to define the start and end of the' second
dimension separation. The second dimensional separation can be defined by the
modulation period of the modulator that gated the effluent flow between the first
dimensional and the second dimensional separation. The modulation unit is
operated independently of GC data acquisition in the traditional Comprehensive

two-dimensional gas chromatography (2DGC or GCxGC) system. This causes
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BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Figure 1 shows a schematic drawing of the GCxGC unit of the

present invention.

[0007] Figure 2 shows how the interrupt and reset pulse sequence

synchronizes the GC start with data acquisition.

[0008] Figure 3 shows that for the data of Table 2 the modulation process is
not synchronized with data acquisition, the variation of the retention time will
make the same compound appear not in the same position (in the second

dimension) in the GCxGC chromatogram.



chr omat ogr aphi ¢ separati on. BRI EF DESCRI PTI ON CF THE
DRAW NGS [ 0006] Figure 1 shows a schematic draw ng of
WO b@7028@C unit of the present invention. [O000F¢T/BSZP06/€31407
2 shows how the interrupt and reset pul se sequence
synchroni zes the GC start wth data acquisition.
[ 0008] Figure 3 shows that'vg"or the data of Table 2 the
nmodul ati on proﬁci;js is not synchronized with data
00890V SiFibRR 4 iRy flei bk Patiefn dfelClRMl6avrinalpamiffih
[ arr%ﬁe theglgﬂgrre con‘pour%taag’gear not in the sane aggsiti on
star{dand iefone differedt aeaipsesnyhémtherdataamsgudsition is not synchronized
_chromat ogram [ 0009] Figure 4 shows the peak pattern of
with ilee BIYPRSS: paraffin standard for four
di ffﬁren_t Ifégsal ys;}c;ss when the data acquisition is not
00ty chr an ¥hdvis & i BRIAGCRGO(RIDGO) @hsom of diesel
[ F!Eure Sgghovvs a tygiﬁ%:al GCxGC 2DG(%I) chro?rﬁgt@ggirlam of
san?bleﬁ\édr]icmmrtphmlatvsacambs comstpiciadstor shiffetsnt tpeseliquapsigptive
or different type of quantitative anal ysis dependin
anadysis ﬂ@m%get%qm@swgﬁm Wl.mf[fﬁonfl Fi gurg 6 )
shows a sinulation distillation type of quantitative
[0037p! YSiEighftsd skis@h isfriuRdnalisilptioaahpe offpoaeitatibe aralysis
onits boiling point. Table 4 Iists the quantitative
that ﬁuaﬂtify anfl grhilp eagipeoraponentibased on filgdpeling-pginte Table 4 lists
shows anot her, type, of quantitative anal ysis based on
thet%@n%ﬂ%@ﬁeﬁu%‘g&ﬁése‘ypéQ?laﬁ%]tysﬁuantify )a/md group each
conmponent based nol ecul ar structure or mol ecul ar
[Oﬂt!ll%g ht . Figak!  shows ahstheheypgusfijuantitdtive anatysis basefl antths
e
carbon number series that quantify and group each component based molecular

structure or molecular weight. Table 5 lists the quantitative results of this type

of analysis.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0013] Comprehensive two-dimensional gas chromatography (GCxGC) has
demonstrated that two-dimensional separation can be applied to complex
mixtures. There are two major advantages of GCxGC technique when compared
to single dimensional GC: increased resolution that is approximately 10 times
greater and sensitivity higher by approximately 50 times. In order to implement
this new powerful separation instrument as a routine analytical tool, it is very
important to automate the multi-steps for unattended operation. In addition,
because of its increased resolving power, the interface of GCxGC to such
elemental selective detectors as sulfur is very important in solving complex

composition problems.

[0014] The present invention is an improved comprehensive two-
dimensional gas chromatography that is automated, that is, allows unattended

operation. In addition to the unattended operation of the instrument, the
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from the first dimensional column. A continuous supply of the liquid nitrogen is
needed in order to operate the modulation unit over the required many cycles to
complete an analysis. A liquid nitrogen level control system in addition to a

liquid nitrogen refill kit have been introduced as part of the automation package.

[0017] For the automation of GCxGC for multi-sample analysis, the first
requirement is an autosampler. The autosampler from the same GC

manufacturer was chosen because it closely meets all of the requirements.

[0018] The original commercial GCxGC system included a software
program to control the modulation unit and data acquisition. However, this
program was not capable of performing automated data acquisition. A separate
commercially available data acquisition program had to be used and adapted into
this GCxGC operation. The new program was able to integrate with other
operation units such as the autosampler and pulse generator, resulting in a fully
automated system. :

[0019] In the prior art GCxGC system design, the modulation unit was
operated independently of the GC data acquisition. The result of this
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as the HDS catalytic selectivity and efficiency.

THE AUTOMATION OF GCXGC

[0021] The GCxGC unit was purchased from Zoex Inc. (Lincoln, NE)
(There are others available). It employs a GC (Agilent 6890) system, a first
generation thermal modulation unit with its controller, and a computer loaded
with Zoex's instrument control and data acquisition software. The thermal
modulation was accomplished through the use of a rotating slotted heater. The
slotted heater did not provide efficient control of the solute trapping during
modulation as it was difficult to refocus the solute on a short thicker film coated
capillary tube located between the first and second dimension columns. The
short capillary tube tracked the oven temperature and was not sufficiently cool to
refocus the solute eluting from the first dimension column. As a result, the

thermal modulation unit was upgraded to a pulsed jet system. During the
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[0023] Due to the fixed volume of the liquid nitrogen Dewar flask and the
need for uninterrupted cooled nitrogen gas, a larger reservoir of liquid nitrogen is
needed. This, coupled with automatic filling capability, allows for around the

clock operation.

[0024] Not only is the re-filling of the liquid nitrogen Dewar important in
the automatic mode, but the level of liquid nitrogen is of equal importance. The
distance of the level sensors controls the frequency of the re-fill operation. The
absolute height of the start sensor will determine the lowest temperature of the
cold jet. This liquid nitrogen supply operation can be completely independent
from the other required operations of automation. This independence provides
the flexibility of selection of liquid nitrogen level control and refill system.
Systems employing resistance or capacitance should be able to fulfill the

requirement. Our system uses resistance sensors as are well-known in the art.
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well as the modulation start time. In a GCxGC analysis, the data acquisition has

to synchronize with the modulation period. It is very important to be able to
control or reference the GC start time in order to use it as a reference point to

control/define other events that need to be synchronized.

[0026] The autosampler used in GCxGC is exactly the same as the

conventional GC autosampler,

THE INSTRUMENT CONTROL AND DATA ACQUISITION SOFTWARE

[0027] In the automation development of the present invention, it is
desirable that the software package integrate all hardware components as well as

software programs to perform automatic GCxGC experiments.

[0028] GCxGC automation requires the control and communication of
several different components in the system: 1) the modulation unit, it involves
hard and cold jet flow, heating of the hot jet, and cooling of the cold jet. The gas
valves need to be turned on and off before and after the analysis. The electric

power of the heater and the power of liquid nitrogen level control and re-fill
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[0030] There are many commercially available GC instrument control and
data acquisition packages. The software package used in this automation is the
one from the same vendor of the GC and autosampler. However, this package

does not synchronize the modulation unit with GC data acquisition.

THE SYNCHRONIZATION SYSTEM

[0031] In the original GCxGC system, the modulation unit is operated
independently of GC data acquisition. This causes the peak position to vary in
the second dimension of the GCxGC chromatogram. Chromatograms will not be
the same in the second dimension position even if they are run in exactly by the
same experimental conditions. The result is that the data acquisition is not

synchronized with the pulses in the modulation unit.

[0032] In order to have the same retention time in the second dimensional

column; the data acquisition start has to be synchronized with a reference time
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unit to reset the pulse sequence. This trigging mechanism enables the pulse
generator to synchronize with the data acquisition start point. Figure 2 illustrates
how this interrupt and reset pulse sequence synchronizes the GC start with data

acquisition.

PERFORMANCE OF SYNCHRONIZED GCXGC

TEST OF SYNCHRONIZATION

[0034] In conventional GC analysis, if the identification of a component is
based on the retention time, the variation of retention time between different runs
cannot be more than three data points. Depending on the sampling frequency,
these three data points may require the retention time difference to be no more
than +£0.02 minute if the data is collected at 1 hertz (Hz) rate. In the GCxGC,
under the same conditions, the variation of the retention time cannot be more
than +0.001 minute. This is because the sampling rate is typically 100Hz in the

GCxGC. In order to have the retention time position for the same compound, it
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[0036] Table 1 shows the retention time of C13-C16 paraffins with the
modulation process synchronized with data acquisition. After four different runs,
the variation of retention time within the corresponding peaks is less than +0.001
minute. This ensures that every compound will reappear at the same position all

the times in the GCxGC chromatograms.
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[0037]

Table 2 shows another set of retention time of C13-C16 paraffins

with the modulation process not synchronized with data acquisition. After four

different runs, the variation of retention time in the peaks is approximately

+0.167 minute (10-seconds/modulation period). Because of the modulation

process is not synchronized with data acquisition, the variation of the retention

time will make the same compound appear not in the same position (in the

second dimension) in the GCxGC chromatogram, which can be viewed in the

Figure 3.
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§ proi)kjem in the quantitative analysis. Because the

timing of split peaks from the first dimension to the second dimension during

each modulation period cannot be reproduced exactly from analysis to analysis,

the relative number of peaks as well as the relative peak intensity/area of the

same component may not be reproduced. The latter will affect the variation of

peak volume count in GCxGC regarding which peak volume integration method

is used. Table 3 shows the peak area variation when the data acquisition is

synchronized with the modulation process for the C13-C16 normal paraffin

standard. Both retention time and peak intensity are well reproduced. When data

acquisition is not synchronized with modulation process, the number of peaks

spliced within the same component as well as the relative peak intensity will

vary from analysis to analysis. Figure 4 illustrates the peak pattern of the

C13-C16 normal paraffin standard for four different analyses when the data

acquisition is not synchronized with the modulation process.
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[0039] When a GCxGC (2DGC) chromatogram can be reproduced, it will

make the qualitative and quantitative analysis much more effective and efficient.

The component identification and quantification can be completely based on the
retention position in the chromatogram and a qualitative and quantitative
analysis template can be constructed for a set of samples generated in the same
experimental conditions. Figure 5 illustrates a typical GCxGC (2DGC)
chromatogram of diesel sample. Various templates can be constructed for

~ different type of quantitative analysis depend on the purpose of the experiment.

The examples are given below.

[0040] Figure 6 demonstrates a simulation distillation type of quantitative
analysis that quantify and group each component based on its boiling point.

Table 4 lists the quantitative results of this type of analysis.



peak vol unme count in GCxGC regardi ng which peak vol une

integration nethod is used. Table 3 shows the peak
wW@e@a/08216 at i on when the data acquisition is PCT/US2006/031407

synchroni zed with the nodul ati on process for the

C13-d 6 normal paraffin stﬁndard. Both retention tine

and peak intensity are well*"reproduced. When data

acqui sition is not synchronized with nodul ati on

process, the nunber of peglsgedp!iced within the sane

conponent as well as the relative peak intensity wl|

ThfRitnld 0 RATOR, O BB Rtye TR (onrli T sl
Efndard for four different anal yses when the data

vaU' Si (T Eheratur PAiph¥RE] Ao R FoMiZRTAFGNESRP deiaR] | on
process[Tabhfoss [T 28C4K acca] vaoball gooven.Zohg data
acqui si BT Qle5290d X84 N To@n! 4T 1¢db O 68e3t C16
nor mal ar1§7- 5T st gpgand.z &Xapbeo- | I poordy agsapes of
Repr odu¢ ey g5y DT g@7anys 391 [TNe.0RUqNTg 60T | weoApal ysi s
[ 0039]  WWTeHE Fod>C R Ch.8h 2 [PII 74 N[ 0080 0T - a116165
repr odu¢etg7hie WM Tk HEKE Z5F [UBYT 4t 10/60 ando.52
quant I t AT HYFE>88Tal V8lgd T[UCIZ7T0[ €1k T §CTg.00 pMel10
ef fi ci et 33dH64 COMPGACNT 4 SFN[ 1 i6¢al|l WORN[12.56
quant i f IT3EE0F CRN 58 qOTEBET F1 ¥.652360.007 [ hE:60
retenti QMopRBEF T PN 3127 (N6 §T pMasegr{an.end| &.21
qual i t afTvgsapsl fuarspi (|atg 3¢ pNole¥sSi|S 0.60P| af4s ¢an be
construdTeds kP ¢ 9&8 4T Ga1P| €8.59€Ter@i£d| 1266 he sane
exper i N¥MEY_38@NAT {ioaN- g2Ju[ €0311 1|l Unbg af eser
typi cal [Cadk&sg ZPSpasCTT Qg opr enuof| d.esel weupl e.
Vari ous [TSBp38d €5 0a7 4e oSt oosed Tmoe d| Td.3 ¢nt
type of [OGROIREY a1 vooar|aloed S| depend anoZ he giw pose of
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392-402 0.01 0.01 0.00 0.01 0.03
403-412 0.00 0.00 0.00 0.00 0.00
413-422 0.00 0.00 0.00 0.00 0.00
423-431 0.00 0.00 0.00 0.00 0.00
432-440 0.00 0.00 0.00 0.00 0.00
441-449 0.00 0.00 0.00 0.00 0.00
Total 61.34 28.59 9.81 0.26 |100.00

[0041] Figure 7 demonstrates another type of quantitative analysis based on
the carbon number series that quantify and group each component based
molecular structure or molecular weight. Table 5 lists the quantitative results of

this type of analysis.
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C18 0.37 021 0.84] 0.22] 0.11] 0.01] 1.75
C19 | 0.13 0.12] 0.41] 0.11] 0.08] 0.00] 0.82
C20 0.06 0.05] 0.22] 0.04] 0.03] 0.00] 0.41
C21 0.03 0.03] 0.10] 0.02] 0.02] 0.00] 0.21
Cc22 0.01 0.02| 0.04] 0.01] 0.01] 0.00] 0.09
C23 0.00 0.01] 0.03] 0.00] 0.00[ 0.00] 0.04
C24 0.00 0.00[ 0.01] 0.00] 0.00] 0.00] 0.01
C25 0.00 0.00{ 0.00f 0.00f 0.00| 0.00{ 0.00
C26 0.00 0.00| 0.00] 0.00{ 0.00f 0.00{ 0.00
C27 | 0.00 0.00{ 0.00{ 0.00] 0.00] 0.00] ©0.00
C28 0.00 0.00] 0.00] o0.00] 0.00] 0.00] ©0.00
C29 0.00 0.00] 0.00] 0.00] 0.00/ 0.00] 0.00
C30 0.00 0.00f 0.00] 0.00] 0.00 0.00
C31 0.00 0.00] 0.00 0.00
Total| 12.98 16.491 32.29] 28.58] 9.42| 0.23|100.00

[¢

[0042] The invention of this synchronization unit enable the qualitative
and quantitative analysis development of comprehensive two (multiple)-
dimensional chromatographic separation techniques. This is the key component
that bridge this comprehensive two (multiple)-dimensional chromatographic

separation techniques toward the practical applications.
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(d) a detector for receiving effluent from the secondary

chromatography column for data acquisition,

() amodulator for pulsing the effluent of the primary gas
chromatography column to the secondary gas

chromatography column wherein

(f) means for synchronizing the pulsing of the modulator with

the data acquisition from the detector.
2. The system of claim 1 wherein said injector is an autosampler.

3. The system of claim 1 wherein said modulator includes a liquid
nitrogen, a liquid nitrogen level control, and an automatic liquid nitrogen refill

system.

4. The system of claim 1 wherein said means for synchronizing
results in a retention time of less than .001 seconds in the secondary gas

chromatography column.

5. The system of claim 1 wherein said sysfém separated diesel

boiling point range fuels.



synchroni zed with a reference tine point of nodulation
unit. 8. The systemof claim?7 wherein data

wW@e@aiosistd on start is synchronized with pul se BEJUSIW0&031407
start. 9. The systemof claim 1l wherein pul se sequence
start is reset when data uisition starts. 10. A
met hod to reproduce the results of a two di nensional
gas chromat ography system by synchroni zi ng data

acqui sit i qiheykizniBfiblasthi10Wherkin sdidysehhsspavited saifor
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conwifiihg pohgrounds ie dissektange stré@ns.The met hod of clai m 10
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startsg  The system of claim 1 wherein data acquisition start is

synchronized with a reference time point of modulation unit.

8. The system of claim 7 wherein data acquisition start is

synchronized with pulse sequence start.

9. The system of claim 1 wherein pulse sequence start is reset

when data acquisition starts.

10. A method to reproduce the results of a two dimensional gas

chromatography system by synchronizing data acquisition with modulation.

11. The method of claim 10 wherein data acquisition is

synchronized to start with pulse sequence start.

12. The method of claim 10 wherein pulse sequence is reset when

data acquisition starts.



