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SYNCHRONI ZE DATA ACQUI SI TI ON AND MODULATION I N A COWREHENSI VE TWO ( MULTI)
DI MENSI ONAL CHROVATOGRAPHY ( SEPARATI ON) SYSTEM TO ENABLE QUANTI TATI VE DATA
ANALYSI S BACKGROUND OF THE | NVETNI ON [ 0001] The present invention rel ates

t 0 conpr eOIVEs28400- di nensi onal gas chronmat ogr aphy (POESW6/QAEOEC) . | n
particular, the invention relates to 2DGC or GCxGC that achi eves a
reproduci bl e chromat ogram [0002] Twoydi mensional gas chromatography is the
result of combining two separation colums in gas chromatography. The
effluent fromthe first colum is periodically injected/transferred into

t he second colAuSHSTEM ANIBPAERHED T WHdo B¥NCHRONIZE PATAient by a

di fferent cr ACOUISITION ANBXMODULA TIONIN ¢oCOMPREPENSIBAHTWOg/ over | appi ng
limts the u ’ITPDHQENSI@NAL@HROMAT‘OGIQHPHPPEP@ATI@N)M handl i ng
the problemo £ ' h$ oM e AraPir 50 T Ia @gl-dirrensional
gas chromat og Cre 11 colum is

injected into th 0N col rm ina series of pulses by a nodul at
IR ‘! TE

| ocat ed bBHAlas

The effl !Jﬂmllq r OMTHRSrEREP T cARbN FBlate§ td &ﬂnﬁt@h&s&*@ﬁﬁ-ﬂfm&fﬂieﬂﬂ%@ﬂs
acquisition of the constituents of the effluent. SUMVARY OF THE | NVENTI ON

[ 0003] Coeclpostategraphy CRHGQiomE (@GR Inppesticiian thet inyentpon relatestor ation i s
based on ul at temto define e starf and end of the second

di mensi onfgg‘gg?%ébﬁgb% ag‘&%‘{ﬁ%&%@?@%ﬁ"@%ﬂ@@@?ﬂ%ﬁli on can be defined by
the nodul ation period of the nodul ator that gated the effluent flow between
the first[00@2]ensiTwalimadidoat gaecoomhatigrplyiis ded reselp of admbiningltveo nodul at i on

unit is operated independently of GC data acquisition in the traditional
Conpr ehengspaation columns in gas chromatography. The effluent from the first column

is periodically injected/transferred into the second column which separates the
-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
staits 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] Coinprehensive 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 (2ZDGC or GCxGC) system. This causes



t wo- di nensi onal gas chromat ography (2DGC or GCxGC) system This causes WO
2007/ 032840 PCTI US2006/ 031407 -2- (1) the starting tinme of the second

di mensi onal separation i ndependent of the starting tine of first

di mensi onal separation that varies fromrun to run even if experinent
condi ti ons VR WOERIRO| y the sane; (2) the peak fracti onsP@rEs2oevs1eti ced
into the second di mensi on separation are not exactly the sane ' ‘
shape/intensity which will create nmaRy post data processing probl ens.

[ 0004] Therefore, "data acquisition synchronization with the nodul ation” is
required for any conprehensive two-di mensi onal chromatographic type

separ at i 0if1) theatating timetoftthesecend dimeristorat pepaghtivnindepdndomif the t he present
i nvention, a,systemand pnethad of a synchronization unit have heen

di scl osed Stastigh Hmeof 1t gimensipnalscparaon thad Hauss o romteyn e¥egtiém  The

retention ki . c fo . k an be
et ent ] on sRRBHHER Bl AR A e P ST BN AT A E o o0, 0
acqui si ti gitoGRsd@nd MRAEseH Fepiratioharé H6t RSN HeNanicshapHRMSIT-

reproduci bl e chromatogram Thée term "exactly Teproduce" is the nost

i npor t ant whiclowdll cfeate mamy poshdefatpxocessingpadbleins. of conponents that separate
out by this two- dinensional chromatographic separation. BRI EF DESCRI PTI ON

OF THE DRM@X&;S[O% 4 9 ﬁlﬁgﬁ | Hhe: GC unit
of the present inven%il‘ogﬁ. Hf%&é%‘]ﬁ |guS %&ggs omgﬁm%gﬁ)idﬂagﬁ)?ubﬁnd reset
pul se sequgmied forympheamnprekensthetwigedmiensional ¢hromhatograptdetygiet i on. [ 0008]
Figure 3 shows_that for the data of Table 2 the nodul ation process is not

synchr oni sepfratiemingader thatdhe sesulty he repreduciblcat i on of the retention time will
make the sane conpound appear not in the same position (in the second

di mensi on)0003] t he K& prestrit IRNBIGH2E Y 280 HMARGB0a BmbhtEm2ARm031407
unit have been disclosed to enable accurate time resolution of the GCxGC
system. The retention position for any component in the GCxGC chromatograms
can be exactly re-produced by GCxGC instrument with this set-up. That is, the
data acquisition can be synchronized with the modulator to achieve a
reproducible chromatogram. The term "exactly reproduce” is the most important
factor for the quantitative analysis of components that separate out by this two-

dimensional chromatographic separation.
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.,




-3- [0009] Figure 4 shows the peak pattern of the Cl3-Cl6 normal paraffin
standard for four different anal yses when the data acquisition is not
synchroni zed wth the nodul ati on process. [0010] Figure 5 shows a typical
GCxCC (2 ogram of diesel sanple, various tenplates can be
construcﬁh%&@%kerent type of quantitative analysi®TEB&EPHE7 on t he -
pur pose of the experinment. [0011) Figure 6 shows a sinulation distillation
type of quantitative analysis that gBhantify and group each conponent based
on its boiling point. Table 4 lists the quantitative results of this type
of analysis. [0012], Figure 7 sho anot her .ty f _quantjtatjve anal ysis
based on t‘ﬁwﬁ car S§E?P RHYL ﬁ%‘fﬁeéﬁ OBPB{R?I conponent
based nol | i . | i J

quant i at PO fop hdu ShaEnina IR oVl aborisl A0 o RO o o 1
PREFERREDyitNBREGNTaf dnQf2detss,Conpr ehensi ve two- di mensi onal gas

chromat ography (GCxGC) has denonstrated that two-di nensional separation can
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a rout i nearmalpdiy depeadingoon theipurpase o the experiorenint to autonate the nul ti-steps
for unattended operation. In addition, because of its increased resolving

pover, theyahierf as f ﬁﬁﬁ@% 3 . sel ecii ye 4.0rs as

sul fur isﬁ]\%? irrpi;g ar?t I'n ;o#@?%‘gsgggrﬁgi@ﬁﬁﬂﬁﬁp%auﬁ bﬁllﬁ?gﬁﬁglgrgrls. [ 0014]
The pr esefhiat i@y kA gidupasach ComPYRsht based ahrOBbitiag pomt. diabRNBligsal gas
chromat ography that is automated, that is, allows unattended operation. In
addi ti on the quaniitative resnlie of tystype obanalysis.he i nstrunent, the WO 2007/ 032840

PCT/ US2006/ 031407
[0012] Figure 7 shows another type of quantitative analysis based on the

o

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




-4 chromat ogram can now be reproduced with greater precision which allows

I nproved control of the quantitative analysis step. [0015] The GCxGC
schematic in Figure 1 illustrates the functional diagram of the different
~units and their role in the automati c operation. This automation

devel opmrentW® HOFB&40 (1) the use of liquid nitrogen |evetrosmbeesisoand
automatic liquid nitrogen refill system (2) addition of an autosanpler;

(3) inmproved instrunment control and _gata acquisition software; and (4)

i ntroduced pul se generator with external trigging option to synchronize the
nmodul ation with GC event. [0016] The role of liquid nitrogen is to perform

a heat excheomaogfanncan ngebe rgaeducedowiil gomtdripredisioh wideh sllowce for the col d
jet during the aol ute té&gpi ng. phase of, the nodulation. This is required in

order to fPREPVedcoaBploktheguanifative anglysisstehe first di nensional col um. A
continuous supply of the liquid nitrogen is needed in order to operate the

nodul at i offgets)t oVEhe GOXGE sithenedica Figiy 4l ilastides the fh@iopabdiagagl ysis. A
liquid nitrogen |level control systemin addition to a |iquid nitrogen

Crefill ki tof Heg/difforant units and theirrolsinghe automaticeopearationa (lhimayiaktoe. [ 0017]
For the aui omati on .of or nulti-.sanpl e analysis,, the first

requi r ene V&gp@ﬁnt&%@hgﬁe&‘? u*f‘?]@{‘ ﬁﬁ‘f@éﬁ‘gﬁe@ﬁw@m?ﬂbmg%owc

manuf act urgr.- N FH J equi renents.

[ 0018] Théﬁ%}%ﬁgé@i@mﬁé&%ﬁb@%%%ﬂfl?)%rﬁﬂgg,cpgﬁg t% \?\/aare programto
control t hestnmebuk admtosl dudi datnduilition software] dido@) inteowieed puks@i s program was
not capabl e of perform ng automated data acqujsition. A separate

commer ci algeyeratps Withherdenal igsinporsion tosypelsgrizmttamodelaien WwddGend adapt ed
into this GCt,XGC operation. The new programwas able to integrate with other
operationet‘ﬁ"ﬁts such as the autosanpl er and pul se generator, resulting in a
fully automated system [0019] In the prior art GCxGC system design, the
modul at i oj0@k6]t wakhe mbeobliguid nitdegearisitnpérforof a hbat e@Chatgeafadimogei t i on. The

I f thi . . . .
result o gEls {osprowde the cool gas source for the cold jet during the solute trapping

phase of the modulation. This is required in order to trap the solute coming out
from the first dimensional column. A continuous supply of the liquid nitrogen is
needed in order to operate the modulation wnit over the required many cycles to
complete an analysis. A liquid nitrogen level conirol 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-samyple analysis, the first
( requirement is an autosampler. The aufosampler 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 énd 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




WD 2007/ 032840 PCT/ U52006/ 031407 -5 independence caused a phase shift in
t he second di nensional chromatogram resulting in non-reproducible
chromatograns. In order to correct this, either phase correction software }
or hardware synchroni zati on was necessary. This devel opnent concentrated on

t he har dwa 82§Vﬁ6ﬁ?%nization solution to achieve a regiCdd{ietng/0a1407 '
chromat ogram [0020] In the present invention, data acquisition was o
synchroni zed with nodulation, resulf4nog in a fully automatic operation. The
performance enhancenent attained with the synchronization and is
denonstrated with several _applications of GCxGC in the analysis of conplex

Bw‘ xlt ures. i#dﬁbendppc%a:;usefdgmhiamhaﬁmmr?rﬁ@pmubdimgfnsio:nel dupmatagram, of di esel
orlrin Ol . range _tue t ow 1 ne (0] r Cl aSS e aration to
di st i nout et donmtodutible Syouuiadfelt W orflen b Brret I BBE 0 of 'sul't ur
cont ai ni N6 EBRLATS IGTIrE T hafdWHEE syrhi iRl ARclidahp Phs St ages of

hydr odes uration (‘HDS) process to nonstrate the po class type
separ at i odevelopmagid conédntrateborpthi ieisdveare wehdhromizgati dresdiiiforc i avhjdviea
selectivity and_effjciency. THE AUTOVATI ON OF GCXGC [0021] The GCxGC unit
was purch@ﬁ@“ﬁ@%@@&@wﬁé@-(u ncoln, NE) (There are others available). It
enpl oys a GC (Agilent 6890) system a first generation thermal nodul ation

uni t wi t hjpog i Hd resent intvention duM &ﬁxi@ﬁ&ﬁﬁas Wridhraifiged withnst r unent

6] con
control and d]at_a acqui sition software. e thermal” nodul ation was
acconpl i sineduletionugsulting inia Sullyf autometie ppergtien.oThegetfermance The slotted

heater did,not provide effi.cjent control of fhe solute trappin uring .
modul at § crhgCerhert atathef s ie SyniRSR et Fakis dompnstraa SABMS Bl ni car i1 m
coated cap: : alpagg, We di mensi on

col ums. %héﬁﬁgréﬂ@gﬁgpﬁgﬁgt u e%?g%ﬁgﬁe%@%%d{éﬁw%lure and was not

suf fi ci endppYicaiiess ihcludeel pthesepiationbfidiesel lbetlinpdpdintrmpe eudls fost  di mensi on

colum. As a result, the thernmal nodulation unit was upgraded to a pul sed
j et syst eshowDhe peyer réclass type separation to distinguish various fuels and 2)

GCxGC sulfur specific detection of sulfur containing compounds in diesel range

i
i

streams during different stages of hydrodesulfuration (HDS) process to

demonstrate the power of class type separation of hard sulfur compounds as well

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 contro! 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



WO 2007/ 032840 PCT/ US2006/ 031407 -6- nodul ati on upgradi ng several steps
outlined below were taken to conpletely automate the GCxGC system LIQUI D
NI TROGEN LEVEL CONTRCOL AND AUTOVATI C LI QUID N TROGEN REFI LL SYSTEM [ 0022]
In order to performthe trapping function of the nodul ation operation, the
ni trogen @§ed2008ei!840t 0 be cool ed fromroomtenperature PEIHS208831402ezi ng
tenperature. In the pulsed jet nodul ation unit, the source of cold jet

(gas) is froman external nitrogen gag supply. The nechani smof this heat
exchange i s acconplished by passing nitrogen gas through a coil, imersed in
liquid nitrogen Dewar flask. The role of liquid nitrogen is to performthe
heat exchangilation wpgradiagsevaslstepsroutlimeddrel@a svere takea ub tompltely
tenperature. [0023] Due to the fixed volune of the liquid nitrogen Dewar

fl ask and amaty EEOCusNsmY r upt ed cool ed nitrogen gas, a |arger
reservoir of liquid nitrogen is needed. This, coupled with automatic

filling cqghiiy KYTROUENSFII, OONTROUKNIAUHIOWPENIE LIDUND 0024] Not onl y
is the re-filling of th I quid nitrogen Dewar 1 nportant 1n the automatic
node, but W@trogen is of equal inportance. The distance

of the level sensors controls the frequency of the re-fill operation. The

absol ute hgamt Ofmt&}geﬁtb?&fofﬁr}ﬁgﬁa%ig%fﬂ?&ﬁhrgmﬁehﬂﬁul%st tenperature of

the coldjet. This liquid nitrogen |y operation can be conpletely
i ndependemperationthe hétragenegas needs todd copleddtommsomfteaptabmtitoa. Thi s
I ndependence el ecti,on, of liquid _nitrogen |evel

rovides the flexibility of
control afdbiresziNg teaipsratse. hsﬁﬁmdm@ﬁﬁw waif.dhe sewrce Pl edlddeti t ance

Sensors a2 B 8 artianal iprtl B SHE She AN SR TRabos) 051407 - 7-

exchange is accomplished by passing nitrogen gas through a coil, immersed in

liquid nitrogen Dewar flask. The role of liquid nitrogen is to perform
the heat exchange of room temperature nitrogen gas to a subfreezing

femperature.

[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 controis the frequency of the re-fiil operation. The
absolute height of the start sensor will determine the lowest temperature of the
cold jet, This liquid niﬁogen supply operation can be completely independent
from the other required operations of automation. This independence provides
the flexibility of selection of liguid nitrogen level control and refill system.
Systems employing resistance or capacitance should be able to fulfill the

requirement, Qur system uses resistance sensors as are well-known in the art,




THE AUTO SAMPLER [0025] The introduction of an autosanpler is another

I nportant step in the autonmation for the analysis of nulti-sanples around
the clock. Since sone of the GCxGC applications require |long analysis -
times, the use of an autosanpler is extrenely inportant. ln addition, .
because oWQ2087/833848nat ed nechani cal operation, the tiBYHYSPYPH%ction, the
quantity of sanple being injected, the speed of injection, and the depth of
injection can all be controlled in anyaccurate and- reproducible fashion.

Al'l needl e effects, such as sanple evaporation, due to the needle warm up
and sanpl e discrimnation due to needle dwell time can all be elim nated.
The ot her THIhAUTOSAMRIER age of using an autosanpler in the GOXGC is the
GC start timng control. The GC start tine is a very inportant tinme event,
which al s | nesrHelg Fnts 13 inpoafant step iptheas wel | as

t he nodul gﬂiig!] start tTl:ﬂrr)rgliéﬁlfc}?;l a ﬁueﬁéag%é?iss%?ﬁﬁ\e dat a gtg%th}?fshition has to
synchr oni aatomiation fwetheadalysis iof mylti+samgleslaroursl the cjocknfinceaometod thee abl e to

control or. reference the GC,start tine iin order to.use it as a reference
point to GM&BPP%‘@?PWWHE%@/@?&%“&%& euse of W@9Wﬁ16"rﬁszed. [ 0026]
The aut os ' | s i onal GC
Rt ooan Rrendity tpRAt, Sdtioe: RSARk ot i HtoR BRchafeal R 75027 1
the aut ol aing @ thjedGn theriudkify Of €mGsle bEETioC@A, ticlspbad oflesi rabl e t hat

the software package integrate all hardware Conponents as well as software
prograns ingeqiens md%ﬁha@ﬁpﬂmﬂlmmbﬁbbtb cominelled ih@o2@TuBEX@®A aut onat i on

requires the gcontral ,and ication of several different c onents in
{ha syt eheproduciie Tashit ALl IdlR sifects, Such as pmle Crapomtamy i tmen: 11 ow
heatin | . ' ' 3 | ves need to
be tur%e %ér‘?ibg‘r”{%r’l‘té%* *)%ngs %?ngegcﬁ rg] tgfr}fnt1 {g@gcﬁg%e%e% @el}_ﬁ@fc e egaturl?{é? - power of

t he heat e¢limindtedn@he otler importarm advamage eesing &y sbtosampleoin thed re-fill WO

2007/ 032840 PCT/ 1JS2006/ 031407 - 8- .. )
GCxGC is the GC start timing control. The GC start time is a very important

time event, which also defines the reference time point of data acquisition as
well as the modulation start time, In a GCxGC analysis, the data acquisition has
to synchronize with the modulation period. It is very important tc 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.

[0OZGj 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 -




system are al so needed to be turned on and off before and after the
analysis; 2) the GCxGC instrunment control which includes nethod set-up,
sequence set-up, the autosanpler control, as well as the data acquisition;
this portion is the sane as in traditional GC, 3) the synchronization wth
t he ext er ned 260703289 devi ce such as a pul se gener at or; Paj/Uswes/Ea407r ol of t he
heating and cooling in the secondary oven chanber; 5) be able to performa
hi gh-speed sanpling in order to neet the requirenment of GCxGC sanple rate.
[0029] If one software package can cofitrol all of the events required to
performan experiment, then, all the required paraneters can be conpiled

into a @y@mﬂ@réalssneéuiadheUeemﬂ%mwbtmandrmath@mmms )l e is called
the nethod file in the software package used in this automation

devel oprethe GCRGG mgtramm’rrmwbmw ingludee methodmst-Hpdserupees s¢kHPbe called to
erformdifferent .task Thi s dvant f. data _ac sition

Dot t ot e Dl RmntesEroL, B vt % the Bl asAisRih: s PRERRIR B Sl [ 00s0)
There areama&ﬁaﬁ'ﬁ@q,ﬂée)'me inreikLAi ietﬂ%ﬁé * ga@éméé‘ ichdat a

acqui sition packages vvare package used In th utomation is the

one from aia pakegeneatboy 4)ahe cbatré@fthe heatingsawioeting hiovbﬂz\ﬂebondalnys package
does not synchroni ze_t he nodul ation unit with GC data acquisition. THE

SYNCHRONI 2xen eienshesToNbe @de 1q perfonnna high- @eﬁdﬁamnsg)@@étﬁ meeidherndul at i on
unit is operated nt f GC data acquisition. This causes the peak
position Qﬂ@gﬂ;ﬂfﬂf‘&ﬁ@@%@@% %I Prensi on of the GOXGC chromat ogram
Chromatograns will not be the sane in the second di nension position even if

Eﬂe%/ ?[1 e gﬂl?ﬁ]n eﬁﬁonfﬁomyanehuckw@ﬁpﬁol aibgfﬁleteﬁfoﬁmcqmr@toThe {ﬁsult i s
a e data acquisition n nchroni zed w es in the
rodul at | oRCKiHE i EER Tt tgn il the gL ARSI PRI TIAA | n ¢ he
second di

synchroni g@@ aﬂﬁzﬂlcaﬁ&’ty %%B??%@;%%W%@%&%i L%gggg]%()SMO? 9-

method file in the software package used in this automation development.

During a run sequence, different method files can be called to perform different
tasks. This is the advantage of data acquisition software, as well as the truly

automation of this instrumentation.

[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




poi nt of nodulation unit. In the present invention, the way to achieve this .
Is to have the data acquisition starting point synchronize with the pul se
sequence starting point. Because the pul se sequence starts much earlier
than the GC data acquisition starts, it is necessary to rgsg% tﬂﬁ pul se
sequence WHRROHBIB acquisition starts. [0033] Synchroﬁ?gﬁi%o 0347 al so be
achi eved by post-analysis software correction. However, this will require
either a reference conponent spike ipgthe sanple or an instrunentally
created reference signal. Post-analysis software correction also requires
additional steps to attain a scientifically neaningful chromatogram The
har dwar e Ppintlof srpdudationindl dndbe pregentlinyentionathe waetomshievethisdhtonmat ogr am

every ti wi t.h further nmani pulation required. ..In this automation

devel opnengVe g"’p‘ﬁﬁ% gccgléﬂﬁpndﬁg&lqg@qwﬁqy ngawgeﬂ’&hﬂ{etﬁﬁﬁeﬂl}?m&f ext er nal
triggerin arﬂﬁ‘f d5ud ich daflidrMRarsth [ dat a
acquisiti %F\ IS P%%lg'?/ato gﬁgéﬁ,ﬁgyfé@gﬁggg%ﬂ?@c?ﬁagé%n ng g%énglﬁﬁt o the pul se
gener at or acquikitiohGtartssittis hdvesgany tereseidhe poke sdduence whggidata nechani sm enabl es
the pul se generator to synchronize with the data acquisition start point..
Fi gure 2 iapqussioRststs. how this interrupt and reset pul se sequence

synchroni zes the GC start with data acquisition. PERFORVANCE OF

SYNCHRON! J633PCXCOBy ibhfehifdiiof Y REeZARI R b9 Godi-adalysiogomwiseonal GC
analysis, if the identification of a conponent is based on the retention
time, thecomeétion. Sovesver, dhis will gequiteneithise ruelsrende compenentrspike indheinot be nor e
than three daga poi.,nts. ndi ng ,on,.the sanpling frequency, these three
dat a poi nf&™ rr@dﬂ?@ﬁ“‘%ﬁ@% %"F@t%flirﬁf"?r‘{qcﬁﬁlef'h}@gtéﬂ?gy 1HSHEVHE nore  than

0. 02 m nut.ephdss P . hert.z, : t he GCxCC,
under thetcggl?r‘glaé{c}ﬂsd?ﬁqgﬁ?sat e&gag%%gf ?%%ﬁ%lggtshfgnégtéael}?{ﬁgﬁn? me cannot be
nmore  t hachfdnfdgraim The hardvwsc sgndheadgstion dppremhphillngenesite thescoirepet cal | y
100Hz in the GCXGC. In grder, to have the retention_ ti netgjosition for the
same conp&hisanatpgragyeveaotimgspdinne fotheygroupylattamreguired. In this '

automation development, a pulse generator is introduced with the option of

external triggering. When the GC is ready to start, this is the same time data
acquisition is ready to start, it sends out a triggering signal to the pulse generator
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




.-10- is necessary to synchronize the nodul ati on process with the data
acquisition. The follow ng exanpl es denonstrate the retention tine
variation of a group of compounds in the chromatograns that were obtained
.with and without the synchronization between nodul ati on process and data
acqui si ti ofVO PET8IP40 n conventional GC anal ysis, if thePCHESR0DG43a40i on of a
conponent is based on the retention tine, the variation of retention tine
between different runs cannot be m)_rg);han three data points. Depending on
the sanpling frequency, these three data points may require the retention
time difference to be no nore than 0.02 mnute if the data is collected at
1 hertz (Hghedessary td syricheorBxBEmodulsiton prioecssawith thertitd acyuisitiéte vari ation
of the retention time cannot be nmore than 0.001 minute. This is because the
sanpl i ng rEhedollewingexamnls daosstrate the setamiedime yaraden of 8 grupok he sane

tenti ti tenti i f . th d, it
o mecess SPPROBRAS RO SRR dmam s e SR oL bich B o B e
acqui si ti QinchkBRizhGoA BYAWeEn BIRIBHRR 6608 ahd 8h@ def6isitionl ention time
variation 0f a group of conpounds In the chromatograns that were obtained

2 DO o e kR S R B0 o2 BgoReR i o e
with the apdihAiHeqBeRE0R ﬁ@&bﬁieg\g?faaah B¢ teriihidh Ak %eﬁféryﬂltcﬁﬁefe%mn%f ter four

different runs, the varrati retentron time wt e correspondi ng

peaks is lcamsottbheancr@.th&i three duta Poin'fsh Depending@n thd sdmplings fregeemeound wil |
reappear at the sanme position all the tines in the GOxGC chromatograns. 1
WO 2007/ 03sa threeintggronts npysquire the reteatipn timeTdidferance t@ bonomiere of C13 to

O e o R At el S BB
under the same conditions, the variation of the retention time cannot be more

than 30.001 minute. This is because the sampling rate is typically 100Hz in the

GCxGC. In order to have the same retention time (retention position for

GCxGC) for the same compound, it is necessary to synchronize the modulation !
process with the data acquisiﬁon. The following examples demonstrate the

retention time variation of a group of compounds in the chromatograms that

were obtained with and without the synchronization between modulation process

and data acquisition.

[0036] Table 1 shows the retention time of C13-C16 paraffins with the
modulation process synchronized with data acquisition. Afier 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.



Runs 1 2 3 4 Retention Tinme Retention Tine Retention Tine Retention Tine
Average Stdev Cl13 23.391 23.391 23.391 23.391 23.391 <0.001 23.559 23.559
23.559 23.559 23.559 <0.001 23.723 23.723 23.723 23.723 23.723 <0.001 C14
27.892 27.%220377 g%g 27.892 27.892 <0.001 28.061 28.061 28.061 28.061

28. 061 <O. 8296 28 226 28.226 28.226 28.226 <0. OPCHHSHEHIPIB 32 228
32.228 32.228 32.228 <0.001 32.396 32.396 32.396 32.396 32. 396 <0.001

32. 561 32.561 32.561 32.561 32.561 <}1Q01 Cl16 36. 369 36. 369 36. 369 36. 369
36. 369 <0.001 36.656 36.656 36.656 36.656 36.656 <0.001 36.729 36.729

36. 729 36.729 36.729 <0.001 [0037] Table 2 shows another set of retention
time of C1l3-Cl6 paraffins wth the TaJed! ati on process not synchronized with
data acquisition. After four different runs, the variation of retention
time int s/ nmodul ati on
peri od). 2&3 %#Efgg{%s §E‘&§ @&Q@ﬁ@@gl zed with data

0
acqui si ti e"?ﬂ b T ?’P}@"F@gewczf’ H‘“ﬂ!p WIUWSIHARe { he sane

corrpound 7y TTot I1II tt boultﬁj)um t UII3\I mtrhe Q'UL,UHL dirmepsiom in the
GOXGC_chr pITat UUT RS eniBA Tirite | Fatntin THhe] Retantol] ThiE] RelehtioH Time] AveY eF Stdgy P32840
PCT/ US200p7 @332407 - 33551 120 € 25.307€ HEL ZalaopT [T TH3Ge1 CL3 o8B0 i% gog| el
paraffin standar{d Vgggbkgn i 11235800 |T UTE3.860L N m@WWW‘mi zed
Wit h dataacqur §i t 1 zEZ23RUNS 1235723 21 Ret@Rson | 11 @mnﬁﬁi‘%t ention
Time Reteption i ne Averade Stdev
C14 27.892 27.892 27.892 27.892 27.892 [ <0.001
28.061 28.061 28.061 28.061 28.061 | <0.001
28,226 28.226 28.226 28.226 28.226 | <0.001
c15 32.228 32.228 32.228 32.228 32,228 | <0.001
32.396 32.396 32,388 32.396 32,396 | <0.001
32.561 32.561 32.561 32.561 32.561 | <0.001
C16 36.369 36.369 36.369 36.36¢ 36.369 | <0.001
- 36,656 36.656 36.686 36.656 36.656 | <0.001
36.729 36.729 36.729 36.729 36.729 | <0.001

[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.




Cl13 23.391 23.426 23.414 23.330 23.390 0.043 23.559 23.630 23. 583 23.498
23.568 0.055 23.723 23.746 23.664 23.711 0.042 Cl14 27.892 27.964 27.917

27.832 27.901 0.055 28.061 28.132 28.086 27.999 28.070 0.055 28.226 28.295
28. 250 28.167 28.236 0.053 Cl15 32.228 32.299 32.251 32.167 32.236 0.055

32. 396 32withoBsk8l 32. 334 32.405 0.056 32.561 32. 6FCTAB2GBHIGLT 503 32. 570
0. 053 Cl16 36.369 36.467 36.420 36.335 36.398 0.058 36.656 36.636 36.589
36.504 36.596 0.068 36.729 36.802 36.,7/52 36.670 36.738 0.055 10038] The
data acqui sition which not synchronizéd with nodul ation process will create
a critical problemin the quantitative analysis. Because the timng of

split peaks fromthe first dinensi dnahle2t he second di nensi on during each

nodul ation period cannot be reproduced exactly fromanalysis to analysis,
the rel at e Réieh@on GmdEPEI3 26 mldorﬁﬁal eaﬂﬁ.! ﬁhh&@r@ﬂtﬁhm diftsient y/ area of

the sane,.g ﬂ?a)ﬁ w |l affect the
variation o pegIEBdo udﬁoﬁﬂttbﬁ regara ﬁﬁl&l\m’lnéh peak vol une
i nt egrati pRunget hodt 1's lused.2 Tabl |e 3 shows jt he Eeak' grea varl at1 on{when the
dat a acqul SI t jRetention Tisy|Rekention Timel RetehtiontTing: | ReidotioatTings] Avemgeds Stdev_{ he
C13- C16 np€ p23.31f i nj  sfasddar d. BR414r etlentd3A30t | Me22880 peadlo48 nfensity
are wel | [epriodu2®sihd n 2383 alcqu?2dasti ol i 2388 synéhsasnil z€@5% | h
modul ati op_prioced%723t het nunber of] pe2ddB syl j 28P64i t hi B3.7He | s8982 cbnponent
as well ap relativel peak intensity willl -vary frgm analV¥sis_to] anal ysis.
Figure 4 [£14ist r28882 tho n26¥4path or & Y7 thHe AFP32C14 ARIHRI AAPBfFi n
st andard f.or aueB.0fts ¢ ranmal pczﬁgﬁgﬁn he 4008 dca8070 4 895% not
synchr oni ged-hit#4%e 5 puﬁﬂL \Wo. 286187 034325235t 085H 0B/ 031407
13 C15 32.228 32.289 32.251 32,167 32.236 0.055
32.396 32.468 32.421 32.334 32.405 0.056
32.561 32,630 32.585 32.503 32.570 0.053
c18 36.368 36.467 36.420 36.335 36.398 0.058
36.656 36.636 36.589 36.504 36.586 0.068
36.729 36.802 36.752 36.670 36.738 0.055
[0038] The data acquisition which not synchronized with modulation

process will create a critical problem 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 illusirates 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.




Tabl e 3 The peak area variation when the data acquisition synchronized with
nmodul ation of C13-Cl16 normal paraffin standard. Normalized 1 2 3 4 Retention
Time Peak Ratio Peak Ratio Peak Ratio Peak Ratio Average Stdev Cl3 23.391
4.1%4.0%4.2% 4. 7% 4. 24% 6. 67% 23.559 100. 0% 100. 0% 100. 0% 100. 0% 100. 00%
0.00% 23. VORG/033848 696 6. 3% 6. 4% 6. 17% 5. 86% C14 23. 3FCTBUGRLIYY 1. 9% 2. 0%
1.94% 1. 32% 23.559 100. 0% 100. 0% 100. 0% 100. 0% 100. 00% 0. 00% 23.723 50.2%
50. 1% 52. 0% 51. 4% 50. 91% 1. 80% C15 233391 2.0% 2. 0% 2. 0% 2. 1% 2. 04% 0. 94%
23.559 100. 0% 100. 0/ 0 100. 0% 100. 0% 100. 00% 0. 00% 23. 723 66. 9% 66. 0% 68. 5%
67.9% 67.31% 1. 62% 016 23.391 5.90/0 6.0%6.0% 6.1% 5.99% 1. 42% 23.559

100. 0% 100. 0% 100. 0% 100. 0% 100. 00% T ableds 23. 723 22.5% 21. 1% 22. 3% 22. 3%
22.06% 2. 95% Exanpl e - The Advant ages of Reproduced Chromatography in The
Quant i t at i The peak yedasvriaidn] whis the dai2cEguisd 00Ty ntinemizewith can be

repr oduceohnodtﬂaﬁohlof(mﬂcelﬁhﬁ)rmlpamﬁiwﬁammuant Itative anal ysis rruch

nore effectiye ang efficient e_conmponent identificatiqn and

Drmahzﬁ on 3{'Jn r‘ \1- an 0O
quanti fi cat ijoA - ntign. "8k Ral _P%kgﬁﬁo cak Ralio’ PeakRatm , AvErage ""Std‘e op in the
chr omat ogr anrapgd—a qGsg 0 mezgqg'a'r Aogt TV 79Tt ¥ od> [t BBEE af € can be

constructed {for_a [seasd  Shnploss | OlieT 4l @k N te%s dns.oos X penswent al
condi tions. |Eigurel 52212 sk r 6%l o 66% nil c ASBCOX % 2 DCEIT% dh58fatogr am of

1 o \ ol Ld ecnatle ot ool f diff o o
di esel sanple—gyartoys; £sTeair Pt oenstteRe T Piam g sarent type of
guantitati vd 3 0 -rmn'pmmf—ﬁ%r1 0 TRBEh% T[Eke% [ he exanpl es
are given bdlow [J0028723 F||ga0e% 6] deenthnst pz#ed £1.4% ni)lsaei%ord deeg il | ati on type
of quantitati-vgs 23.301 2.0% 2.0% 2.0% 2.1% 2.04% 0.64%
23.559 100.0% | 100.0% | 100.0% | 100.0% | 100.00% | 0.00%
23.723 66.5% 66.0% 68.5% 67.9% | 67.01% | 1.60%
Ci6 23.391 5.9% 6.0% 6.0% 6.1% 5.90% 1.42%
23.550 100.0% | 100.0% | 100.0% [ 100.0% | 100.00% | 0.00%
23.723__ | 225% 21.1% 22.3% 22.3% | 22.06% | 205%

Example - The Advantages of Reproduced Chromatography in The

Quantitative Analysis

[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.




~analysis that quantify and group each conponent based on its boiling point.
Table 4 lists the quantitative results of this type of analysis. WO
2007/ 032840 PCT[ US2006/ 031407 -14- Table 4 The sinulation distillation type
.quantitative analysis results of a diesel sanple. Tenperature Aliphatic
Arom 1R Ar Wﬂ@ﬂ?’%ﬁ%ﬂm 3R Total up to 98 3.20 0.00 0.00 RCTUS280640140D9- 126
4.65 2.24 0.00 0.00 6.89 127-151 5.05 2.61 0.00 0.00 7.65 152-174 6.37
3.32 0.00 0.00 9.69 175-196 6.81 3. 7249. 00 0.00 10.55 197-216 5.61 4.34
0.57 0.00 10.52 217-235 6.92 3.75 1.44 0.00 12.10 236-254 7.71 3.24 1.61
0.00 12.56 255-271 5.67 2.27 2.66 0.00 10.60 272-287 3.27 1.33 1.61 0.00
6.21 288-302 2.62 0.80 0.84 0.00 4Table403-316 1.58 0.41 0.54 0.04 2.56
317-330 1.04 0.27 0.31 0.05 1.67 345-356 0.35 0.14 0.14 0.06 0.69 357-369
0. 17 0. 07 Thedmulabow dafillatichi-t3H6 qlanGtaliveanalydss resiils 0f 4 diesgB1- 391 0. 04
0.02 0. 01 sdnfple.0. 09 392-402 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 Temperature| Aliphatic | Arom-1R | Arom-2R | Arom-3R| Total
up to 98 3.20 0.00 0.00 0.00 3.20
99-126 4.85 2.24 0.00 0.00 6.89
127-151 5.05 2.61 0.00 0.00 7.65
152-174 6.37 3.32 0.00 0.00 9.69
175-196 6.81 3.74 0.00 0.00 | 10.55
197-216 5.61 4.34 0.57 0.00 10.52
217-235 6.92 3.75 1.44 0.00 12.10
236-254 7.71 3.24 1.61 0.00 | 12.56
255-271 5.67 227 2.66 0.00 | 10.60
272-287 3.27 1.33 161 0.00 6.21
288-302 2.82 0.80 0.84 0.00 4.46
303-316 1.58 0.41 0.54 0.04 2.56
317-330 1.04 | 027 0.31 0.05 1.87
345-356 0.35 0.14 0.14 0.06 0.69
357-360 0.17 0.07 0.06 0.06 0.35
370-380 0.09 0.04 0.02 0.02 0.17
381-3H1 0.04 0.02 0.01 0.01 0.09
392-402 0.01 0.1 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.




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 10041] Figure 7 denonstrates another type of
guantitative analysis based on the carbon nunber series that quantify and
group each conponent based nolecul ar structure, or rmle t. Table
5 lists thWQﬁ?fgWW?“ﬁtlve results of this type of anal ﬁ'@bﬁﬂﬂﬁy}@\iﬂ%p

2007/ 032840 PCT/ US2006/ 031407 -15- Table 5 The carbon nunber series type
guantitative analysis results of a di.elsyJ sanple. N-Para |Iso-Para NO 1-Ring
2-Ring 3-Ring Total C6 1.35 1.35 C7 1.08 1.94 0.19 0.89 4.10 C8 1.12 4.02
1.87 2.64 9.65 C9103102256414876 Cl0 1.24 1.47 3.83 4.58 0.51
11.63 Cl11 1.36 1.16 4.22 3.58 2.17 shlad 12 1.22 1.18 2.89 4.34 2.56
12.20 C13 1.29 1.54 4.36 2.70 2.07 11.96 Cl14 1.43 1.40 3.87 1.55 0.92 0.04
9.21 C15 Mlgrcarbpa wimberiseriesdypsqoandtativeanalysis tesulis of s diesebs 0. 73 0. 30
0074463:ﬁi|i$15080053132044020003331 C18 0.37 0.21 0.84 0.22
0.11 0.01 1.75 (19 2012041 011 0 06 0 00 0 82 0 0.06 0.05 0.22

0.04 0.03 0.00 O.41 N-Para|lso-Para [NO__ |1-Ring |2-Ring [3-Ring | Total
Cé 1.35 1.35
c7 1.08 1.94| 0.19] 0.89 4.10
c8 1.12 4.02| 1.87] 2.64 , 9.65
c8 1.03 1.02] 2.56| 4.14 8.76
c10 1.24 1.47] 3.83] 4.58] 0.51 11.63
C11 1.36]  1.16] 4.22] 3.88] 2.17 12.48
C12 ] 122 1.18] 2.88] 4.34| 2.56 12.20
C13 (- 1.29 1.541 4.36] 2.70| 2.07 11.96]

C14 1.43 1401 3.87| 1.55] 0.92| 0.04] 921
C16 1.07 1.22| 3.49] 1.24| 048] 0.08] 7.56
C16 0.73 0.67| 2.05] 073] 0.30] 0.07] 4.46
c17 0.80 0.53| 1.32| 044) 0.20[ 0.03f 3.31
c18 0.37 0.21] 0.84{ 0.22] 0.11! 0.01] 1.75
c19 0.13 0.12{ 0.41] 011] 0.08] 0.00] 082
C20 0.08] 0.05] 0.22] 0.04; 0.03] 0.00 04
c21 0.03 0.03; 0.10; 0.02] 0.02) 0.00] 021
c22 0.01 0.02| 0.04] 001} 0.01j 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
Cc25 0.00 0.00f 0.00] 0.00; 0.00{ 0.00] 0.00{
cz6 0.00 0.00} 6.00i 0.001 0.00] 0.00 0.00

cz7 0.00 0.00f 0.00f 0.00f 0.00{ 0.00] 06.00
C28 0.00 0.00f 0.00f 0.00] 0.00; 0.00{ 0.00
C29 0.00 0.00] 0.00] 0.00{ 0.00; 0.00) 0.00
C30 0.00 0.00; 0.00] 0.00{ 0.00 0.00
C31 0.00 0.00] 0.00 0.00
Total| 12.98] 16.49]32.29] 28.68| 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.




C21 0.03 0.03 0.10 0.02 0.02 0.00 0.21 C22 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 0.00 0.00 0.00 0.00 0.00 <26 0.00 0.00 0.00 0.00
0.00 0.00 0.00 €27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 28 0.00 0.00 0.00
0.00 0.00 0.00 0.00 €29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 €30 0.00 0.00
0.00 0.00 0.00 0.00 C31 0.00 0.00 0. 0.00 Total 12.98 16.49 32.2900 28.58
9.42 0.23 100.00 [0042] The inventionlef this synchronization unit enable
the qualitative and quantitative analysis devel opnent of conprehensive two
(mul tiple)- dinensional chromatographic separation techniques. This is the
key conpo@EAIMSt hat bridge this conprehensive two (nultiple)-di nmensional
chromat ographi ¢ separation techni ques toward the practical applications.
1l -16- CLAIMS: 1. In a conprehensive two-di nensi onal gas chromat ograph

system having thq_ elerenlSrefeRiveRbMiHaRidHEN HTRLOLTARMONGI M ayidgSecondar y

gas chromat ography colum that receives effluent fromthe primry gas
chr omat ogthaplesnentsol unm, an aut osanpler for injecting sanple into the primary
gas chromat ography col um aﬁﬁetector for,_receivi ef f |l yent frOﬁlthe

secondary chromat og_raalb‘?ﬁaré’@laﬂ OpgioLrRhy colunt AETERY &6 OO at or
and a nmodul at or havigyunin fdl %CeiSREIRRGEbMAthPpriBa)Gas Bfomeloktaghpt of the
primary gas chromatography colum to the secondary gas |

column, an autosampler for injecting sample into the primary gas

chromatography column, a detector for receiving effluent from the

secondary chromatography column for data acquisition, a pulse

generator, and a modulator having a pulse sequence for pulsing the

effluent of the primary gas chromatography column to the secondary gas

chromatography column, the improvement which comprises:

instrument control and data acquisition software that starts the
autosampler of the comprehensive two-dimensional gas chromatograph
and the data acquisition by the detector and directs the autosampler to
inject sample and send out a triggering signal to the pulse generator to
reset the pulse sequence of the modulator thereby synchronizing the
pulsing of the modulator, the start of the autosampler and data
acquisition of the detector resulting in reproducible chromatograms with

the same sample.

2 The system of claim 1 wherein said modulator includes a liquid

nitrogen, a liquid nitrogen level control, and an automatic liquid nitrogen refill system.

3. The system of claim 1 wherein said pulse generator for synchronizing
results in a retention time of less than 0.001 seconds in the secondary gas

chromatography column.

4. A method to reproduce the results of a comprehensive two dimensional

gas chromatography system having an autosampler, a modulator, a pulse generator and




chr omat ogr aphy col um, the inprovenent which conprises: instrument contro
and data acquisition software that starts the autosanpler of the

conpr ehensi ve two-di mensi onal gas chronat ograph and the data acquisition by
the detector and directs the autosanpler to inject sanple and send out a
triggering signal to the pulse generator to reset the pulse sequence of the
nodul at or thereby synchronizing the pulsing of the nodulator, the start of
t he aut osanpl er and data acquisitionldft the detector resulting in
reproduci ble chromatograns with the sanme sanple. 2 The systemof claim1
wherein said nodulator includes a liquid nitrogen, a liquid nitrogen |eve
control , iastrhnzgnt centrohand datd acquistionisoftwarerwherdfin the impivement c@mpibes the/ st em of
claiml1 wherein, said,pul se.genegrator f.or sync ni,zi resul.t.s in.a

et ent 1 oroyirests iDL BRI A0 B Bondifl TR 80 bt Bta ap gl b

chr omat ogdepRtty, the hutb¥umpler t&id[i’&:& Besnple aieREQdMCBoddIStof BSkbyS Of a

conpr ehensi ve two di nensional gas chromat ography system having an
autosanpl%@@“@nﬂﬁa@Na@@mpmﬁmbWNgéﬂﬁéh@@ator and -17- instrunent control and
data acquisition software wherein the inprovenent conprises the instrunent
control acquisition software sending out signals to start data acquisition
by the detector, the autosanpler to inject a sanple and reset the nodul ator
t hereby synchroni zing data acquisition wi th nodul ati on.




