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Abstract

Comprehensive two-dimensional gas chromatography @) has attracted much attention for the analysis of complex samples. Even
with a large peak capacity in GEGC, peak overlapping is often met. In this paper, a new method was developed to resolve overlapped
peaks based on the mass conservation and the exponentially modified Gaussian (EMG) model. Linear relationships between the calculat
o, T of primary peaks with the corresponding retention tira@ (vere obtained, and the correlation coefficients were over 0.99. Based on
such relationships, the elution profile of each compound in overlapped peaks could be simulated, even for the peak never separated on tl
second-dimension. The proposed method has proven to offer more accurate peak area than the general data processing method.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction However, a bilinear structure of the data is generally required
[14-16] strictly speaking, which is not completely correct
Since the first emergence in 1991, comprehensive when using temperature-programmed conditions for the
two-dimensional gas chromatography (GGC) [1] has second-dimension separation in GGGC. Due to the
obtained much attention in separation science, and has beemodulation cycle may start at an indeterminate offset from
successfully applied into the analysis of petrochemicals, the injection, the profile of the peaks cannot be completely
essential oils, pesticides, cigarette smoke, food, and so onreproducible. The GRAM is also not suitable for GGSC
[2-7]. with non-synchronized modulation mode like KT-2001 from
Several approaches are reported to perform peak quan-Zoex. Some other methods have also been used to resolve
tification in GCx GC. The most common one integrates all overlapping chromatograms in 1D-GC, LC/DAD or GC/MS,
individual second-dimension peaks by means of conventionallike curve fitting [17], wavelet analysi18], orthogonal
integration algorithms, and then sums all peak areas belong-projection resolutioil9], and so on.
ing to one compoungB—-10]. For another method, firstly a In this paper, an overlapped peak deconvolution method
so-called base plane is subtracted, and subsequently threewas developed based on the mass conservation and the EMG
dimensional peak volumes are calculated by means of imag-model. According to the raw secondary dimension peaks and
ing procedurefl1]. Although the peak capacity of GCGC relationships between t andtg, the primary peak was simu-
is high, the peak overlapping in two-dimension (2D) separa- lated, and the elution profile of each compound in overlapping
tion is very possible, especially for highly complex samples. peaks can be deconvoluted. By which, more correct areas can
The chemometric methods, like the generalized rank be obtained than common data processing method.
annihilation method (GRAM), have been used to resolve
and quantify severely overlapped GG5C peakg12-14]

2. Theory
* Corresponding author. Fax: +86 411 84379559. In GC x GC, the primary peak emerging from first col-
E-mail addressdicp402@mail.diptt.In.cn (G. Xu). umn is transferred to a secondary column via a modulating
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Fig. 1. Translation of primary peak to modulated secondary peaks.

interface with the periot{s) to produce a series of narrower

peaks. Based on the principle of mass conservation, the areag — 4 + by

of modulated and non-modulated peaks are the same.

n
Aal =) _ A
i=0

whereA is the area of raw 2D peak ith period at the second
column outletn the modulated times of the primary pe#k.
should be equal to Ashat was the area dth fraction at the
first column outlet (as shown fig. 1).

@

As; = A; (2)

Compared with the strict Gaussian function, other peak
functions can be used to more correctly describe the chro-
matography peal0]. The model of peak shape used in this
article is the exponentially modified Gaussian (EMG) func-
tion, which is an accepted model for skewed pgais-22]
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whereA is the peak aredg the central position of a Gaus-

sian constituenty the one standard deviation of a Gaussian

constituenty is the time constant for exponential decay.
Base on the EMG model, the area of the fractionJ&an

be calculated by Eq4),

Lit1
/ h(r)dr
ti

and the key to get Ass to know the peak parametets (o,
) of the primary peak.

According to the Eq(2), As; should be equal té;. There-
fore, the deviationA) can be used to evaluate whether the
peak parameters of the primary peak is correct,
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When the peak parametets (o, ) of a primary peak fit to
fact very well, A reaches the minimum value.

In a given chromatogram, the ranges of peak parameters
can be estimated very easily. Because the common PC com-
puter has a very high calculation speed, we can obtain the
A values in total possible ranges @f r andtg in a short
time. When theA is the minimum, the correspondinrg t
andtg values are those we want to determine. Based on our
experienceA is less than 0.6% of total peak area when we
have the correct peak parameter values.

Because there are three unknown variables(&ds suit-
able to calculate the peak parameters only when the primary
peak is modulated at least three tinj23,24]

In order to deconvolute the overlapped peaks, four peak
parameterg§, o, 7, A) of the primary peak of each compound
should be known. Previously, the relationships ameng
andtr have been explorgd 7],

(6)
()

whereay, by, ap, by are dynamically related coefficients that
can be obtained by the regression of several well resolved
peaks. And the retention time of simulated peak3 ¢an be

got by the following equation,

T =ap+ bR

Ic—71
5 ®)
Therefore, only two parameters, tiigand areak) for each
peak need be defined, and can be obtained by following
method.

We suppose that the compounds in the overlapped peak
are partly overlapped. So the number of compounds can be
obtained by common workstation software such as the Chem-
station from Agilent or GC-Image from Zoex. For a given
o, T andtr can be calculated from Eg&) to (8). Based on
the principle of mass conservation, the deviatia) ¢an be
used to evaluate the peak parameters of each compound,

n k
A= 1A= (As)l
i=0 j=0

wherek is the component number in the overlapping peaks.
In a similar method in a single peak simulation mentioned
above, in the possible ranges of peak parametenglues

are calculated, and the minimum valug,i, is searched. If

the Amin value was greater than 1% of total area, it can be
judged that the possible compound number in the overlapped
peak is more than the supposed one. We should add one to
the peak number, and continue the calculation efalues in

the total possible ranges of peak parameters to findithg
value. This process of the iterative operation is continued
until the deviationAmin was less than 1% of the total area.
When such a procedure is finished, the retention time and the
area of each compound are defined, the elution profiles are
simulated based on E{B), and the overlapped peak can be
deconvoluted.
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3. Experimental PA
50001
3.1. Apparatus
40004
An Agilent 6890 GC (Agilent Technologies, Wilmington,
DE) fitted with a conventional split/splitless injector and a
flame ionization detector (FID) with 100 Hz data collection 2000
rate was used as the detector.
A liquid-nitrogen-cooled jet modulator (KT-2001), sup-

3000 1

10001

plied by Zoex Corp. (Lincoln, NE) was used for chromato- | L1 -
graphic modulation. Description of theoretic and operational [ . i i ] ] i i ] i i
characteristics of such a modulator is available from litera- 220 240 260 280 300 8

tures[25]. In our experiment, the modulation period was set Fig. 2. The simulated resultfor 2,3,5-trimethylpyridine. (A) The raw second-

at3s. o ) . dimension chromatogram from the Chemstation. (B) The chromatogram for
Data acquisition and raw 2D peak integration were per- the simulated primary peak.

formed by using a Chemstation software from Agilent.

Table 1

3.2 GC columns and conditions Comparison of the raw second dimension peak afgpwith simulated
result (As)
Period 1 2 3 4 5 A

The column set used for GEGC was a DB-5 column
(8mx 0.1 mmi.d.x 0.25um) directly coupledtoaDB-17ht A 56.8 319.6 196 27 3.8
column (0.8 mx 0.1 mm i.d.x 0.1um) using glass press-fit. As 568 319.6 194.4 277 28 33
Both columns were supplied by J&W Scientific (Folsom, CA,

USA). _ , that whentg = 256.15s,0 = 1.58 andr = 1.265, theA was

Helium was used as the carrier gas, and supplied to thehe minimum, and equal to 3.3 pAs, or 0.548% of total area
column at 250 kPa (14CC) under constant-flow model. Tem- (shown inTable 3. Based on Eq3), the primary peak chro-
peratures of the injector and detector were set at 230 he matogram can be simulated, and showFig. 2B8.

injection volume was 0.0il, and the split ratio was 50.

Injection and modulation operations are not synchronized
in the modulator KT-2001 (Zoex). Sz andA; of the raw
second-dimension peaks are not very reproducible, as shown
L o in Fig. 3A. However, with our developed method, the sim-

The sta_no_lard samples, pyru_allr_le, 2-m9thy|p¥”_d'ne: ulated primary peaks were coincided very well (showed in
4-methylpyridine, - 2,6-dimethylpyridine,  2-ethylpyridine, £y 38y the retention time and peak width of the primary
2,5-dimethylpyridine, 2,4,6-trimethylpyridine and 2,3,5- peak can be obtained accurately.
trimethylpyridine were A.R. and from Sigma—Aldrich (Mil- Fig. 4A shows a raw second-dimension chromatogram of

wakaukee, W1, USA). eight components, in which six compounds were completely
separated at second column outlet, five of them were modu-
lated for more than three times. The parametersd|, t) of
each primary peak from these five compounds can be calcu-
lated according to Ed1), (2), (4) and(5), and the simulated
chromatogram of primary peaks were showiirig. 4B.

3.3. Materials

4. Results and discussion

In GCx GC, the primary peak was eluted from first
column, and divided into a series of narrower peaks by modu-
lation. An part of raw second-dimension chromatogram at an
isothermal experiment (14@) was shown irrig. 2A. It can
be seen that the 2,3,5-trimethylpyridine was modulated five
times so that five raw second-dimension peaks were obtained.

The areas of raw individual second-dimension peaks can
be obtained by the Agilent Chemstation software. Accord- |
ing to Eq. (1), the area of the primary peak of 2,3,5-
trimethylpyridine can be calculated by summing the areas I
of five raw second-dimension peaks, which is equal to
602.2 pAs. [

The peak parameters were searched in the total peak
parameter ra_nges as described above. When a set of p?ram?—'ig. 3. (A) Overlay of three raw second-dimension chromatograms for a
ters were defined, the area of each fraction and the deviationsame sample at the same operational conditions. (B) Overlay of three chro-
can be calculated by E@L), (2), (4) and(5). It was observed  matograms from the simulated primary peaks.

(A) (B)
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Fig. 4. (A) The raw second-dimension chromatograms. (B) The simulated
chromatogram of primary peaks. Peaks 1, 3 and 4 (dashed line) were
drawn based ow and r calculated from Eqs(6) and (7). Peak identifi-
cation: (1) pyridine; (2) 2-methylpyridine; (3) 4-methylpyridine; (4) 2,6-
dimethylpyridine; (5) 2-ethylpyridine; (6) 2,5-dimethylpyridine; (7) 2,4,6-
trimethylpyridine; (8) 2,3,5-trimethylpyridine.

According to Eq(8), the retention time can be calculated
from tg andz. In our study, quite good linear relationships,
respectively, between the calculatedr r with the corre-
sponding retention time of primary peaks were obtained with
the correlation coefficients over 0.99, as showRigt 5.

It could be observed frorkig. 4A that 4-methylpyridine
and 2,6-dimethylpyridine were still totally overlapped in
the raw second-dimension chromatogram, and the total are

f
was 1465.5pAs. With common data processing method ina(

the Chemstation from Agilent, only one peak was detected.
Therefore it was supposed that only one compound in this

peak. Then the peak deconvolution operation was performed.

The results revealed that the peak area was 930.5pA S,
was 115.6s, and thanin, was 562.77 pA's, more than 1%
of total area. Therefore, it can be judged that there should
be more than one compound in this peak. With the sup-
posed compound number increased to two, the final calcu-
lated deviationApy,, of iterative result was 11.3 pAs, 0.7%
of the total area. Therefore, the iterative calculation was
finished. The fit results were as follows: 4-methyl pyri-
dine (area=788.5pAdg=112.65), 2,6-dimethyl pyridine
(area=677 pAstg =117.9s). Further detailed results were

S

» o =0.0059, +0.0631

R2=10.995

T =0.003t, + 0.5099

R?=0.990

180 240 300

the retention time (s)

60 120

Fig. 5. Relationship between r and the corresponding retention time on
the first dimension.

r. A 1086 (2005) 160-164 163
Table 2
Comparison of the raw second dimension peak afgpwith simulated

result { As;)

Period 1 2 3 4 5 A
A 360.9 409.2 487.7 199 8.7
Z As; 360.77 414.16 488.26 195.59 6.431 11.33
PA
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Fig. 6. An amplified raw second-dimension chromatogram from an over-
lapped peak of 4-methylpyridine, 2,6-dimethylpyridine on first-dimension.
Sample and operational conditions were the same as thésg.in

shown inTable 2 In addition, based oRig. 5, ¢ andt can be
calculated for peaks 1, 3 and 4. Therefore, the peak profiles
or these three compounds could be drawn according to Eq.
3).

Fig. 6 gave another chromatogram of 4-methylpyridine
and 2,6-dimethylpyridine that was different frofig. 4
because of the un-synchronized injection and modulation.
It was found that two compounds were partly overlapped on
second-dimension. Theirtotal areawas 2251.4 pA s. The sim-
ulated result was obtained by the same method as mentioned
above: 4-methyl pyridine (area=1209.4 pAtg,=113.1),
2,6-dimethyl pyridine (area = 1042 pAts,= 118.2). Accord-
ing to GC-Image Ver 1.0 (Zoex), with dividing peaks at
valleys in 2D, the peak integral results were as follows: 4-
methyl pyridine (area=1264.5pAs), 2,6-dimethyl pyridine
(area=985.1pAs), and the peak area ratio was 1.284.

To verify the above data, the same mixture was sepa-
rated at 100C, a baseline separation of 4-methylpyridine
and 2,6-dimethylpyridine was obtained. It was found that the
ratio (Vola-methyl pyridind VOl 2,6-dimethy! pyriding Was 1.158. The
ratios obtained from two simulated results mentioned above
were 1.164 and 1.160, respectively, which demonstrated that
the simulated results were quite close to the experimental real
value, and much better than that from GC-Image.

5. Conclusions

A simulation method was introduced to resolve over-
lapped peaks in G& GC. Based on the principle of mass
conservation and the EMG model, the primary peak can be
simulated by the raw secondary dimension peaks. The sim-
ulation primary peaks were coincided very well, even for
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the un-synchronized injection and modulation. Therefore, [4] R. Hua, Y. Li, W. Liu, J. Zheng, H.B. Wei, J.H. Wang, et al., J.
the retention time and peak width of the primary peak can Chromatogr. A 1019 (2003) 101.
be obtained correctly. Linear relationships between the cal- [P! R. Shellie, L-L. Xie, P.J. Marriot, J. Chromatogr. A 968 (2002)

. - . 161.
culatedo andz of primary peaks with the correspondlng [6] J. Dalluge, M. van Rijn, J. Beens, R.J.J. Vreuls, U.A.Th. Brinkman,

retentiontimes were ol?t_ained, andt_he_correlation coefficients ~~ 3. chromatogr. A 965 (2002) 207.
were over 0.99. In addition, the deviation of calculated result [7] J. Beens, J. Dalluge, M. Adahchour, R.J.J. Vreuls, U.A.Th.
between the total second peak area and the simulated peak Brinkman, J. Microcol. Sep. 13 (2001) 134. '
area was used to judge how many compounds were in the [8] P. Korytar, P.E.G. Leonards, J. de Boer, U.A.Th. Brinkman, J. Chro-
lapped peaks. By the iterative calculation, the elution matogr. A 958 (2002) 203.
Over. pp p - By . . ! . [9] J. Dalluge, M. van Rijn, J. Beens, R.J.J. Vreuls, U.A.Th. Brinkman,
profile of each compound in overlapping peaks can be sim- J. Chromatogr. A 965 (2002) 207.
ulated even for unresolved peak on second-dimension. Thef10] J. Beens, H. Boelens, R. Tijssen, J. Blomberg, J. High Resolut.
proposed method will lead to more accurate peak area than  Chromatogr. 21 (1998) 47. _
general data processions. [11] S.E. Reichenbach, _M. Ni, D. Zhgng, E.B. S Ledford, Proceedings
of the 25th International Symposium of Capillary Chromatography,
Riva del Garda, Italy, 2002.
[12] C.A. Bruckner, B.J. Prazen, R.E. Synovec, Anal. Chem. 70 (1998)
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