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a b s t r a c t

Stepwise key spectrum selection (SKSS) was introduced to resolve batch overlapping peaks from gas
chromatography–mass spectrometry (GC–MS) analysis of ten batch tobacco flavoring samples in differ-
ent storage times. Resolution was implemented on a software platform that embedded the SKSS method.
The data from GC–MS analysis of the samples were saved and prepared in ASCII files and then were
inputted into the software platform for visual inspections. The data segment with overlapping peaks
was precut for subsequent analysis. Spectral background in the data was removed using a linear fit-
ting of the baseline. Four components in the overlapping peaks were automatically detected by the
SKSS method. The resolution of the concentration profiles and spectra of the four components was con-
ultivariate curve resolution

tepwise key spectrum selection
obacco flavoring essence

ducted by setting only one parameter, the negative area ratio, as 0.01. The fixed size moving window
evolving factor analysis and evolving factor analysis were applied to validate the resolved concentration
profiles. The resolved mass spectra were validated by the searched standard through library search at
the pure component regions revealed by the resolved concentration profiles. The results showed that
the SKSS method could be a simple but powerful tool in resolving batch chromatographic overlapping
peaks.
. Introduction

Adding flavors to products is an important step for many com-
odities such as tobacco. Flavoring materials are usually sprayed

n tobacco leaves to provide aromatic flavors, improve the taste
nd mask unpleasant smells. The development and manufacture
f flavoring materials are important especially when there are
equirements of low “tar” cigarette [1,2], which contain a low
evel of nicotine-free dry particulate matter content in blended
igarettes. Thus, the analysis of flavoring materials becomes essen-
ial in a tobacco plant, which challenges the laboratory technicians
nd instruments. In most cases, GC–MS works well in analyzing
he components of the flavoring materials [3–8]. However, over-
apping peaks are inevitable especially when there are many daily
atch samples to be analyzed.

There are two possible solutions for the overlapping peaks.

ne is to adjust analytical instrumental conditions to improve the

eparation, but such improvements require a substantial invest-
ent in equipment and method development time. Alternatively,
ultivariate curve resolution (MCR) methods can be applied to
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the chromatographic data to resolve the overlapping peaks into
separate components. Some MCR methods, such as the evolving
factor analysis (EFA) [9,10], window factor analysis (WFA) [11] and
heuristic evolving latent projection (HELP) [12,13] have proven
to be useful tools to analyze the peaks. These methods mainly
depend on component window information. For example, the HELP
method determines the selective region and the zero concentration
region using fixed size moving window evolving factor analysis
(FSMWEFA) [14]. It usually needs four parameters to mark the
regions. After the resolution of a component, the component strip-
ping procedure [15] is used to subtract the contribution of the
component from initial data. These steps will be repeated until
all the components are resolved. The users of the method have to
spend a lot of time in determining proper parameters to obtain
good results.

Some resolution methods that can resolve overlapping peaks
automatically had been developed. For example, Malinowski devel-
oped an automatic strategy based on WFA [16]. Manne and Grande
[17] proposed their automatic resolution method based on ele-

mentary matrix transformations. Gan et al. [18] developed their
stepwise key spectrum selection (SKSS) by reselecting key spectra
in resolution process. Their method can generate the key spectra
and determine the numbers of overlapped components automati-
cally. Furthermore, there is only one parameter, the negative area

dx.doi.org/10.1016/j.chroma.2011.03.002
http://www.sciencedirect.com/science/journal/00219673
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atio, needed to be determined by users. All of these methods
reatly improve the efficiency in analyzing chromatographic data.
hey also show potential applications in a routine analysis.

In our present work, a batch of tobacco flavoring materials needs
o be investigated. The flavoring materials were fermented and
tored for different periods of time. The objective was to control
he quality of the flavoring materials by monitoring the concen-
ration changes of the components in a storage period. There are
wo data analysis problems that require a solution. First, the over-
apping peaks need to be resolved to obtain complete information
bout the components. Second, large data sets need to be analyzed
n a short time. Thus, an effective and efficient MCR method was
equired.

In this paper, we report a new application of the SKSS to this
roblem. There are two reasons that make us choose the SKSS. First,
here is only one parameter to be adjusted in the resolution process
o it is very convenient for users who have little knowledge on
hemometrics. Second, a software platform which embedded the
KSS method was available. We also show that a library search of
he overlapped components can be implemented with the help of
he resolved concentration profiles.

. Experimental

.1. Materials

Tobacco flavoring materials were a mixture of flavors and addi-
ives. The materials were added to cut tobacco prior to cigarette

anufacture. The flavoring materials of different formulas were
repared in our technique center and then stored in a room for fur-
her ferment. In a period of ten months, one sample of the materials
as put in a refrigerator at a constant temperature of 5 ◦C, one for

ach month. Finally, all the samples were taken out from the refrig-
rator for analysis. In this paper, we only discuss the samples from
ormula A.

HPLC grade dichloromethane of (CNW Technologies GmbH,
ermany) and analytical grade anhydrous sodium sulfate (Fuchen
hemical Reagent Plant, Tianjin, China) were used in this study. The
nhydrous sodium sulfate was heated at 650 ◦C for 5 h before it was
sed to dehydrate the dichloroethane extracts of the tobacco flavor
amples.

.2. Extraction of volatile components

The volatile and semi-volatile components in a tobacco flavoring
ample were extracted by the dichloromethane. 800 �L of sample
as added into a clear glass vial. 1600 �L of dichloromethane was

dded into the vial and was shaken for 10 min to dissolve the sam-
le quickly. After standing for 10 min, two phases were formed in
he vial. The lower layer with a volume of 800 �L was placed into
nother vial, and then dehydrated by the anhydrous sodium sulfate
or 30 min. Finally, the dehydrated extract was sealed in an amber
ial and stored in a refrigerator of 5 ◦C before being analyzed using
C–MS.

.3. Instruments

A Hewlett-Packard 6890 gas chromatograph interfaced with
Hewlett-Packard mass selective detective detector 5973N (Agi-

ent Technologies, USA) and HP Enhanced ChemStation software
D.03.00.611) were applied to analyze the samples.
.4. Detection of volatile components

The GC–MS was used to obtain the chromatograms of the
xtracts. The separation was performed on a HP-5MS capillary col-
Fig. 1. The average total ion chromatography of the overlapping peaks from ten
tobacco flavoring samples with different storage time. Each TIC curve was a mean of
five repeat measurements. The numbers 1, 2, 3, . . ., 10 in the figure represents the
corresponding storage time of 1, 2, 3, . . ., 10 months.

umn (60 m × 0.25 mm × 0.25 �m). The column temperature was
held at 40 ◦C for 5 min, and then programmed from 40 ◦C to 150 ◦C
at the rate of 4 ◦C/min, then at the rate of 6 ◦C/min to the final
temperature of 280 ◦C and held for 15 min. Inlet temperature was
maintained at 280 ◦C throughout the analysis. Helium was the car-
rier gas at a constant flow-rate of 1 mL/min. The injection volume
was 1 �L with split ratio of 10:1. Five repeat measurements were
made on a sample at the same conditions.

Electron impact (EI+) mass spectra were recorded in the full
scan mode with 0.2 s/scan velocity. The ionization energy was set
at 70 eV. The mass range from 40 to 350 Da was recorded. The inter-
face temperature was 280 ◦C; MS source temperature was 230 ◦C
and the MS quadrupole temperature was 150 ◦C.

2.5. Data handling

The measured GC–MS data of a sample were exported into an
ASCII file using the Enhanced ChemStation System. When unnec-
essary information in the file was deleted, a two-way evolving data
matrix was left in the file. Each row of the two-way data was a mass
spectrum at a retention time. The data were imported into the soft-
ware platform, which was developed using C++, for primary visual
inspection. The part that embraced overlapping peaks was inter-
cepted for resolution. Detailed steps are shown in the following
Section 3.1. An EFA program was coded in MATLAB 7.0. Identi-
fication of the flavor components in the overlapping peaks was
performed by searching the National Institute of Standards and
Technology (NIST05) and WILEY07 databases installed on the HP
Enhanced ChemStation system.

3. Results and discussion

3.1. Resolution of overlapping peaks using SKSS method

The total ionic chromatogram (TIC) showed that there were
about 135 peaks in the flavoring sample. Although substantial

efforts were made to improve the separation, overlapping peaks
were still inevitable. We took the overlapping peaks at the retention
time of 54.30–54.60 min as an example to show the resolution pro-
cess using the SKSS. Fig. 1 shows ten TICs of the overlapping peaks
from ten flavoring samples in a storage period of ten months. To dis-
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Fig. 2. Flow chart of the

inguish the time periods of the samples, we shifted the positions
f the TICs and numbered them.

It is to be noted that there was little room for further separa-
ion of the overlapped peaks because the maximum temperature
f the column was reached and other analytical conditions were in
heir best. We gave up the attempt in experimental approaches and
esorted to MCR method. We thought that implementing a math-
matical separation of the overlapping peaks as a supplement was
ore economical and effective.
Fig. 2 shows a flow chart of the SKSS method. It reveals that the

nner mechanism of the SKSS is quite simple. The practical proce-
ures of the SKSS executed on the software are demonstrated in
ig. 3. Three steps were involved in the procedures and they were
emoving background, determining the number of the components
nd implementing resolution. Fig. 3A shows the step for remov-
ng background. It is usually assumed that the background comes
rom spectral background [19–21]. To confirm the background,
ne should compare the correlation coefficient of the two spectra
btained before and after the overlapping peaks. If the coefficient is
lose to 1.0, the spectral background is confirmed and a linear fitting
f the baseline is made and then removed from the two-way data.
hoosing the two spectra needs to be done by users themselves.

t involves repeat determination of background regions before and
fter the overlapping peaks and calculation of the correlation coef-
cient. The two spectra were obtained until the coefficient reached
aximum. In this work, the background regions were the first and

ast five data points of the two-way data. The calculated coefficient
as 0.96. Fortunately, the step is quite straight and will not cause
ny difficulty with the aid of the software platform.
The background corrected data are shown in Fig. 3B. A FSMWEFA

lot was shown in the meantime to reveal the evolving images of
he components. It also played the role of confirming the resolved
ethod on the software.

concentration profiles. In the step, a set of initial key spectra was
automatically generated [16]. The number of the components in the
overlapping peaks was determined from the initial key spectra and
the corresponding indices are shown in Fig. 3C. The maximum point
in the upper plot of Fig. 3C shows that there were four components
in the peaks. The determination of the component number was
based on an algorithm that calculates the similarities and differ-
ences between the initial key spectra. The details of the algorithm
were presented clearly in Ref. [18]. The locations of the picked key
spectra were shown on the right upper site of Fig. 3C. This informa-
tion was helpful for experienced users to control the resolution
procedures. Under most circumstances, the SKSS works well in
determining the component number automatically.

The last step implemented final resolution of the overlapping
peaks. As it had been illustrated in the SKSS method, key spectra will
introduce significant negative in some of the concentration profiles
[16]. A parameter named negative area ratio had been defined and
used to describe the area ratio of the negative part to the whole
peak. The value of the ratio should be assigned carefully. Other-
wise, distorted concentration profiles occur. One can evaluate the
shapes of the resolved concentration profiles based on basic chro-
matographic theory. The negative area ratio was usually set in a
range from 0.01 to 0.001. It means that the resolution error will
not exceed 1.0%. In our work, the parameter was 0.01. The resolved
concentration profiles and spectra are shown in Fig. 3D.

In a practical resolution process, one can try different values for
the ratio and implement resolution. By comparing the resolved con-
centration profiles shown in Fig. 3D and the FSMWEFA plot shown

in Fig. 3B, one can decide whether to keep the results or not. It is
to be noted that the SKSS is relatively robust to the ratio. When a
value was assigned to the ratio, it can also be applied to other data
measured under the same analytical conditions of the same sample.
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Fig. 3. Demonstration of the general procedures of the SKSS method to resolve the overlapping peaks on the software. (A) Shows the plot of the two-way data of the
overlapping peaks precut from 1 to 40 rows at retention time direction. Background calculation based on the selected data was executed. The regions at first and last five
data points were taken as background ranges. Background removal was implemented by clicking the bottom “remove”. (B) Generates initial key spectra and calculates the
number of components in the overlapped peaks by click the bottom “chemical rank”. A FSMWEFA plot was shown simultaneously to show the evolving processes of the
components. (C) Two chemical rank plots were shown. Four components were determined from the plots. The key spectrum locations were shown at locations 11, 13, 21
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nd 27 in the retention direction. (D) Determines the parameter of the residual area
he best value for the negative area ratio. The resolved concentration profiles can b

.2. Validation of the resolved results

In addition to the FSMWEFA plot, there are two other ways
o validate the resolved results. One is to use another plot that
escribes the evolving process of the components such as the EFA;
nd the other is to resolve the data using another resolution method
uch as the HELP.

Although the EFA can also be applied in the resolution of over-
apping chromatographic peaks [9,10], it actually provides a perfect
ool to reveal the elution sequence of the components. The EFA plot
s based on the forward and backward calculations of the eigenval-
es of a series of sub-matrices along retention time direction. Then
he appearing points and disappearing points of the components
an be determined by the variations of the eigenvalues. So, the EFA
s a powerful tool in validating the resolved concentration profiles.

Fig. 4 shows the resolved concentration profiles using the SKSS
nd EFA. From the figure, the resolved concentration profiles were
n accordance with the EFA plot. We also checked the disappearing
oints of the resolved concentration profiles using the backward
FA plot and they confirmed well too. For the brevity of the figure,
e did not show the backward EFA plot in Fig. 4. From the figure,

e conclude that our resolution results were acceptable.

We did not embed the EFA plot in our software platform for
wo reasons. First, the calculation of EFA is time consuming with
he increase of the data size. Second, the rank deficiency caused
and implements resolution. This process can be implemented several times to find
pared with the FSMWEFA plot for validation.

by spectral similarity of the components will distort the shape of
the EFA. The FSMWEFA avoids above problems. It calculates a small
data set of fixed size along the retention time direction. It can also
reveal the elution information of the components.

A better explanation of the FSMWEFA is shown in Fig. 5. The
FSMWEFA plot is also based on the calculations of the eigenval-
ues of a series of fixed size sub-matrices along the retention time
direction. The eigenvalues show the appearing points and disap-
pearing points of the components. Thus, it can also play the role
of validating the resolution results. However, as the calculation of
FSMWEFA makes a shift in retention time direction, adjusting the
real appearing points and disappearing points is needed by users.
A good strategy is to combine both the EFA and FSMWEFA to reveal
the evolving information of the components.

In the meantime, we also resolved the overlapping peaks using
HELP method because it is a part of our software platform. The con-
centration profiles calculated by the two methods were the same
on the whole. However, the HELP method was apparently a time
consuming one. There were totally 16 parameters to be inputted
in the whole resolution process of the two-way data, four for each
component. So, the HELP method might not be a good choice if

there is huge data set to be analyzed.

The identification of the components from the overlapped
peaks was a problem because the resolved spectra could not be
put into ChemStation system for library search. However, this
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ig. 4. The resolved concentration profiles and the forward EFA plot of the overlapp
he SKSS. The numbers of 1, 2, 3 and 4 represent the eluting order of the resolved
long the retention time. The dashed straight lines mark the appearing points of th

roblem was partly solved by using the resolved concentration
rofiles. As shown in Fig. 4, the pure component regions were
btained from this plot. For example, the pure component region
f the first component was 54.35–54.39 min. Thus, identification

f the component could be completed by picking a mass spec-
rum at 54.39 min and then searching it in the NIST05 and WILEY07
atabase. Library search results showed that the first component
as methyl 8.alpha.-isopimaran- 18-oate. Similarly, mass spec-
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egions of two or more components. The regions, 1, 1 + 2, 1 + 2 + 3, 2 + 3, 3 + 4 and
, indicated the region of the first pure component, the overlapping region of the
rst and second components, the overlapping region of the first, second and third
omponents, the overlapping region of the second and third components, the over-
apping region of the third and fourth components, and the region of the fourth pure
omponent, respectively.
eaks. Upper part: the resolved concentration profiles of the four components using
onents. Lower part: the forward EFA plot indicates the elution of the components
ponents and are at 54.36 min, 54.38 min, 54.43 min and 54.49 min, respectively.

tra were picked at 54.43 min, 54.47 min and 54.53 min for other
three components, respectively. They turned out to be abietic acid,
dihydro-, methyl ester, methyl pimar-7-en-18-oate and methyl
pimar-7-e, respectively. These substances were the main aroma
constitutes of a special essence.

It must be noted that library search usually gives tentative
results. Further identification of the components using retention
induces or standards is preferred. However, as the components
do not escape our ken on the added flavoring materials, further
identification of the components was not continued.
In summary, our resolved results can be validated by other
methods such as EFA, FSMWEFA and HELP method. It is practica-
ble to implement library search using the mass spectra obtained in
pure component regions.

Table 1
Resolved percentage peak area ratios (%) of the four components from ten batch
samples.

Samples Component 1 Component 2 Component 3 Component 4

A1 18.2 10.1 67.9 3.89
A2 17.5 11.5 67.4 3.57
A3 18.1 11.1 66.7 4.17
A4 17.0 12.3 66.6 4.08
A5 18.0 9.89 68.3 3.84
A6 17.7 10.3 68.1 3.93
A7 16.8 11.2 68.2 3.84
A8 16.0 11.9 68.2 3.97
A9 18.4 10.0 67.2 4.40
A10 18.1 11.4 66.4 4.10

Mean 17.6 11.0 67.5 3.98
RSD (%) 4.4 7.7 1.1 5.7

A1 to A10 represent ten flavoring samples from formula A in a period of ten months.
Component 1 is methyl 8.alpha.-isopimaran- 18-oate.
Component 2 is abietic acid, dihydro-, methyl ester.
Component 3 is methyl pimar-7-en-18-oate.
Component 4 is methyl pimar-7-e.
RSD is the relative standard deviation.
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.3. Batch analysis of overlapping peaks

Fig. 1 shows the overlapping parts of the average TICs from ten
obacco flavoring samples stored in a period of ten months. Our pur-
ose was to investigate the change in their concentration. However,
alculating the peak areas of the components is usually impossible
ecause of the overlapping peaks. The SKSS solved this problem eas-

ly. The peak area ratios of the resolved components in ten storage
eriods were calculated and are shown in Table 1. From the table,
e can make a clear investigation of the peaks areas variation of

he four components in ten storage periods. For example, the peaks
reas of the components 1 and 3 showed relative standard devia-
ions (RSD%) below 5.0%. It meant that these two components were
elatively stable in the storage periods. Component 2 and com-
onent 4 showed a higher RSD% than 5.0%. The highest RSD% of
omponent 2 means that it could be one of the key components
nd more attention should be paid to monitor the concentration
hange of the component in the analysis work.

. Conclusion

Many multivariate curve resolution methods have been proved
o be valid in the analysis of chromatographic data. However, the
omplicated theories of these methods preclude them from being
outine tools because well-trained chemometrics operators were

eeded. The SKSS method showed its advantage in coping with this
roblem. There is still a need for further study on how to reduce the
sers’ involvement in resolution process. Finding an easier way to
valuate the validity of the resolution results is another topic that
eeds future study.
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