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a b s t r a c t

The estimation of physicochemical parameters such as distillation points and relative densities still plays
an important role in the quality control of gasoline and similar fuels. Their measurements according to
standard ASTM procedures demands specific equipments and are time and work consuming. An alterna-
tive method to predict distillation points and relativity density by multivariate analysis of comprehensive
two-dimensional gas chromatography with flame ionization detection (GC × GC-FID) data is presented
eywords:
asoline
omprehensive two-dimensional gas
hromatography
ultivariate analysis

here. Gasoline samples, previously tested according to standard methods, were used to build regres-
sion models, which were evaluated by external validation. The models for distillation points were built
using variable selection methods, while the model for relativity density was built using the whole chro-
matograms. The root mean square prediction differences (RMSPD) obtained were 0.85%, 0.48%, 1.07% and
1.71% for 10, 50 and 90% v/v of distillation and for the final point of distillation, respectively. For rela-
tive density, the RMSPD was 0.24%. These results suggest that GC × GC-FID combined with multivariate
analysis can be used to predict these physicochemical properties of gasoline.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Gasoline is a petroleum-derived fuel constituted mainly by a
ix of hydrocarbons from C4 to C12, with distillation range from

0 ◦C to 220 ◦C, also containing traces of oxygenates and other
inor compounds such as sulfur, nitrogen and metal containing

ompounds [1]. The exact composition of gasoline depends on
he nature of the crude oils from which it originates, variations
n the conditions in which the gasoline is removed from the dis-
illation tower, transportation, storage time, which can lead to
olatilization losses, the end use for which it is intended and the
egislation of the country where production and distribution are
ocated [2]. In Brazil, the gasoline commercially available (Type C)
onsists of “raw” gasoline (Type A, obtained directly after refining
nd not available for the consumer) with 25 ± 1% (v/v) of anhy-

rous ethanol as anti-knocking agent. In 1995, the end of the state
onopoly of fuel production and distribution caused significant

hanges in the fuel market in Brazil. Since then, the number of
istribution companies and gas stations has increased, so com-

∗ Corresponding author. Tel.: +55 19 35213126; fax: +55 19 35213023.
E-mail address: ronei@iqm.unicamp.br (R.J. Poppi).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.01.056
petition has increased causing great price variation [3]. However,
some companies are increasing profits by adulterating gasoline,
which can lead to mal-functioning and failure of components of
the engine, increases the emissions of harmful pollutants and
tax revenue losses. The solvents most used in these adulteration
are ethanol in quantities greater than those legally prescribed,
and petrochemical organic solvents, such as light aliphatic, heavy
aliphatic and aromatic hydrocarbons, due to the large differences
between the prices of gasoline and the costs of these substances
[4].

The quality control of gasoline in Brazil is performed by the
Brazilian National Oil, Gas and Biofuel Agency (Agência Nacional
do Petróleo, Gás Natural e Biocombustíveis—ANP). The official
ANP control consists of physicochemical testing and gas chro-
matographic (GC) analysis. The procedure of physicochemical tests
is based on American Society for Testing and Materials (ASTM)
methods, and includes measurements of relative densities, tem-
peratures equivalent to 10%, 50% and 90% of distilled volume, final

evaporation point, octane numbers, amount of anhydrous ethanol,
among others [5]. However, to perform these tests large amounts
of the samples are required, qualified professionals are fundamen-
tal and most of the procedures require manual operations, which
can be tedious and where operational errors can happen. Since

dx.doi.org/10.1016/j.chroma.2011.01.056
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:ronei@iqm.unicamp.br
dx.doi.org/10.1016/j.chroma.2011.01.056
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999 the ANP runs a nationwide fuel quality program, including
ore than 20 contract laboratories in universities and technologi-

al centers. This program collects and tests gasoline samples from
etailers. In 2001, the ANP begun to introduce markers, that are
asily identified through ECD detectors, in all solvents, national
r imported, sold in Brazil for non-fuel applications. Marked sol-
ents added to gasoline can be detected by GC analysis; however,
his approach is expensive and demands a substantial network
o audit the production and distribution of solvents. Obviously,
on-marked adulterants available through the black market are
ndetectable by this approach [6]. In May 2009, according ANP
tatistics, 126 of 6290 samples of gasoline were classified as not
onforming in Brazil, in which 54.0% of the cases were excess
f ethanol, where a simple liquid-liquid extraction can flag the
dulteration and 16.7% of the cases were detected in distillation
urve analyses [7]. Gas chromatography (GC), an obvious choice
or studies on fuel adulteration, has been widely used to evalu-
te the quality of the gasoline [3,8–12]. Ré-Poppi et al. [13] made
creening analysis of Brazilian gasoline by GC-FID: linear retention
ndexes were calculated and individual components of the gasoline
amples were characterized using detailed hydrocarbon analysis
oftware. However, due to the complexity of gasoline and of the
otential adulterants, evaluation of gasoline adulteration through
onventional GC is not a trivial task. The number of possible indi-
idual compounds in petrochemical samples increases with the
oiling point; for example, there are 75 isomers for C10 hydro-
arbons and 4347 isomers for C20 hydrocarbons. Of course, not
ll isomers will be present in all samples, but it is clear that no
ingle GC operation can come up with a full separation. To avoid
o-elution among compounds present in gasoline samples, a tech-
ique more efficient than GC is required to resolve the problem
14].

Comprehensive two-dimensional gas chromatography
GC × GC) has revealed a huge potential for investigating complex

ixtures, such as petroleum products or natural products, due
o its resolution power, and it could be an interesting alterna-
ive in the present example. In GC × GC, two capillary columns
re connected in series with a transfer device, defined as a
odulator, located between the columns. Most often, the first

olumn is a non-polar phase to separate compounds mainly by
olatility differences, and the second column is a more polar
hase to separate first dimension co-eluting species by polar-

ty differences. The resulting two-dimensional chromatogram
an have thousands of resolved peaks sorted according to their
olatility and polarity properties. Besides the resolution achiev-
ble, the main advantages of GC × GC over conventional GC are
he so-called chromatographic structure, as well as a signifi-
ant improvement on detection limits of individual analytes.
oreover, because of the modulation of the chromatographic

ands, the peak heights of the peaks increase when compared
o conventional 1D-GC and, therefore, the signal-to-noise ratios
nd number of detected compounds also is enlarged [15,16].
icyus et al. [17] analyzed aromatic compounds in gasoline

sing GC × GC equipped with a flame ionization detector (FID).
ompared to GC-FID and to GC coupled to mass spectrometry
GC–MS), the amount of information obtained in a GC × GC
hromatogram is considerably larger. As a consequence, the
doption of chemometric strategies for processing and inter-
retation of GC × GC data is desirable. Recently, de Godoy et al.
18] and Pedroso et al. [19] used multivariate analysis of data
btained from GC × GC in studies of flagging gasoline adulter-

tion with some of the solvents more employed to this criminal
ractice.

In this paper, we describe the use of chemometric modeling
o correlate the physicochemical properties measured according
o ASTM standard procedures and GC × GC data. The algorithms
r. A 1218 (2011) 1663–1667

used to build the models were partial least squares (PLS), synergy
interval partial least squares (siPLS) and genetic algorithm (GA).

2. Experimental

2.1. Chromatographic conditions

The gasoline analysis was performed using a lab-made GC × GC-
FID prototype. This prototype is based on a HP-6890 GC-FID system
(Hewlett-Packard, Wilmington, DE, USA) fit with a split–splitless
injector and using H2 (0.6 mL/min) as the carrier gas. This proto-
type uses a cryogenic modulator, which was designed based on
devices previously described in the literature [20]. As cryogenic
fluid, nitrogen cooled by LN2 was employed, and the heating media
was hot nitrogen. The flow of cold and hot nitrogen was toggled
by two three-way Asco (Florham Park, NJ, USA) solenoid valves.
The command of these valves and digitization of the FID signal was
performed by a DAQPad-6015 16 bits AD/DA board controlled by
self-made software developed using the LabView v.8.2 program-
ming environment (National Instruments, Austin, TX, USA) and
connected to an AMD Athlon 4600 GHz Dual Core personal com-
puter. The column set employed was a 30 m × 0.25 mm × 0.25 �m
HP-5 column (Agilent, Avondale, PA, USA) connected to a
1.0 m × 0.10 mm × 0.10 �m DB-wax column (J&W Scientific, Fol-
som, CA, USA). The modulation period was set to 4.0 s and the
data acquisition rate was 100 Hz. For all runs the injection volume
was 1.0 �L with 1:250 injector split ratio. The oven temperature
program was: 40 ◦C → 3 ◦C/min → 120 ◦C → 10 ◦C/min → 220 ◦C;
injector and detector temperatures were 250 ◦C.

2.2. Samples

A total of 51 type C gasoline samples with results of ANP
tests were supplied by Unicamp Central Analytical Laboratory,
CA-IQ/Unicamp (local ANP contract laboratory) and kept at 4 ◦C
until use. The 51 samples of gasoline were separated into two
groups by the Kennard Stone algorithm [21]: a calibration set
consisting on 30 samples and a prediction set with 21 samples.
The samples were collected in gas stations of Campinas-SP-Brazil
and cities around. The temperature range of the distillation points
was 49.3–55.2 ◦C at 10% v/v of distillated, 70.1–74.9 ◦C at 50%
v/v of distillated, 147.5–166.8 ◦C at 90% v/v of distillated and
189.3–209.3 ◦C at the final point of the distillation. The density
range was 738.2–761.3 kg/m3.

2.3. Data processing

The raw chromatograms were generated and stored as ASCII
vector files. All calculations and graph generation were performed
on a MatLab 6.5 platform (MathWorks, Natick, MA, USA) using
the packages PLS Toolbox 4.21 (Eigenvector Technologies, Manson,
USA) and iToolbox 1.1 (Chemometrics Group-KVL, Copenhagen,
Denmark).

3. Theory

3.1. Partial least squares (PLS)
Partial least squares (PLS) regression is a method for build-
ing regression models between independent variables (called X),
usually the instrumental measurement, and dependent variables
(called y). The method decomposes the calibration matrix X and the
vector y as can be seen in Eqs. (1) and (2). After that, the algorithm
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as benzene (B), toluene (T), ethylbenzene (E), xylenes (X), naphtha-
lene (N), that was wrapped-around, a group of monoaromatics with
C3, C4 and C5 substitution and ethanol (Et). The information con-
tained in the raw modulated chromatogram, Fig. 2(b), is the same as
L.A.F. de Godoy et al. / J. Chro

nds the maximum covariance between X and y [22].

=
z∑

z=1

tzpz
T + E (1)

=
z∑

z=1

uzqz
T + E (2)

here tz and uz are scores vectors, pz and qz are loadings vectors, z
s the number of latent variables and E is the residual matrix.

.2. Synergy interval partial least squares (siPLS)

In some cases, only one or more intervals of the instrumental
ata set provide more reliable PLS regressions. Therefore, Norgaard
t al. [23] proposed a method called interval partial least squares
iPLS). It splits the data set into a number of intervals given by
he analyst and for each interval a PLS model is calculated, the
nterval with the lowest root mean square error of cross-validation
RMSECV) is selected. One year later, Munck et al. [24] proposed
method called synergy interval partial least squares (siPLS). As

n iPLS, it splits the data set and then calculates all possible PLS
odel combinations of two, three or four intervals. The combina-

ion of intervals with the lowest RMSECV is selected. The RMSECV
s calculated as described in Eq. (3).

MSECV =
√∑n

i=1(ycvpred(i) − yref(i))
2

n
(3)

here ycvpred(i) is the value predicted through cross-validation,
ref(i) is the reference value and n is the number of samples.

.3. Genetic algorithm (GA)

Genetic algorithm (GA) is a method of variable selection for PLS
egression based on Darwin evolutive theory [25]. It finds the sub-
et of independent variables most consistent with the dependent
ariables. The basic operations of GA are: codification of the vari-
bles, creation of the initial population, selection, crossover and
utation. In the codification of variables, it is considered that the

chromosome” has “p” genes, where each “gene” represents one
f the variables of the analytical signal. Then, the “chromosome”
ill have the same number of variables as contained in this signal.
fter that, each “gene” of the “chromosome” is codified with the
inary code (0, 1). If the “gene” is “0” the variable is not selected.
therwise, if its value is “1”, the variable is selected. A population
ith “n” “chromosomes” is created and then the best “chromo-

omes” are selected. In the crossover stage, which can be single
r double, two “chromosomes” previously selected are combined
o give origin to two new “chromosomes”. The “mutation” occurs
fter the crossings, and only a small percentage of “chromosomes”
uffer “mutation” in some of their “genes” (Fig. 1). This operation
liminates the possibility of all “chromosomes” having a gene with
he same value (1 or 0), which will result in a “gene” where no
ossible crossing could modify it, leading to a less heterogeneous
ystem. The steps of selection, crossing and “mutation” are itera-
ively repeated until a convergence criterion is reached [25].

. Results and discussion

A representative 1D-GC chromatogram of a gasoline sample is

hown in Fig. 2(a), in which the most intense peaks are located
n the beginning of the chromatogram. Because of the high amount
25% v/v) of ethanol present in type C gasoline, some co-elution with
ow boiling point hydrocarbons should be present; the same occurs
etween aromatic and aliphatic or alicyclic hydrocarbons. Fig. 2(b)
Fig. 1. Double-crossover and mutation of two codified chromosomes previous
selected from a population.

shows the unfolded GC × GC chromatogram of the same gasoline
sample, in which the increment in signal intensity, when com-
pared to 1D-GC chromatogram, is observed. The increment in signal
intensity led to more precise data, which is important in chemo-
metric studies. Slices corresponding to the modulation period of the
raw modulated GC × GC data were aligned side-by-side and con-
verted to a three-dimensional plot (the GC × GC chromatogram),
displayed as top-down view. This three-dimensional GC × GC chro-
matogram is shown in Fig. 2(c), where the chromatographic
structure is clearly visible. In Fig. 2(c), the band enclosing peaks of
aliphatic, alicyclic and cyclic hydrocarbons (S) can be seen, as well
Fig. 2. Representative chromatograms of gasoline: (a) conventional GC-FID,
(b) unfolded GC × GC-FID, (c) GC × GC-FID. Band identification: Et = ethanol,
B = benzene, X = xylene isomers, N = naphthalene, C3 = benzene C3-substitued,
C4 = benzene C4-substitued, C5 = benzene C5-substitued and S = saturated hydrocar-
bons (aliphatic, alicyclic and cyclic hydrocarbons).
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ig. 3. Typical GC × GC chromatogram of gasoline showing the selected intervals
dark areas) by siPLS for 10% v/v (top) and 50% v/v (bottom) of distillation.

hat of the GC × GC chromatogram, Fig. 2(c); however, visual infor-
ation is only obtained with the latter. For this project, the raw
odulated GC × GC chromatograms were unfolded and analyzed
ithout pre-processing.

.1. Distillation points

The boiling point at 10, 50 and 90% v/v of distillation and the
nal point of distillation of gasoline is an important test used by
NP to evaluate the quality of gasoline. These points of distilla-

ion allow controlling the volatilization of light, intermediate and
eavy gasoline fractions and the formation of residues during the
asoline combustion process inside the engine. The ANP utilizes the
STM D86 procedure to make this test. There is a Brazilian standard
ethod for the atmospheric distillation called ABNT NBR 9619 that

s equivalent to the ASTM procedure. The boiling point for each per-
entage of distillation is not related to the whole chromatogram.
t is related to the compounds that boil in the respective tem-
erature regions and present concentration variance among the
amples, therefore variable selection methods were used to build
hese models.

.1.1. 10 and 50% v/v of distillation
The calibration models for boiling point at 10 and 50% v/v of

istillation were fashioned using siPLS and after that the genetic
lgorithm was applied. The number of latent variables, intervals,
ombinations and GA configurations were optimized by analyzing
he RMSECV. The final prediction results were expressed as the root

ean square error of prediction (RMSEP), Eq. (4), and the root mean
quare prediction difference (RMSPD), Eq. (5).

In siPLS models the data set was divided into fifteen inter-
als with two combinations for 10 and 50% v/v of distillation. The
ntervals selected in each model are shown in Fig. 3. The optimal
A configurations, which were the same for both models, pre-
ented the follow values: 256 population size; double crossover;
% mutation rate; 200 generations and 30% of convergence. For
he 10% v/v of distillation model, the RMSEP and the RMSPD val-
es were 0.4 ◦C and 0.8%, respectively. The model for boiling point
t 50% v/v of distillation presented 0.3 ◦C and 0.5% for RMSEP and

MSPD, respectively. The RMSEP previously published in the liter-
ture obtained using 1D-GC and PLS was 3.3 ◦C for the 10% v/v of
istillation model and 5.8 ◦C for the 50% v/v of distillation model
12]. The standard method ASTM D86 reproducibility limits for the
emperatures of 10 and 50% v/v are 3.20 ◦C and 1.88 ◦C, respectively.
Fig. 4. Typical GC × GC chromatogram of gasoline showing the selected intervals
(dark areas) by siPLS for 90% v/v of distillation (top) and distillation final point
(bottom).

Therefore, the prediction results obtained in the proposed method
are in accordance with the reproducibility value established in the
norm.

RMSEP =
√∑n

i=1(ypred(i) − yref(i))
2

n
(4)

RMSPD = 100

√∑n

i=1

(ypred(i) − yref(i))
2

(yref(i))
2

× 1
n

(5)

where ypred(i) is the predicted value for sample i, yref(i) is the refer-
ence value for this sample and n is the number of samples.

4.1.2. 90% v/v of distillation and final point
The calibration models for boiling points at 90% v/v of distillation

and final point of distillation were also built using siPLS. The siPLS
model for 90% v/v of distillation were built using twenty intervals
with three combinations, while for the distillation final point fifteen
intervals with three combinations were used. The intervals selected
for these models are shown in Fig. 4.

For these models each interval of the data had fewer chromato-
graphic signals than for 10 and 50% v/v of distillation, as can be seen
in Figs. 3 and 4. Therefore, GA was not used to select variables in
the selected intervals by siPLS to build the models. The RMSEP and
RMSPD values obtained were 1.5 ◦C and 1.1% for the 90% v/v of dis-
tillation model, respectively, and 2.1 ◦C and 1.7% for the final point
of distillation model, respectively. The RMSEP previously published
using 1D-GC and PLS was 10.1 ◦C for 90% v/v of distillated model
and 10.5 ◦C for final point of distillation model [12]. The standard
method ASTM D86 reproducibility limits for the temperatures of
90% v/v and at the final point are 4.1 ◦C and 6.8 ◦C, respectively.
Thus, the prediction results obtained in the proposed method are in
accordance with the reproducibility value established in the norm.

Therefore, the four points of the curve of distillation for gasoline
used by ANP to evaluate the quality of the fuel can be predicted
through GC × GC and multivariate analysis, which require only
1.0 mL of the sample while the ANP procedure uses 100 mL of the
sample and the ANP procedure is experimentally more complicated

than the method proposed. Nowadays, with the use of automatic
equipments, the ANP procedure is much easier than it used to
be. Therefore, the evaluation of gasoline distillation curve using
these automatic equipments is not experimentally complicated.
It is experimentally comparable to the method proposed, because
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oth methods require one or more technicians with a few time of
raining to operate the equipment and both need some specialized
ssistance occasionally.

.2. Density

Another important test used by ANP to analyze gasoline is
ensity. The procedure to perform this test is ASTM D4052. The
razilian method equivalent to the ASTM procedure to determine
he density of gasoline samples is the ABNT NBR14065 method. Dif-
erently from distillation points, the density is related to the whole
hromatogram, because it depends on the entire composition of
he sample. Thus, PLS was used to build the calibration model. The
MSEP and the RMSPD obtained were 1.7 kg/m3 and 0.2%, respec-
ively. The RMSEP previously published using 1D-GC and PLS was
.3 kg/m3 [12]. The reproducibility limit established in the ASTM
4052 norm is 2.0 kg/m3. Therefore, the RMSEP value obtained in

he proposed method is in accordance with the reproducibility limit
f the ASTM norm.

Although the test to determine density of gasoline carried out
y ANP has a simple procedure and it is a faster test in comparison
o gas chromatographic analysis, the chemometric model for den-
ity of gasoline were fashioned using the same chromatographic
uns as the distillation points. Thus, both the distillation points and
he density of a gasoline sample can be determined with only one
C × GC chromatogram.

. Conclusions

An alternative to the ASTM tests for distillation curve and rel-
tive density of gasoline samples is proposed. The advantages of
ore chromatographic information from GC × GC-FID over con-

entional GC-FID were combined with multivariate data processing
o build the prediction models. The distillation models were created
sing variable selection chemometric tools, because the distilla-
ion points are not related to the whole GC × GC chromatogram,
ut to the compounds that boil in the respective temperature win-
ows and present concentration variance among the samples. The
esults obtained with GC × GC-FID and multivariate analysis with
election of variables presented lower values for RMSEP than the
reviously reported multivariate analysis of GC-FID. The relative
ensity model was built using the whole GC × GC chromatograms
nd it also presented lower RMSEP than the previous model built
ith GC-FID. All models were validated with a sample set of pre-
iction. Therefore, the distillation points and the relative density of
gasoline sample can be predicted with only one GC × GC-FID run,
hich require lower sample volumes than the ANP procedure and
oes not involve manual operations, like the ANP tests.
In this work, the chemometric models were built using samples
ollected in gas stations of Campinas-SP-Brazil and cities around.
he results obtained showed the capability of the models to pre-
ict some of the tests used by ANP to evaluate the gasoline quality
f samples of that region. Although the methodology proposed in

[

[

r. A 1218 (2011) 1663–1667 1667

this work were performed with samples of Campinas-SP-Brazil and
cities around, it can be extended to the whole country since the
calibration step be done using samples collected in the region of
interest.
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