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Determination of aromatic hydrocarbons in gasolines by flow modulated
comprehensive two-dimensional gas chromatography
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Abstract

Valve based/flow modulated comprehensive two-dimensional gas chromatography–flame ionization detection (GC× GC–FID) was used
for quantification of C6 through C12 aromatic hydrocarbons by carbon number in gasolines. A 0.53 mm i.d. non-polar first dimension
column was coupled to a 0.53 mm i.d. polar second dimension column through a double loop eight port valve modulator. Depending
on the sample type, normalized percent and internal standard (I.S.) quantification was performed. For normalized percent quantifica-
t cy of 2.1%
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ion, a one-point calibration performed with one aromatic compound per carbon number/class provided an average % accura
nd a short-termn− 1 relative standard deviation of 1.0%. For total aromatic compounds good agreement with the more comp
entional multidimensional GC technique was obtained. However, GC× GC has certain advantages over most other methods, m
ncreased selectivity for total and carbon number aromatic content. The identification of the aromatic hydrocarbons was con

C× GC–MS.
2004 Published by Elsevier B.V.
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. Introduction

The precise and accurate determination of aromatic hy-
rocarbons such as benzene as well as the level of total
romatic compounds in gasolines is important for control
f refining processes and for government regulatory com-
liance. Comprehensive two-dimensional gas chromatogra-
hy (GC× GC), where short time periods of effluent from
first dimension column are constantly transferred via a
odulator to a second dimension column of different se-

ectivity provides excellent separations of aromatic hydro-
arbons (1–5). GC× GC has employed relatively advanced
echniques, however, such as thermal modulation and state
f the art instrumentation capable of fast acquisition rates
f 100 Hz or greater. Thermal modulators are still under-
oing refinements to increase their ruggedness and ease
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of use. The relatively large amount of cyrogens suc
carbon dioxide and liquid nitrogen required may limit,
least for the present, the applicability of thermally mo
lated GC× GC at certain industrial sites such as oil re
ery laboratories. In addition, commercial quantitative s
ware is at an early stage of development and accep
for routine use. Seeley et al. have demonstrated, how
that GC× GC flow modulation can be performed by a va
[6], which is potentially a reliable approach without the n
for cyrogens. Normalized percent quantitation of hydro
bon mixtures by GC× GC-flame ionization detection (FID
has also been demonstrated with conventional softwar[1].
Presented below is the development and performance
simple and rugged version of GC× GC for determining aro
matic hydrocarbons in gasolines without interference f
the many non-aromatic compounds present. This rugge
proach has potential for implementation by production
oratories and for an improved methodology for regula
use.

021-9673/$ – see front matter © 2004 Published by Elsevier B.V.
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2. Experimental

An Agilent Technologies 6890 gas chromatograph was
configured as follows:

Injector: On-column. On-column injection was found to be
five times more precise than split injection and to entail less
maintenance and/or optimization.
Injector temperature program: 50◦C (0.1 min) 30◦C/min
to 300◦C (until end of oven program).
Injection volume: 0.01�l with an Agilent 7673C autosam-
pler equipped with an SGE 0.5 microliter syringe and a
nanoliter adapter.

Columns

First dimension: Agilent Technologies 60 m× 0.53 mm i.d.,
5.0�m film HP-1.
Carrier: Helium 2 ml/min for 110 min 99 ml/min to
60 ml/min until end of oven program.
Second dimension:Agilent Technologies 60 m× 0.53 mm
i.d., 1.0�m film DB-WAX.
Carrier: Helium at 50 ml/min.
Oven temperature program: 40◦C (0 min) 2◦C/min to
250◦C (15 min). Total run time = 120 min.

Detector
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val of 1 min was confirmed by the elution of the compound,
benzothiophene, the most retained aromatic compound in the
boiling range under investigation. For simplicity of analy-
sis, it was desirable to have this class of compound elut-
ing at the end of a 1-min interval. Modulator discrimination
was tested with an equal mass mixture ofn-alkanes from
C5 through C12. As expected with first dimension column
flow, loop sizes and modulation interval used, no loss was
found.

Valve temperature: 325◦C.
Data system
A Dell Omniplex 590 personal computer operating under

Microsoft Windows 95 and Agilent Technologies A.04.02
ChemStation software was used for data acquisition, instru-
ment control, and quantitation. Two-dimensional plots were
obtained with Fortner Software Transform Version 3.4 af-
ter the signal files were exported in CSV file format by the
ChemStation software.

2.1. Mass spectrometry

A Hewlett-Packard 5890 Series II gas chromatograph–
5989A quadrupole mass spectrometer was equipped with a
GC× GC system identical to that used for FID described
above. An open-split interface[7] was used to couple the sec-
ond dimension column to the MS and ensured that the elution
o trom-
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Flame ionization at 300◦C.
Hydrogen = 40 ml/min, air = 400 ml/min.
Data acquisition rate: 10 points/s (10 Hz).

Modulator description
A Valco DC8WT 1/16 in. (0.16 cm) eight-port valve (ma

mum temperature = 350◦C) was configured with two 5 m
as loops as shown inFig. 1A and B. Turning the valve o
nd off allowed effluent from the first dimension to alterna
e collected in one of the two gas loops while the other
as being swept into the second dimension. The valve
ounted in the standard valve oven of the gas chromato
nd pulsed on and off with a Valco AT45 air actuator c

rolled by a Valco digital valve interface and a Valco Dig
alve Sequence Programmer. A 1/8 in. (0.32 cm) gas
ith 50 p.s.i. (344.7 kPa) nitrogen were routed between
tandard brass valve actuator on the GC oven and the A
he modulation interval was controlled by the sequence
rammer, which was started and stopped by timed co
losures from the gas chromatograph. Columns were
ected to the valve with Restek fused silica lined stain
teel tubing, Swagelok 1/16 in. (0.16 cm) unions and
elco M2-A 1/16 in. (0.16 cm) graphite-vespel ferrules.
odulator was synchronized by adjusting the start signa

his case to 0.55 min) until pentane, relatively unretaine
arbowax, eluted near the beginning of its respective
nd dimension interval. Since conventional one-dimens
hromatographic software was used for quantitation, thi
roach made processing simpler than shifting the relativ
ition of the data after the acquisition. The modulation in
rder of the analytes was not affected by the mass spec
ter vacuum. Gas chromatographic conditions as desc
bove.
MS parameters

Source temperature: 250◦C.
Analyzer temperature: 100◦C.
Ionization mode: positive ion, 70 eV electron impact.
Transfer line temperature: 260◦C.
Scan range: 40–185 u.
Scan rate: 4 spectra/s.

.2. Calibration

Pure compounds were purchased from Aldrich (Milw
ee, WI, USA).

Calibration mixture:Table 1describes the solution pr
ared for calibration.

This solution was used to generate a response fact
ach carbon number. Indan was quantitated with the9-
enzene (from 1,2,3-trimethylbenzene) response factor12-
apthhalenes were quantitated with C11-naphthalene’s re
ponse factor, and benzothiophenes were quantitated
aphthalene’s response factor. Styrenes are often n
ignificant levels in gasolines (<0.01% m/m). They can
an be important components in steam cracked naph
owever, and so styrene was included in the calibra
ixture. Quantitation was by normalized percent for
rocarbon streams with the response factor of the un
rated peaks or components set at 0.89. This value wa
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Fig. 1. (A) Flow modulation valve diagram showing valve in the off position. (B) Flow modulation valve diagram showing valve in the off position.

rived by adding aromatic compounds at known levels to a
non-aromatic process stream called an alkylate (primarily
isoalkenes) and varying the response factor for the highest
accuracy.

Normalized percent quantitation was performed according
to the following formula:

Mass % of aromatic component ‘x’

=
{

AxRFx

[(
∑

AiRFi) + Au0.89]

}
× 100

whereAx is the area of aromatic hydrocarbon of interest ‘x’;
RFx the response factor of component ‘x’ = mass of ‘x’/area
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Table 1
Calibration mixture for normalized percent calibration

Compound Mass± 0.0001 g

Benzene 1.0
Toluene 10.0
Heptane 75.0
Ethylbenzene 5.0
Styrene 1.0
1,2,3-Trimethylbenzene 2.0
1,2,3,4-Tetramethylbenzene 2.0
Pentamethylbenzene 1.0
Hexamethylbenzene 1.0
Naphthalene 1.0
2-Methylnaphthalene 1.0

of ‘x’ for calibration mixture;Ai the areas of all aromatic
hydrocarbons with a calibrated RFi andAu is the area of all
uncalibrated no-aromatic hydrocarbons.

Hexamethylbenzene was used as an internal standard for
fuels containing oxygenated blending components, such as
ethanol. For the internal standard quantification, response
factors for the calibrated aromatic hydrocarbons was obtained
relative to the internal standard to obtain a total aromatic and
aromatic carbon number distribution.

2.3. Sample preparation

For normalized percent quantitation: an autosampler vial
was filled with neat sample and capped.
For internal standard quantitation: 2.0 g of sample were
weighed into a screw cap vial to the nearest 0.0001 g. 0.20 g
of internal standard, hexamethylbenzene, were weighed to
the nearest 0.0001 g into the same vial. The solution was
then placed into an autosampler vial and capped.

3. Results and discussion

Two widely used approaches are employed by the
petroleum industry to produce selectivity for the relatively
l esent
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Fig. 2. Two-dimensional plot of GC× GC separation of gasoline.x-Axis:
non-polar first dimension;y-axis: polar second dimension.

Fig. 2 shows the GC× GC separation of a gasoline on
the system described above. Adequate resolution was ob-
tained even though the 0.53 mm i.d. columns and the mod-
ulation conditions used were much different than those re-
ported previously[1–6]. Note that all of the aromatic com-
pounds were resolved by carbon number from the poten-
tially co-eluting non-aromatic compounds and that the di-
aromatic compounds were also separated.Fig. 3 shows the
detailed one-dimensional modulated chromatogram. Quanti-
tative analyses was based on the areas of the peaks in the mod-
ulated one-dimensional data which was basically a series of
1 min second dimension separations beginning on the minute.
Note that in each 1 min period, the non-aromatic compounds
eluted first followed by the alkylbenzenes and then the di-
aromatic compounds. The software provided by the Agilent
ChemStation was used for quantification. Group identifica-
tions, part of the standard software, were used to sum the aro-
matic compounds by carbon number into a final report. The
retention time of the compound,o-xylene, was used to mark
the end of the elution of C8-benzenes. Indan was used to mark
the end of the C9-benzenes; 1,2,3,4-tetramethylbenzene was
used to mark the end of the C10-benzenes; pentamethylben-
zene was used for the C11-benzenes, and hexamethylbenzene
was used for the end of the C12-benzenes. These carbon num-
ber break points were confirmed by GC× GC–MS.Table 2
shows normalized percent precision and accuracy for a test
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arge numbers of aromatic hydrocarbons compounds pr
n gasolines. One of these approaches is multidimension
hromatography, such as ASTM D5580[8] and the PIONA
nalyzer[9], and the other is gas chromatography cou
ith either mass spectrometry or Fourier transform infra
pectroscopy[10,11]. Both approaches have been found
ave limitations. ASTM D5580 is limited by interferenc

rom C12+ alkanes and naphthenes[12] and the PIONA an
lyzer does not resolve accurately either C9+ aromatic com
ounds by carbon number or diaromatics. The GC–MS
C–FT-IR approaches use the response factor of one
ound for many of the C10+ aromatic compounds becau
alibration standards for the large number of isomers pr
re not commercially available for calibration of the two
truments. The latter techniques generate different and
ccurate results than FID-based methods where the resp
y carbon number have been found to be more uniform
s

able 2
recision and accuracy data for normalized percent quantification

ompound/class R.S.D. (n− 1) (%) Mean Actual % Accurac

enzene 1.2 1.19 1.22 2.5
oluene 0.7 5.96 6.08 2.0

8-benzenes 0.2 2.36 2.46 4.1

9-benzenes 0.8 1.19 1.23 3.5

10-benzenes 1.4 1.25 1.26 0.8
aphthalene 1.4 0.79 0.79 0.0

esults are in mass% (m/m),n= 10 over 2 days. Percentage ac
acy = absolute value(mean− actual)/actual× 100. Average relative sta
ard deviation = 1.0%. Average % accuracy = 2.1%.
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Fig. 3. One-dimensional plot of separation used for data analysis.

mixture of aromatics. The average % accuracy was 2.1%, and
the averagen− 1 relative standard deviation (n= 10 over 2
days) was 2.1%. Percentage accuracy was defined as: [(actual
value− determined value)/(actual value)]× 100.

Table 3shows the analyses of a fluidized catalytic crack-
ing (FCC) gasoline by PIONA and by the GC× GC. Over-
all, the total aromatic compounds agreement was good. Note
that there were differences in the C9 and higher aromatic
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Fig. 3. (Continued)
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Fig. 3. (Continued)

Table 3
Analyses of an FCC naphtha

Compound/class GC× GC PIONA

Benzene 0.84 0.85
Toluene 4.42 4.40
C8-benzenes 8.41 8.40
C9-benzenes 9.39 7.60
C10-benzenes 8.78 7.00
C11-benzenes 2.60 Not reported
Diaromatic compounds 0.75 Not reported
C11+-aromatic compounds 3.35 7.10

Total aromatic compounds 35.2 35.4

Results are in mass% (m/m).

compounds. As mentioned above, the PIONA analyzer does
not accurately report the distribution of the higher carbon
number aromatic hydrocarbons and the data are often pre-
sented as total C9+ aromatic compounds.

To determine the precision of measuring total aromatics
in a fuel, the FCC gasoline above was analyzed ten times
over a 2-week period. This data is summarized inTable 4.
The relative standard deviation of the total was 1.1%.Table 5
shows the analysis of an alkene-free naphtha compared with
analysis by PIONA. Again, there was good agreement for
total aromatic compounds.

Normalized percent quantitation was not a viable approach
for gasolines, which contained oxygenated compounds such
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Fig. 3. (Continued).

Table 4
Total aromatics precision data

Compound/class Mean R.S.D. (n− 1) (%)

Benzene 0.83 2.6
Toluene 4.40 0.5
C8-benzenes 8.37 1.0
C9-benzenes 9.38 1.4
C10-benzenes 8.74 1.9
C11-benzenes 2.61 1.8
Diaromatic compounds 0.72 3.0

Total aromatic compounds 35.1 1.1

Results are in mass% (m/m),n= 10 over 2 weeks. Average R.S.D. = 1.7%.

as methyl-tert-butyl ether and ethanol. Ethers co-eluted with
other non-aromatic compounds on the GC× GC system dis-
cussed here. Additionally, the response factors for oxygenates
were much different than those of hydrocarbons. Applying
the uncalibrated response factor of 0.89 to this class of com-
pounds did not produce accurate results. As a result, hexam-

Table 5
Analyses of an allene free naphtha

Compound/class GC× GC PIONA

Benzene 1.00 1.00
Toluene 2.65 2.68
C8-benzenes 4.67 4.79
C9-benzenes 4.89 5.17
C10-benzenes 2.01 1.23
C11-benzenes <0.01 <0.01
Diaromatic compounds <0.01 Not reported
C11+-aromatic compounds <0.01 <0.01

Total aromatic compounds 15.2 14.9

Results are in mass% (m/m).

Table 6
Accuracy test using the internal standard approach for quantification

Compound/class Determined Actual % Accuracy

Benzene 1.22 1.22 0.0
Toluene 6.10 6.08 0.3
C8-benzenes 2.40 2.46 2.4
C9-benzenes 1.28 1.23 4.1
C10-benzenes 1.27 1.26 0.8
Naphthalene 0.76 0.79 3.8

Results are in mass% (m/m). % Accuracy = absolute value (deter-
mined− actual)/actual× 100. Average % accuracy = 1.9%.

ethylbenzene was used an internal standard for oxygenated
fuels. This compound eluted at two retention times or two
modulation cycles, and the peaks were summed together with
the manual integrator of the standard software for process-
ing. Table 6shows the analysis of an internal standard accu-
racy test mixture. The average % accuracy was 1.9%.Table 7

Table 7
Analyses of an oxygenated fuel

Compound/class GC× GC PIONA GC–FT-IR

MTBE Not reported Not reported 15.11
Benzene 1.47 1.50 1.43
Toluene 5.37 5.40 5.51
C8-benzenes 7.29 7.60 7.15
C9-benzenes 6.12 5.80 Not reported
C10-benzenes 2.93 2.60 Not reported
C11-benzenes 0.53 Not reported Not reported
Diaromatic compounds 0.28 Not reported Not reported
C11+-aromatic compounds 0.83 1.70 Not reported

Total aromatic compounds 24.0 24.7 Not reported

Results are in mass% (m/m).
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shows the analysis of an oxygenated (methyl-tert-butyl ether,
MTBE) fuel compared to PIONA and GC–FT-IR[11] results.
GC–FT-IR was calibrated only for C6 through C8 aromatic
compounds in addition to oxygenates. Fuels containing other
oxygenates such as ethanol, which eluted well before benzene
on the first dimension column and which did not interfere
with the overall analysis of the aromatic hydrocarbons, could
readily be analyzed by this approach.

4. Conclusion

Aromatic hydrocarbons in gasolines were precisely and
accurately determined by carbon number with a rugged and
simplified flow modulated two-dimensional gas chromatog-
raphy system. This GC× GC approach has a number of ad-
vantages: (1) complete resolution, in a single analysis, over a
wide carbon number of the aromatic hydrocarbons from non-
aromatic components; (2) more accurate aromatic hydrocar-
bon carbon number distribution and a more accurate quantifi-
cation for total aromatic compounds for a wider boiling point
range over existing methods currently in use in the petroleum
industry. The methodology can be implemented with existing
instrumentation at a relatively low cost and without the need
for software changes. Further enhancements to the method-
ology include shortening of the analysis time. Preliminary
r ying
t and

using a shorter modulation period of 0.5 min. Results from
the latter will be presented in the future.
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