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ABSTRACT
In the present work, a combined approach was adopted to improve the HPLC separation between the aromatic groups in petroleum fractions. Firstly, the analytical conditions were optimized with respect to the influence that the mobile phase composition bears on the peak resolution. Secondly, the derived HPLC-UV-DAD signal between 254 nm and 330 nm of a heavy gasoil fraction was processed using the Evolving Factor Analysis (EFA) method and the elution times of the aromatic subfractions were determined. It is demonstrated that the method achieves to determine precisely the elution profiles of the main aromatic groups based on the differences in their UV spectrum patterns.

INTRODUCTION
The determination of the various aromatic groups (mono-, di-, tri-, polynuclear aromatics) in petroleum fractions is of great importance for their characterization. Such compositional data is required for the optimization of refining processes, product performance evaluation, structure-property correlation, etc. Traditionally, the aromatics are isolated from the petroleum mixtures using open column chromatography. The derived aromatic fractions are further analyzed using analytical methods such as GC, GC-MS and FTIR. The quantitation of the total aromatics as well as of their subfractions is performed gravimetrically. This procedure is time consuming and often leads to non-reproducible results.

Currently, HPLC analysis with UV detection is the most widely used analytical method for the separation and quantitation of the aromatic component groups. Several analytical procedures have been reported in the literature concerning the separation of crude oils and oil fractions [1,2,3,4]. Among the main problems encountered is the incomplete separation between the aromatic groups that is obtained with the current analytical columns. The elution time depends on the number of aromatic rings and on the type and number of the substituents present in the molecule. Generally, the aromatics elute mainly on the basis of the number of the condensed rings that they contain, while the presence of paraffinic and naphthenic substituents increase and reduce the retention time respectively. The strong overlapping between the different groups influences the analytical results as it is difficult to determine accurately the peak area of each specific groups.

Hardware and software approaches was reported that have been utilised to improve the resolution of the HPLC analysis. The hardware approach involved optimization of the chromatographic conditions (column type, solvent, flowrate etc.) while the software approach relied on multichannel detection (UV-DAD) allowing for the overlapping components to be distinguished by their individual spectrum pattern. This work presents a combined approach to improve the HPLC separation, which involves the optimization of the mobile phase composition and the deconvolution of the UV-DAD signal using chemometric methods such as EFA, k-means classification and optimization techniques.

For a given set of analytical columns, the mobile phase composition is the principal factor that affects resolution, whereas flow rate and temperature play secondary roles. In this work, the mobile phase composition, consisting of n-hexane, chloroform and isopropyl ether was optimized with respect to the resolution between the aromatic component groups and to the analysis time. Pure components, belonging to various aromatic groups were used for the development of the method. The Overlapping Resolution Mapping (ORM) scheme was used for the establishment of the optimum mobile phase composition. This method has been widely applied in chromatographic separations for the optimization of analytical conditions such as mobile phase composition, temperature profile, flow rate etc. [5,6]. The principle of the method is to obtain sufficient information concerning the influence that the different analytical factors bear on resolution and to map adequately the latter over a wide range of values utilising only a limited set of experimental data.

The data matrix produced by the UV-DAD consists of rows and columns which store the spectra taken at different times and the chromatograms measured at different wavelengths respectively. Based on this matrix, the EFA method has been employed to estimate the elution profiles of the individual components as well as the corresponding spectra patterns [7,8]. The experimental signal can be reproduced by multiplying the spectrum patterns by the concentration profiles. The determination of the elution window of each component is based on the singular value decomposition of the original data matrix. Each singular value corresponds to a different pattern. This analysis has already been applied successfully for the peak purity control in HPLC by identifying the presence of spectra patterns which correspond to impurities.

EXPERIMENTAL RESULTS AND DISCUSSION

Mobile phase optimization
The majority of the reported analytical methods use the n-hexane as solvent while only a few works propose the use of other solvents such as chloroform, methylene chloride etc. in various concentrations in hexane [9]. In this work, three solvents, n-hexane, chloroform and isopropyl ether, as well as their mixtures, were tested as mobile phases. Isopropyl ether was selected for testing, due to the intermediate polarity index that it exhibits with respect to n-hexane and chloroform and to its boiling point (68 oC) which is higher than the analysis temperature (35 oC). The replacement of chloroform by isopropyl ether complies also with the line of reducing the use of chlorinated solvents due to environmental considerations.

The chromatographic separations were carried out using an HPLC system consisting of a Waters pump model 600 and a Waters Diode Array Ultraviolet Detector (UV-DAD) model 996. Two analytical columns connected in series, Versapack NH2 4.1x300 mm from Alltech, were used at a column oven temperature of 35 oC, with a flowrate of 1 ml/min. The solvents used as mobile phase were HPLC grade from Labscan filtered through a 20μ membrane filter. The mobile phase mixtures were prepared beforehand to avoid any mixing problems due to the low pressure mixing system available. Benzene, 1-methylnapthalene and 9-methylanthracene were selected as representative components of the mono-, di- and triaromatic groups. Benzo[a]pyrene was used to represent the highly polar fraction of the oil samples. Mixtures of the four components in the mobile phase with concentrations of 10.000, 800, 30 and 40 ppm were prepared.

Following the ORM methodology, seven pre-planned experiments were conducted with mobile phase composition as shown in the compositional triangle in Figure 1.
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A - 100% n-hexane, B - 50% n-hexane, 50% chloroform, C - 100% isopropyl ether

FIG. 1. Compositional triangle of the mobile phase

The resolution values for each pair of peaks were calculated and fitted with a third order polynomial. These equations were used to obtain resolution values for any mobile phase composition by interpolating between the experimental points.

The calculated resolution values are shown separately for each pair of peaks for reasons of clarity in Figure 2. It is clear that the compositional area providing the best resolution is found around vertex A (100% n-hexane). The resolution mapping together with the retention time mapping of the benzo[a]pyrene which also was performed, indicate that the optimum mobile phase composition is 95% n-hexane and 5% isopropyl ether, which provides high resolution for the aromatic components at a reasonable retention time (27 min for the polyaromatic fraction). Subsequently, using the determined optimum mobile phase composition and the described experimental setup, heavy gasoil fractions were analyzed. Moreover, the solvent flow was backflashed at 20 min in order to minimize the analysis time and to ensure complete elution of the heaviest components. The derived three dimensional UV-DAD signal is presented in Figure 3.
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FIG. 2. Resolution plot for the peak pairs.

Determination of the elution profiles of the aromatic component groups

The experimental UV-DAD signal is presented by a 131 x 20 data matrix. The matrix columns are the UV spectra, collected between 254 nm and 330 nm with a step of 4 nm, while the rows are the areas of the segments in the elution profile at each wavelength calculated between 6 min and 19 min with a time increment of 0.1 min. EFA was then applied to this matrix according to the methodology described in [10]. As indicated in this work, EFA can achieve reliable separation when component mixtures exhibiting highly discriminated spectrum patterns are analyzed. For the case of gasoil analysis, a great number of subfractions are present within each main compound group, therefore producing complex eigenvalue plots (Figure 4). 
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FIG. 3. 3D UV-DAD signal of the gasoil sample

FIG. 4. Eigenvalue plot 

Each eigenvalue curve is attributed to a specific subfraction and allows for the determination of the corresponding elution window. Based on this plot, fifteen different subfractions were identified and their elution profiles were fitted by normal Gaussian curves (Figure 5). However the strong overlapping between these subfractions did not allow to determine the exact spectrum patterns. To tackle this problem, the aromatic part of the gasoil sample was separated by open column chromatography into seven individual aromatic fractions using solvents of different polarities.
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FIG. 5. Derived elution profiles
FIG. 6. Elution profiles of the aromatic fractions

Detailed description of the experimental method is presented by Pasadakis et al [11]. The obtained fractions were analyzed by HPLC and their elution profiles are shown in Figure 6. The UV spectra of the time segments belonging to the first four produced subfractions were classified using the k-means algorithm. Only three clearly defined spectrum patterns were obtained, labeled as 1, 2 and 5 in Figure 7, corresponding to the elution profiles 1,2 and 5 (Figure 5). Similarilly the spectra of the time segments of the fractions e, f and g were divided into the following three groups (Figure 7). The first group, contains spectrum 6, the second one contains spectra 3, 4, 7, 8, 9, 10, 11, 12 and the third one specrta 13, 14, 15. Spectrum 6 coincides with spectrum 5 and therefore it was concluded that they correspond to the same component group (peaks 5 and 6 in Figure 5). In conclusion, five component groups can be distinguished on the basis of their spectrum shape which are described by the following Gaussian peaks sets {1}, {2}, {5,6}, {3,4,7,8,9,10,11,12}, {13,14,15} (Figure 5).

Finally, an optimization model was developed, to fine tune the fitted Gaussians curves by minimizing the error between the reconstructed and the experimental 3D UV-DAD signal of the gasoil sample. These signals at three different wavelengths are shown in Figure 8
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FIG. 7. Derived UV-spectra patterns
FIG. 8. Reconstructed chromatograms

and it is proved that the selected Gaussian peaks and the UV spectrum patterns can satisfactory reconstruct the experimental signal. The presented method enables to effectively separate by HPLC the aromatic part of heavy petroleum fractions into subfractions. The developed algorithm enables the deconvolution of the complex aromatic mixture into fractions consisting of similar chemical structures based on the analysis of their UV spectrum. It can be used as a reliable tool for monitoring and modeling the compositional changes occurring during processes in which heavy petroleum fractions are involved.
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