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INTRODUCTION

Crude oil is a complex hydrocarbon mixture that can be separated by distillation, according to the boiling point, in different fractions. Heavy (high boiling point) fractions such as Atmospheric Residues (AR) or Vacuum Residues (VR), with boiling points over 390 and 550°C respectively, have impurities such as heteroatoms like sulfur, in concentrations going up to several percent, and heavy metals. Among these metals the most undesirable and abundant ones are vanadium and nickel, present in concentrations going up to several hundreds of parts per million (ppm) 1,2 , depending on their geological origin [3][4][5] .

Heavy fractions and heavy oils are more and more used in petrochemical industry because they became one of the most abundant hydrocarbon sources. However, they have to be previously transformed by catalytic cracking processes 1,5,6 . Vanadium, nickel and sulfur present poison the catalysts used during oil refining processes, leading to corrosion of the equipment, environmental pollution and the contamination of petroleum-related products 5 . Therefore, these elements must be removed from the heavy fractions by hydrodemetallation and hydrodesulfurization.

Information on the size and chemical form (speciation) of vanadium, nickel and sulfur complexes is of great interest to choose the porosity of refining catalysts 3,7,8 .

The main approaches for metal and sulfur speciation in petroleum samples are based on the combination of chromatographic separation and element specific detection. Gel Permeation Chromatography (GPC), a type of Size Exclusion Chromatography (SEC), is widely used to obtain information on the molecular weight (more concretely on the hydrodynamic volume) of the molecules of high boiling temperature products [3,8-12]. The most used detection techniques for the analysis of oil are Atomic Absorption Spectrometry (AAS), X-Ray Fluorescence (XRF) or Inductively Coupled Plasma (ICP) Atomic Emission Spectrometry (AES) 2,3,7 . More recently, detection has been improved using ICP Mass Spectrometry (MS) 2,7,[13][14][15] , which offers lower detection limits and multielement measurements, High-Resolution (HR) instruments allowing the resolution of the isobaric interferences 11,12 .

This study discusses size distribution of vanadium, nickel and sulfur-containing compounds of an AR and a VR using the GPC ICP HR MS. The goal of this work was the optimization and the understanding of the most important parameters of this technique (flow rate, column set), developed in previous works 8,14,16 . Thus, evolution over 254 days of the aggregates size profiles is also here discussed.

MATERIALS AND METHODS

Solvents, samples and solutions. THF, HPLC grade, without stabilizer (Scharlau) and THF Multisolvent® GPC grade ACS stabilized with 250 ppm of BHT (Scharlau) were used as solvents for the sample preparation and as mobile phases. BHT is used as a stabilizer for the THF in order to avoid any peroxidation.

Samples analyzed, an AR from South America and a VR from Middle East, are described in Table S1 (in supporting information file). The samples were analyzed with dilution factors of 100 for the AR and 160 for the VR. Dilutions were made by weight, using a precision scales. These samples were chosen as they are both used as standard samples by IFP EN and TOTAL.

Methodology. The study of the evolution overtime was done with solutions prepared the first day of the study and solutions prepared more than 4 months in advance of the study (stored in amber glass vials at room temperature without any regular shaking). These solutions were injected at different times during the same week to achieve a 254-day kinetics.

Instrumentation.

A double focusing sector field inductively coupled plasma mass spectrometer (Element XR, Thermo Fisher Scientific, Germany) was used to access the spectrally interfered isotopes of 32 S, 51 V, and 58 Ni under the working conditions given in Table Table S2 (in supporting information file). These were optimized daily using a 1.0 ng/g multielement tuning solution of Ag, Al, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, In, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sc, Si, Sn, Ti, V, Zn, and Y in THF. The instrument was equipped with a quartz injector (inner diameter 1.0 mm) and Pt sampler (orifice diameter 1.1 mm) and skimmer (orifice diameter 0.8 mm) cones. An O 2 gas flow was added to avoid carbon deposition. Mass offset was applied to the data acquisition method to compensate the mass drift coming from the magnet sector.

The mass spectrometer was fitted with a modified DS-5 microflow total consumption nebulizer (CETAC, Omaha, NE) mounted with a laboratory-made single pass jacketed glass spray chamber 17,18 . It was thermostatted at 60 °C by a water/glycol mixture using a temperaturecontrolled bath circulator (Neslab RTE-111, Thermo Fisher Scientific, Waltham, MA).

The carrier solution and the mobile phase were delivered by a Dionex High-Performance Liquid Chromatography (HPLC) system with an UltiMate 3000 microflow pump, an UltiMate 3000 autosampler and a low port-to-port dead-volume microinjection valve.

Chromatographic separation was performed by two different sets of three GPC columns connected in series, described in Table 1. A Styragel guard column (4.6 mm inner diameter, 30 mm length, 10000Da exclusion limit) was used before the column set Col W. 20 µL of the samples were injected and eluted isocratically at two different flow rates (0.7 and 1 mL/min) of the solvent for 120 min. A post-column splitter was used in order to introduce only 40 µL/min in the ICP MS, sending the rest to the waste.

Excel was used for the integration of the chromatograms obtained. On all the presented chromatograms, the intensity was normalized with respect to the total area obtained for the represented isotope.

RESULTS AND DISCUSSION

Repeatability of the method. Figure 1 shows an example of the chromatograms obtained for vanadium, nickel and sulfur-containing compounds. It can be observed that vanadium-containing compounds follow a trimodal distribution, indicating the presence of three different types of compounds or aggregates of different molecular weight. In order to compare our chromatograms, four integration intervals or fractions were defined according to the trimodal profile obtained for vanadium-containing compounds: fraction 1 (F1), fraction 2 (F2) and fraction 3 (F3), corresponding to High Molecular Weight (HMW), Medium Molecular Weight (MMW) and Low Molecular Weight (LMW) compounds respectively, and the tailing fraction (F4). The integration boundaries were defined at 15-22-27-30-54mL according to the chromatogram obtained for vanadium-containing compounds at 0.7mL/min. HMW compounds are composed of large aggregates of molecules, MMW compounds are composed of medium size aggregates and LMW compounds are composed of free molecules and also small aggregates, while the reinjection of the tailing fraction in GPC ICP HR MS shows that it contains HMW, MMW and LMW aggregates, presenting a size distribution comparable to the original chromatogram of the sample 14 . As can be seen in Figure 1, nickel and sulfur-containing compounds also follow a multimodal distribution.

The repeatability of the method was studied by analyzing fresh solutions of the two samples (injected one hour after their preparation) once a day during 6 consecutive days under the same conditions, which made possible the calculation of the Relative Standard Deviation (RSD) with respect to the area of the chromatograms (Table 2). Figure S1 represents the overlap of vanadium, nickel and sulfur chromatograms obtained for the analysis of both samples injected freshly during 6 consecutive days. It can be seen on these chromatograms and in the Table 2 that the results obtained were identical. The good RSD obtained on 6 replicates for the integrated areas was of less than 5 % (except for the HMW fraction, which represents the lowest area, with a RSD around 10%) and is linked to the stability of the system, the sample preparation and the integration. This allows the use of the integration of the different fractions to compare the results obtained between different parameters and samples, taking into account the error calculated from several fresh solutions of the two samples for each of the different experiments under different conditions.

Effect of the mobile phase flow rate. The influence of the flow rate on the size of the aggregates was studied. Two GPC ICP HR MS experiments were carried out at different flow rates (0.7 and 1 mL/min), according the internal method used in IFP EN 14 and TOTAL 16 laboratories, for the two samples, using stabilized THF as solvent and as mobile phase and the column set Col A. The chromatograms obtained for vanadium-containing compounds are given in Figure 2.

The chromatogram obtained for vanadium aggregates at 0.7 mL/min (blue line) presented in Figure 2 is shifted towards lower elution volumes in comparison with the chromatogram obtained at 1 mL/min (red line). This result could be explained by the flow-induced degradation in SEC columns when increasing the mobile-phase velocity 19,20 .

However, in order to process our data taking this shift into account, we changed the integration boundaries to 13-16-19-22-39mL for 1mL/min. Figure 3 shows the size distributions of the four fractions as a percentage of the total area of the chromatogram obtained for vanadium aggregates and the increase of HMW and MMW compounds when increasing the mobile-phase flow rate can be observed. Meanwhile, the tailing fraction decreases at higher flow rate, which could be explained as the decrease in the interaction between the metals on the surface of the aggregates and the stationary phase with the mobile-phase velocity, because it has less time to interact. The same behavior is observed for nickel and sulfur-containing compounds. Their corresponding size profiles are given as supplementary material. The rest of the chromatograms obtained for nickel and sulfur-containing compounds are not presented in this paper as the same behavior of the aggregates of the three elements analyzed is observed in all cases and can be illustrated with the results obtained only for vanadium-containing compounds.

Influence of the presence of stabilizer (BHT) in the THF. The influence of the presence of the stabilizer in the THF on the chromatogram of aggregates of both samples was studied. Two GPC ICP HR MS experiments were carried out using THF and stabilized THF for the sample preparation and as mobile phases. The chromatograms obtained for vanadium-containing compounds are given in Figure 4. These chromatograms were similar but showed some differences for HMW aggregates and the tailing part. Similar distribution of vanadium in THF and stabilized THF of the two samples analyzed is observed (also see Figure S2 in supporting information file). The percentage of the total area of the chromatogram for the four fractions was obtained by measuring the area of the different fractions from the GPC ICP HR MS chromatograms. The increase of HMW aggregates in THF compared to stabilized THF is compensated by the decrease of the fraction 4 (tailing). These results seem to indicate that the effect of the stabilizer has not an important impact on size distribution. Moreover, the fact that the chromatograms obtained for the two samples analyzed after 8 months of preparation using (as both solvents and mobile phases) stabilized THF (blue line) and THF (red line) are also very similar could prove that the stabilizer has no influence on size distribution overtime (Figure 5).

Comparison between the use of different columns.

The influence of the chromatographic stationary phase on the size distribution of the aggregates was studied. The results obtained with two different sets of columns at a flow rate of 1 mL/min are compared in Figure 6. This figure shows a higher proportion of HMW compounds using the column set Col W (blue line) in stabilized THF, while the chromatograms present higher proportion of LMW compounds with the column set Col A (red line) in THF. This result could mean, as we compare aggregation states, the existence of different interaction with the stationary phase depending on the column set and higher shear degradation using the column set Col A compared to Col W. The breakdown of the high-molar-mass molecules or aggregates because of the shear forces 20,21 results in a degradation phenomenon converting HMW aggregates into compounds of lower molecular weight and thus decreasing the amount and size of HMW aggregate to the benefit of LMW compounds.

The effect of the stabilizer was disregarded, according to the results obtained in the previous section.

Study of the evolution of the samples in time.

The evolution of the molecular size of the aggregates was studied for sample solutions of 0, 3, 7, 26 (only for the VR sample), 95 and 254 days old. To compare the results obtained, the parameters of solvent flow rate and column set were fixed. GPC ICP HR MS experiments were carried out at 0.7 mL/min, using the column set Col A. As THF is potentially dangerous because of its tendency to form highly explosive peroxides when stored in air, exposed to UV light or heat, and after observing that the presence of stabilizer does not seem to influence size distribution, stabilized THF was used for the preparation of the samples and as mobile phase in this part of the work. The chromatograms obtained for vanadium-containing compounds of AR and VR solutions under these conditions are given in Figure 7. The increase in the peak height corresponding to HMW compounds containing vanadium and the decrease of MMW and LMW compounds was observed. Such phenomena are also observed for Ni compounds in the AR and VR. This could mean that the aggregation of lower molecular weight compounds took place to form HMW ones. This observation is supported by the calculations presented in Table 3 where it can be seen the correspondence between the increase of the proportion of HMW aggregates and the decrease of the rest of the fractions between the first and the last days of the experiment. It can be observed that Ni is the more reactive element with an increase between 10 to 20% of the HMW overtime.

During the same time, a decrease of the MMW fractions for all the elements observed, but also a decrease of the tailing and the LMW fractions for Ni and V in both petroleum products and S in the VR.

The evolution trend of the size distribution of vanadium aggregates can be clearly seen in Figure S3 (in supporting information file). The evolution showed a fast kinetics of the process.

Then it slows down.

CONCLUSION

This study shows that different types of aggregates of different size that can have interaction with the GPC phase were observed: multimodal profiles were obtained for vanadium, nickel and sulfur-containing compounds.

Significant differences were found depending on the solvent flow rate and the columns used, which seem to have an influence on the size distribution of vanadium, nickel and sulfur aggregates, whereas the presence of the stabilizer BHT in the solvent does not seem to have an important role. Working under the conditions giving the lowest shear rate possible could allow the study of the native aggregation state of the compounds in the sample. The aggregation overtime of vanadium, nickel and sulfur compounds was observed, mainly during the first month, therefore samples must be prepared freshly every day to compare the results. ((((((((((((((((((((((F2(((((((((((F3((((((((((((F4 ((((((((((((((((((((F2(((((((((((F3((((((((((((F4 
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 1 TABLES Characteristics of the two GPC column sets used.

	Column set	Col A	Col W
	GPC columns	Agilent PLgel MIXED-D	Waters Styragel
	ID (mm)	7.5	7.8
	Length (mm)	300	300
	Stationary phase	Polystyrene-divinylbenzene	Styrene-divinylbenzene
	Exclusion limit (Da)	200-400000	1000-600000
	Columns used	100, 10 3 and 10 5 Å	HR4, HR2 and HR0.5
	Particle size (μm)	5	5

Table 2 .

 2 Repeatability (6 analysis on 6 consecutive days) of the percentage of the four fractions obtained for both AR and VR samples.

	Sample	Fraction		32 S			51 V			58 Ni	
			%	+/-	RSD (%)	%	+/-	RSD (%)	%	+/-	RSD (%)
		F1 (HMW)	4.1	0.3	7.3	11.0	0.7	6.4	12.6	0.8	6.3
		F2 (MMW)	50.9	1.2	2.4	46.8	0.4	0.9	47.7	0.2	0.4
	AR	F3 (LMW)	29.6	0.9	3.0	25.5	0.8	3.1	17.9	0.5	2.8
		F4 (Tailing)	15.4	0.6	3.9	16.7	0.3	1.8	21.8	0.5	2.3
		Total	100			100			100		
		F1 (HMW)	4.1	0.5	12.2	10.9	1.1	10.1	11.5	1.1	9.6
	VR	F2 (MMW)	61.1	1.7	2.7	48.1	0.2	0.4	47.0	0.3	0.6
		F3 (LMW)	26.2	1.7	6.5	22.6	0.9	4.0	17.0	0.4	2.4
		F4 (Tailing)	8.6	0.4	4.7	18.4	0.2	1.1	24.6	0.5	2.0
		Total	100			100			100		

Table 3 .

 3 Difference of the percentage of the four fractions obtained for the three elements analyzed at 0.7 mL/min, using the column set Col A, between the 254-day-old AR and VR samples and the fresh samples.

	% Total Area	32 S	51 V	58 Ni
		HMW	1.0	7.1	11.1
		MMW	-11.4	-2.9	-4.8
	AR				
		LMW	4.1	-1.7	-2.9
		Tailing	6.3	-2.5	-3.4
		Total	0.0	0.0	0.0
		HMW	5.7	15.9	18.1
		MMW	-3.8	-5.7	-6.2
	VR	LMW	-0.6	-3.1	-3.7
		Tailing	-1.3	-7.1	-8.5
		Total	0.0	0.0	0.0
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In Tables S1 andS2, samples AR and VR and the ICP HR MS experimental conditions are described respectively. Figure S1 with the chromatograms obtained for the repeatability study is presented supporting Table 2. The similar distribution of vanadium in THF and stabilized THF of the two samples analyzed observed in Figure 4 can also be seen in Figure S2 as histograms and Figure S3 shows the evolution observed over time as a diagram with curves. Chromatograms obtained for nickel and sulfur-containing compounds using different solvent flow rates are presented in Figures S4 andS5. This material is available free of charge via the Internet at http://pubs.acs.org.