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Abstract


Phase instability that develops during thermal conversion of heavy oils and bitumen limits the extent of conversion in processes such as visbreaking. It was postulated that aromatic species with conjugated unsaturated systems extending beyond the aromatic rings likely contributed to reactions leading to phase instability, fouling, and coking. Many fluorophores have such conjugated π-electron systems. Three case studies were presented where products from thermal conversion were analyzed by fluorescence spectroscopy: (i) Cold Lake bitumen converted at 150–300 °C; (ii) asphaltenes depleted and enriched Athabasca bitumen converted at 380 °C; and (iii) Athabasca bitumen converted at 400 °C and 0.5–4.0 MPa. It was found that the fluorescence intensity of bitumen increased on thermal conversion. Fluorescence intensity increased in relation to reaction time for conversion at 150–300 °C, but it had a weak relationship with temperature. At 380 and 400 °C, this monotonic relationship was no longer apparent. There was no relationship with refractive index. Despite some overlap in fluorescence intensity values, 400 °C converted products obtained at 2.5–4.0 MPa had lower fluorescence intensity than products obtained at 0.5–2.0 MPa. Tentative explanations were offered for these observations. The change in fluorescence intensity with operating conditions and nature of the feed was consistent with the expected free radical concentration associated with the operating conditions and extent of hydrogen transfer. Although the study did not provide proof for the relationship between the fluorescence intensity and the concentration of aromatic species with conjugated unsaturated systems, the experimental observations were congruent with it.
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1. Introduction


In a petroleum refinery or bitumen upgrader facility, tracking the cracking conversion of heavy oil and bitumen is usually accomplished by the analysis of lighter products. The convention employed in heavy oil conversion is to set a threshold boiling point below which material is considered products and material above that threshold boiling point is considered ‘unconverted’ oil. This can be misleading, because the ‘unconverted’ oil contains products from thermal conversion, just not to products with boiling points below the threshold. This may seem like an academic distinction, but changes in the ‘unconverted’ oil can lead to process problems, such as higher sediment formation, and oil incompatibility [1,2]. Phase instability imposes a conversion limitation on processes such as visbreaking and residue hydroconversion, because phase instability that leads to phase separation causes fouling and the formation of solids, like sediments and coke [1,3,4,5].



According to Wiehe [6], species with a low hydrogen content and high molecular mass are more prone to form a separate phase. Vezirov et al. [4] posited that low hydrogen content and high molecular mass species leading to phase instability are a result of “… reactive heavy unsaturated compounds in the visbreaking resid, formed as a result of thermal cracking… which have a tendency toward polymerization and polycondensation to a much greater degree than primary asphaltenes and resins (straight-run).”



The description by Vezirov et al. [4] provided an explanation for the poor relationship that was found between straight run asphaltene content and phase instability in thermally converted products [7]. It also provided a plausible explanation for the lack of a relationship between phase instability and aromatic carbon content [8]. Likewise, it was congruent with the observation that increasing the aromatic content of a visbreaker feed enables a higher severity operation at the same level of product phase stability [9]. Using this background information, the point of departure for this investigation was that phase instability during thermal conversion may be related to the participation of aromatic species with conjugated unsaturated systems extending beyond the aromatic rings.



There was no simple analysis that could be performed on converted heavy oils and bitumen to measure changes in the concentration of large conjugated unsaturated systems (conjugated π-electron systems) extending beyond the aromatic rings of aromatic species. It was suspected that fluorescence spectroscopy might be useful. Lakowicz [10] noted that fluorescence is typically, but not exclusively associated with aromatic molecules. Furthermore, it was noted that many fluorophores have conjugated π-electron systems spanning atoms beyond that of the aromatic rings.



Fluorescence spectroscopy has been employed for the analysis of petroleum [11,12,13]. Several studies attempted to find relationships between fluorescence spectra and petroleum physical and chemical properties [14,15,16,17,18,19]. Moving closer to the intent of the present study, fluorescence spectroscopy was used to evaluate the maturity of petroleum deposits [20,21,22]. Maturity of petroleum is in essence a measure of the severity of thermal conversion of the deposit over geological time. A few studies employed fluorescence spectroscopy to evaluate changes in thermally processed petroleum (and coal liquids) [23,24,25].



In this study, fluorescence spectroscopy was employed to determine if thermal conversion of petroleum resulted in increased fluorescence and if fluorescence spectroscopy could be used to detect the evolution of species related to phase instability and second phase formation. There was the hope that such a relationship could be interpreted in terms of a change in the concentration of aromatic species with conjugated unsaturated systems.



Samples originating from previous studies [26,27,28] that investigated the thermal conversion of bitumen were used. Each probed specific aspects of thermal conversion, namely low-temperature (150–300 °C) thermal conversion [26], the relevance of solubility classes as predictors for phase instability [27], and the impact of an increase in concentration of lighter cracked products in the liquid phase due to the effect of pressure [28]. The reason for selecting each of these sample sets will be explained as the results are introduced.




2. Experimental


2.1. Materials


The bitumen feed materials and thermally converted bitumen samples investigated in this work were taken from previous studies [26,27,28]. In all cases the products from thermal conversion of the bitumen were phase separated in those original studies. In those instances where solids were formed, the solids were removed from the liquid product. The converted products analyzed in this work are therefore the solids-free liquid products from thermal conversion.



For the purpose of reference, characterization data for the feed materials are repeated in Table 1.



The samples were diluted in toluene (99.9%, Fisher Scientific, Waltham, MA, USA) for analysis. The choice of toluene as solvent was based mainly on its ability to dissolve bitumen. The drawback of toluene is that it limited the useful spectral range. Toluene absorbs in the ultraviolet region at around 270 nm, with reported values for the 0 → 0 transition of ground state to first excited state of toluene at 267 nm [29] and 269 nm [30].



The reason so much emphasis was placed on bitumen solubility in the selection of the solvent, as opposed to the wider spectral range offered by other solvents, was the risk of phase separation. The thermally converted bitumen contained about the same or higher asphaltene content than the feed materials (Table 1). The asphaltenes is a solubility class that is defined by insolubility in excess n-alkanes, such as n-pentane and n-heptane, and solubility in aromatics, such as toluene. Considering the high dilution, the conditions for asphaltenes separation would exist during sample preparation and toluene was selected to facilitate complete dissolution of all of the material.




2.2. Experimental Protocol


One of the challenges with the measurement of fluorescence of oilsands bitumen and its thermally converted products is the intensity of its fluorescence. To avoid detector saturation, it was necessary to dilute samples in the order of 104 and samples were measured at around 100 μg/g concentration. This was accomplished by progressive dilution, each step representing 1–2 order of magnitude dilution in toluene. The concentration of the original sample in toluene was recorded gravimetrically, using a Mettler Toledo XS 105 (Greifensee, Switzerland) balance with a maximum capacity of 120 g and readability of 0.1 mg.



Practically, the first dilution was the most difficult due to the high viscosity of some of the samples. This diluted sample was thoroughly mixed at room temperature using a magnetic stirrer to obtain a homogenous-looking sample. Subsequent dilutions were easier. Within a small margin of error, the concentration of prepared samples was the same, which facilitated direct comparison of fluorescence spectra.



No attempt was made to remove dissolved oxygen from the prepared samples. Dissolved oxygen is known to cause collisional quenching of fluorescence [10]. However, it was reasoned that fluorescent quenching would be consistent for all samples and it should not undermine relative comparisons.



Samples that were stored for an extended period before the fluorescence spectra were collected had the risk of being aged during storage [31]. This was the case for studies by Yañez Jaramillo et al. [26,27], but not of Nascimento et al. [28]. In the case of samples where there was a risk of aging, the refractive index was measured before analysis and was compared to the value reported for the sample when it was originally produced and characterized. It was found that despite the tightness of sealing and similarity of storage conditions (ambient temperature in the dark) not all samples were equally well preserved. Based on refractive index measurements, one sample from triplicate samples at each condition the affected studies [26,27] was selected for this work. The refractive index analyses are reported as part of the results.




2.3. Analyses


Fluorescence spectra were measured using a Horiba Aqualog UV 800 C A-TEEM Fluorescence Spectrometer (Kyoto, Japan). The instrument employed a 150W xenon arc lamp for generating the excitation radiation. It contains three detectors: the reference detector, standard absorption signal detector, and fluorescence detector (a charge-couple device detector). Instrument operation was verified by performing analysis of a water standard (Starna Scientific, Essex, UK) to determine the contribution of scattered light, i.e., Rayleigh or Raman scatter. The instrument recommended a minimum signal-to-noise ratio of 20,000. The observed value was higher.



Analyses were performed using 1 cm-path-length quartz cuvettes under air-saturated ambient conditions. Steady state fluorescence spectra were collected over the excitation wavelength range 240–800 nm with an integration time of 0.1 s. Narrower excitation wavelength ranges were selected for specific experiments once the fluorescence spectra over the whole range were collected. Such narrowing of the excitation wavelength range will be noted as part of the results. Although toluene (blank sample) caused fluorescence (Figure 1 left), it did not compromise the investigation, as can be seen from an illustrative example showing the fluorescence of a bitumen-derived sample in toluene (Figure 1 right).



Refractive index at 598 nm (sodium D-line) was measured at 20, 30, and 40 °C using an Anton Paar Abbemat 200 (Graz, Austria). Samples were measured as air-saturated samples and in the same manner as the original measurements were made [26,27]. Although only 20 °C measurements are reported, the other measurements were employed to verify internal consistency. Refractive index changes linearly with temperature over a limited temperature range and linear regression of the data enabled verification that the data was consistent, thereby improving confidence in the values reported.





3. Results


3.1. Cold Lake Bitumen Converted at 150–300 °C


Thermal conversion of heavy oils and bitumen by visbreaking is conventionally performed at coil outlet temperatures above 400 °C [1,7,32,33]. Yet, due to the high persistent free radical content in heavy oils and bitumen [34], it is not necessary for thermal cracking to be initiated by homolytic bond dissociation at high temperature. Keeping this in mind, it should not be surprising that thermal conversion of bitumen leading to a product with lower viscosity than the feed could be performed at lower temperatures, 250–400 °C [26,35,36]. Conversion of bitumen at lower temperatures is relevant to preheat- and distillation sections of processes.



The study by Yañez Jaramillo et al. [26] reported thermal conversion over a wide temperature range, 150–300 °C, at 4 MPa initial pressure and the reaction progression was documented for reaction times from 1 to 8 h. Most of these samples were available, except those for short reaction time at 300 °C. At the time the study using fluorescence spectroscopy was initiated, these samples were in storage for about 8 years.



The original work [26] reported that when the bitumen feed was treated at 150 and 200 °C, the viscosity increased, and the n-pentane insoluble content increased. Carbonaceous solids (coke) formed after around 8 h of reaction time at 150 °C and a minor amount of solids were found in all products at 200 °C conversion. Although the viscosity of the bitumen was decreased after thermal conversion at 250 and 300 °C, the decrease was not monotonous. Formation of solids was observed in all of the products from conversion at 250 and 300 °C. The nature of the solids changed from a congealed liquid-like structure to granular carbonaceous particles as conversion time increased. The impact of free radical addition reactions was evident in all of these reaction products.



Using contour plots, such as shown in Figure 1, it was found that the best excitation wavelengths for the samples were around 280 nm (279–286 nm). This was at a slightly longer wavelength than the strong absorption of toluene at around 270 nm. The resulting fluorescent emission was most intense in the 350–450 nm region. The maximum fluorescent emission values for the samples in relation to thermal conversion conditions are shown in Figure 2.



The fluorescence intensity mostly increased with an increase in reaction time. Remarkably, the fluorescence intensities of the thermally converted Cold Lake bitumen samples showed little differentiation based on reaction temperature for reaction times up to 4 h. The 250 and 300 °C converted materials exhibited more intense fluorescence only at longer reaction times.



The material from conversion at 250 °C for 7 h was reported to have a lower refractive index than the materials converted for 6 and 8 h [26]. Yet, refractive index itself was poorly correlated to fluorescence intensity. This can be seen from Figure 3, showing the refractive index of the aged samples that was measured shortly before the fluorescence analysis, in relation to the maximum fluorescence emission values.



It is clear from Figure 3 that the intensity of fluorescence was related to a different aspect of the sample composition than the refractive index. Refractive index is an indicator of the onset of asphaltenes phase separation in petroleum [37]. The implication was that the observed increase in fluorescence intensity was unrelated to the product’s proximity to the onset of asphaltenes phase separation.



The samples analyzed in this study and for which the results were presented in Figure 2 and Figure 3, aged during storage. In several samples slight positive pressure developed in the sample container over the storage period, resulting in an audible ‘pop’ when the container was opened. The evolution of gas from unconverted Cold Lake bitumen at low temperature was reported to be mostly hydrocarbon in nature [38]. Presumably the same was true for the thermally converted Cold Lake bitumen samples.



Comparison of the refractive index measurements performed on the fresh samples produced by thermal conversion [26], and the refractive index measurements performed on the aged samples, provided a measure of the extent of aging. A parity plot is shown in Figure 4, which not only shows the samples used for the fluorescence study, but also the extra samples not used.



The reason for showing all of the refractive index measurements was to show that the nature of the aging of the samples was comparable and not limited to the samples used for the fluorescence study. It was surprising to find that most (>90%) of the aged samples had refractive index values in the range 1.5820–15875, whereas the fresh samples had refractive index values spanning the range 1.5645–1.5890. This was even more intriguing when considering that the Cold Lake bitumen feed had a refractive index of 1.5844 (Table 1).



There is an unavoidable assumption related to the results presented in Figure 2. The fluorescence data presented reflected the fluorescence of the aged samples. The assumption is made that the changes caused by thermal conversion at the conditions reported in the original study [26] to produce species that are fluorophores, are still retained in the aged samples, despite Figure 4.




3.2. Athabasca Bitumen Derived Materials Converted at 380 °C


Considering that fouling and coking is related to phase instability and formation of a second phase, it is understandable that asphaltenes (a solubility class defined by insolubility in light n-alkanes) is considered a potential source of fouling and coking. This is seen in thermal cracking models where coke-formation proceeds via asphaltenes [39,40,41]. On the other hand there is evidence that onset of coking in thermal conversion is poorly correlated with the asphaltene content of the straight run feed material [7,27].



For bitumen that is separated in saturate-aromatic-resin-asphaltene (SARA) fractions, most of the species that fluoresce are found in the aromatic-fraction, for which the fluorescence intensity is about two orders of magnitude higher than the other fractions [42]. At the same time it is noteworthy that fluorescence is not well correlated with the aromatic content (the compound class, not the SARA-fraction) in petroleum [18].



The fluorescence spectra of sub-fractions within each SARA-fraction were very similar [42]. In a different study, sub-fractionation of the asphaltenes-fraction by gel permeation chromatography also revealed similar fluorescence spectra for all sub-fractions [43]. Of relevance to the present study, irrespective of molecular mass, the species in the asphaltenes-fraction had similar sub-structures that were responsible for fluorescence.



In another study by Yañez Jaramillo et al. [27], the 380 °C thermal conversion at 2 MPa initial pressure of Athabasca bitumen derived feed materials with different asphaltene concentrations was reported at reaction times up to around 3 h. The asphaltene concentration of the bitumen was adjusted by solvent deasphalting with n-heptane, and the addition of the n-heptane insoluble material to the bitumen. In this way bitumen-derived feed materials were prepared with no asphaltenes (i.e., only maltenes), partially deasphalted bitumen, bitumen, and asphaltenes enriched bitumen. Most of these samples were still available and when the fluorescence spectroscopy study was started, the samples were in storage for about 2 years.



At 380 °C the progression of thermal conversion was as one would expect form a visbreaking process, despite the somewhat lower coil outlet temperature than encountered in industrial operation. The temperature was more representative of conversion in the soaker of a coil-and-soaker visbreaker, although one would also expect a section of the coil to be around this temperature.



The study [27] defined carbonaceous products as CS2 insoluble material. The bitumen-derived feed materials all contained some CS2 insoluble material, ranging from 0.2 ± 0.2 wt% in the maltenes to 1.9 ± 0.9 wt% in the asphaltenes. Keeping the measurement uncertainty in mind, thermal conversion of maltenes did not result in the formation of additional CS2 insoluble material even at the longest reaction time (189 min). At about 40 min reaction time there was evidence of a minor increase in CS2 insoluble material in thermally converted products from partially deasphalted bitumen, bitumen and asphaltenes enriched bitumen. The highest concentration of CS2 insoluble material was 3.8 wt% found in the thermally converted products from the asphaltenes enriched bitumen after 1 h reaction time.



The excitation wavelengths resulting in the most intense fluorescence were at 286–289 nm. The maximum emission values for the thermally converted samples are shown in Figure 5.



Only the thermally converted products from Athabasca bitumen resulted in a monotonic increase in fluorescence intensity with increase in reaction time (Figure 5). The response of fluorescence intensity in relation to reaction time was not regular for the other feed materials. At the same time the maximum fluorescence intensity of the 380 °C converted products (Figure 5) were comparable with the 150–300 °C converted products (Figure 2) the same reaction time.



The refractive index of samples measured when produced [27], was compared to the refractive index of the aged samples. For the refractive index measured at 20 °C the difference was 0.0010 ± 0.0006, with the largest difference being 0.0018. Thus, although there was evidence of aging, the difference was little compared to impact of aging shown in Figure 4.



There appeared to be a relationship between the refractive index of the aged products from thermal conversion at 380 °C and the maximum fluorescence intensity (Figure 6).



Considering what was observed in Figure 3, such a relationship was not expected. On closer inspection it can be seen that there is only, broadly speaking, a relationship between refractive index and fluorescence intensity, but when each series of reaction products are considered separately, the same kind of scatter observed in Figure 3 is evident in Figure 6.




3.3. Athabasca Bitumen Converted at 400 °C and 0.5–4.0 MPa


Visbreaking of heavy oils and bitumen takes place by thermal conversion mostly in the liquid phase, which is insensitive to pressure. However, visbreaking pressure has an impact on vapor–liquid equilibrium, which is why several coil-and-soaker visbreaking models consider this aspect [44,45].



Pressure affects the extent to which lighter cracked products remain in the liquid phase, as opposed to being in the vapor phase. Increasing the concentration of lighter products in the liquid phase may have an impact on the way in which thermal conversion progresses. There is benefit to having lighter products with hydrogen-donor properties present in the liquid phase during visbreaking [46]. It was also found that dilution of bitumen with lighter material causes a suppression of the onset of coking, even if it does not have hydrogen donor properties [47]. The reason for this has not been established. It may be due to a solubility effect, a modification of reaction probability, shuttling of hydrogen, or something else. The impact of pressure at 400 °C is particularly relevant to soaker operation in a coil-and-soaker visbreaker.



The study by Nascimento et al. [28] explored the impact of pressure on thermal conversion of Athabasca bitumen with vacuum residue conversion sufficiently high to cause onset of coking. Based on reaction progression and the nature of the products, thermal conversion was divided into two pressure ranges, 0.5–2.0 MPa and 2.5–4.0 MPa. It was found that the onset of coking was suppressed in the 2.5–4.0 MPa pressure range, which was also accompanied by other property related changes. The initial study [28] did not employ fluorescence spectroscopy, the fluorescence spectra of the thermally converted products were subsequently collected to better explain the observations.



Rather than focus on maximum fluorescence intensity, the excitation wavelength selected for this work was 340 nm. Fluorescence peaks were observed at 389, 407 and 435 nm. Fluorescence intensities adjusted for sample concentration in toluene are reported in Table 2.



The fluorescence intensities of the thermally converted products were several times higher than that of the Athabasca bitumen feed (Table 2). The 389-to-407 and 407–435 nm intensity ratios varied to a minor extent, 1.09 ± 0.04 and 1.21 ± 0.03, respectively. There were no obvious relationships. Yet, from Figure 7 it can be seen that products converted at higher pressures generally displayed lower fluorescence intensity. This reflected the observations made by Nascimento et al. [28] for properties such as coke yield, which decreased with higher operating pressure at otherwise comparable conditions.





4. Discussion


The use of fluorescence spectroscopy to investigate thermally converted bitumen was justified based on the premise that many fluorophores have conjugated π-electron systems spanning atoms beyond that of the aromatic rings. Hence, fluorescence spectroscopy would be able to provide an indication of the concentration of aromatic species with conjugated unsaturated systems extending beyond the aromatic rings. These species were suspected to be responsible for reactions leading to the formation of products that could cause phase instability, fouling, and coking.



It is worthwhile looking at the experimental evidence in isolation first, before considering it in the context of the hypothesis that was outlined. By doing so, insights gained from the results are not dependent on the validity of the hypothesis.



(a) The fluorescence intensity of bitumen was several times lower than the fluorescence intensity of products obtained from thermal conversion of the bitumen (Table 2).



(b) The fluorescence intensity of products converted at 150–300 °C increase with an increase in reaction time (Figure 2). Considering that the product properties at each operating temperature was quite different from each other [26], as summarized in Section 3.1, the increase in fluorescence was not related to thermal conversion severity. Instead, it appeared that the increase in fluorescence intensity with thermal conversion at 150–300 °C was more dependent on time than on temperature. This comment is made under the assumption that the conditions of conversion can be related to the fluorescence, despite the impact of aging.



(c) For excitation at 279–289 nm, the maximum fluorescence intensity as function of reaction time was comparable for products from thermal conversion at 150–300 °C (Figure 2) and those from thermal conversion at 380 °C (Figure 5). At the same time, the intensity of the fluorescence at the same sample concentration was mostly higher for the products from conversion at 150–300 °C compared to the products from conversion at 380 °C.



(d) Fluorescence intensity of products from thermal conversion at 380 and 400 °C did not have the same near linear time-dependence (Figure 5 and Figure 7) as observed at 150–300 °C (Figure 2). Thermal conversion of bitumen at 380 °C (Figure 5) was the exception and displayed a monotonic increase in fluorescence intensity with increase in time of conversion.



(e) The fluorescence intensity in thermally converted products of feed materials with higher asphaltene content (Figure 5) was mostly higher than that of feed materials with lower asphaltene content, such as the maltenes. The is the opposite to what is reported of fluorescence intensity of feed materials, with maltenes having more intense fluorescence than asphaltenes [42].



(f) Despite some overlap in fluorescence intensity values, the 400 °C converted products obtained at 0.5–2.0 MPa generally had a higher fluorescence intensity than the products obtained at 2.5–4.0 MPa (Figure 7).



(g) There was no systematic relationship between refractive index and fluorescence intensity (Figure 3 and Figure 6).



The time-dependent increase in fluorescence intensity with thermal conversion that was only weakly dependent on the temperature (Figure 2), could be related to an observation by Yokono et al. [48]. It was reported that the free radical content of heavy oil changed little over the temperature range 150–350 °C. The free radical content of products was not reported in the original study [26].



The exponential increase in free radical content due to free radical formation by thermolysis, which can be described by an Arrhenius relationship, is only observed at >380 °C [49]. Free radical propagation reactions, such as hydrogen transfer, are not energetically demanding. For example, activation energies for hydrogen transfer in the range 30–80 kJ/mol have been reported for C–H bonds in different molecules [50], which in all cases is a fraction of the homolytic bond dissociation energy, which is of the order 400 kJ/mol.



It is expected that the extent of hydrogen transfer would increase with conversion time, but that it would be weakly dependent on temperature when the temperature is <380 °C, as was the case for the products from conversion at 150–300 °C. It is also less likely that conjugated unsaturated molecules that were formed during thermal conversion at lower temperatures would be subject to hydrogen transfer due to the lower free radical concentration as noted by Yokono et al. [48], compared to products obtained when thermolysis becomes significant. Although this offers a plausible explanation for the results in Figure 2, it remains speculative.



At 380 °C (Figure 5) the free radical concentration becomes more dependent on thermolysis. The asphaltenes fraction from Athabasca bitumen is reactive to thermal conversion, with an apparent activation energy of 176 kJ/mol [51], which is lower than the typical average activation energy of 209.5 kJ/mol used for visbreaking equivalent residence time calculations [52]. A faster increase in fluorescence intensity in the asphaltenes enriched bitumen feed, with a slower development of fluorescence intensity in the maltenes feed, is consistent with fluorescence intensity being related to the extent of free radical reactions taking place. This is also congruent with the observation that fluorescence intensity in thermally converted products from bitumen are higher than in the bitumen feed (Table 2).



The extent of free radical reactions taking place is not the same as vacuum residue conversion, because vacuum residue conversion does not account for reactions taking place in the vacuum residue that do not result in cracking to lighter products. The statement relates to the actual extent of reactions and not those limited by the definition of conversion in terms of decrease in vacuum residue content.



At this point it is useful to return to the hypothesis that fluorescence intensity is related to the concentration of aromatic species with conjugated unsaturated systems extending beyond the aromatic rings. Hydrogen transfer can produce such species. Furthermore, radicals that are resonance stabilized are of lower energy than radicals without resonance stabilization and can be more easily formed at lower temperatures. An explanation based on the persistent free radical concentration of bitumen and hydrogen transfer is therefore congruent with a description linking an increase in fluorescence intensity with an increase in concentration of aromatic species with conjugated unsaturated systems.



Under the assumption that the hypothesis is valid, an interpretation of the results in Figure 7 can be offered. The fluorescence intensity of products produced by thermal conversion at 2.5–4.0 MPa (Figure 7) was on average less than that of products produced by lower pressure thermal conversion. Suppression of products that would be prone to coke formation through the use of pressure could be related to suppression of the formation of aromatic species with conjugated unsaturated systems, which would in turn explain the lower fluorescence intensity. It is speculated that the effect of pressure is to increase the concentration of lighter species in the liquid phase, which has the same dilution-effect suppression of coke formation as reported by Zachariah et al. [47]. As mentioned before, the fundamental reason for coke suppression has not been established, although it appears to be related to suppression of radical-olefin addition reactions by dilution. If correct, it also implies that it is more likely that the products from such radical-olefin addition reactions are fluorophores.



The species that are formed during thermal conversion that are more prone to reactions leading to phase instability and the onset of phase instability are two different things, albeit causally related. In this study the hypothesis is that fluorescence spectroscopy would be able to reveal an increase in the formation of aromatic species with conjugated unsaturated systems. It is these species that are thought to be responsible for the reactions leading to products that cause phase instability [4], rather than being the species that are causing phase instability. It was shown that there is not necessarily a relationship between fluorescence intensity and refractive index (Figure 3), yet, refractive index was reported to be a reliable indicator for the onset of phase instability and phase separation in petroleum [37]. Fluorescence spectroscopy appears to be useful as indicator of the formation of species that may lead to phase instability, but not as an indicator of the proximity to phase instability.



To conclude, the use of fluorescence spectroscopy was useful in the study of thermally converted products. Although this work did not provide proof for the relationship between fluorescence intensity and concentration of aromatic species with conjugated unsaturated systems, the observations presented in this work were congruent with it.




5. Conclusions


The use of fluorescence spectroscopy to study thermally converted products was justified based on the observation than many fluorophores have conjugated π-electron systems and the hypothesis that aromatic species with conjugated unsaturated systems extending beyond the aromatic rings could form products leading to phase instability, fouling and coking. The following observations are independent of the hypothesis, but congruent with it.



(a) The fluorescent intensity of bitumen increases when it is thermally converted.



(b) Fluorescence intensity increased with an increase in reaction time for conversion at 150–300 °C, but at the same time it had a weak relationship with temperature. This relationship could still be observed for bitumen conversion at 380 °C, but was no longer monotonic for other bitumen derived feed materials. The relationship was not apparent for bitumen converted at 400 °C.



(c) There was no relationship between fluorescence intensity and refractive index.



(d) Bitumen converted at 400 °C and 0.5–2.0 MPa generally had a higher fluorescence intensity than bitumen converted at 400 °C and 2.5–4.0 MPa.



The experimental observations, as well as their relationship to the stated hypothesis, could be explained in terms of the expected condition-dependent changes in free radical concentration during thermal conversion and the associated extent of hydrogen transfer.
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Figure 1. Contour plots of the fluorescent emission (EM) versus excitation (EX) wavelength for toluene on the (left) and thermally converted bitumen (380 °C, 5 min) dissolved in toluene on the (right). These examples are shown for illustrative purpose only. 
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Figure 2. Maximum fluorescent intensity values of products obtained from Cold Lake bitumen that were thermally converted at different temperatures and reaction times. Lines are only to improve readability and not to denote a trend. 
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Figure 3. Maximum fluorescent intensity of the products from thermal conversion of Cold Lake bitumen in relation to their 589 nm refractive index at 20 °C. 
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Figure 4. Comparison of 589 nm refractive index at 20 °C of fresh and aged samples. Extra samples are those for which refractive index were measured, but that were excluded from the fluorescence study. 
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Figure 5. Maximum fluorescent intensity values of products obtained from Athabasca bitumen and bitumen-derived materials that were thermally converted at 380 °C. 
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Figure 6. Maximum fluorescent intensity of the products from thermal conversion at 380 °C of Athabasca bitumen and bitumen-derived materials in relation to their 589 nm refractive index at 20 °C. 
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Figure 7. Fluorescence values at 389 nm of products obtained from Athabasca bitumen that were thermally converted at 400 °C. 
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Table 1. Characterization of Canadian oilsand bitumen feed materials.
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Property

	
Oilsands Bitumen Characterization




	
Ref. [26]

	
Ref. [27]

	
Ref. [28]






	
region of origin

	
Cold Lake

	
Athabasca

	
Athabasca




	
elemental analysis (wt%)

	

	

	




	
carbon

	
82.6 ± 0.1

	
83.0 ± 0.1

	
83.4 ± 0.1




	
hydrogen

	
10.3 ± 0.1

	
10.3 ± <0.1

	
10.4 ± 0.1




	
nitrogen

	
0.6 ± 0.1

	
0.5 ± <0.1

	
0.5 ± <0.1




	
sulfur

	
4.7 ± 0.1

	
5.3 ± 0.3

	
4.9 ± 0.1




	
asphaltene content (wt%)

	
16.5 a

	
11.5 b,c

	
15.4 a,d




	
density (kg/m3)

	

	

	




	
20 °C

	
1024.0 ± 1.2

	
1014.2 ± 2.1

	
1008.3 ± 1.8




	
40 °C

	
1011.3 ± 1.4

	
1001.6 ± 2.2

	
995.8 ± 1.7




	
dρ/dT (kg/m3.K)

	
−0.629

	
−0.643

	
−0.626




	
refractive index at 598 nm

	

	

	




	
20 °C

	
1.5844 ± 0.0008

	
1.5791 ± 0.0001

	
1.5748 ± 0.0002




	
40 °C

	
1.5768 ± 0.0007

	
1.5716 ± 0.0002

	
1.5673 ± 0.0001




	
dn/dT (1/K)

	
−3.80 × 10−4

	
−3.74 × 10−4

	
−3.76 × 10−4




	
viscosity (Pa.s)

	

	

	




	
20 °C

	
1655 ± 2

	
2461 ± 26

	
-




	
40 °C

	
88 ± <0.1

	
-

	
36.3 ± 0.2








a Asphaltene fraction reported as n-pentane insoluble fraction. b Asphaltene fraction reported as n-heptane insoluble fraction. c Corrected value; details in cited reference. d This value was not reported as part of the cited study.













 





Table 2. Intensity of fluorescence peaks of 400 °C converted Athabasca bitumen obtained at different pressures and 340 nm excitation wavelength.
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Pressure (MPa)

	
Reaction Time (min)

	
Fluorescence Intensity Per µg/g Sample Concentration




	
389 nm

	
407 nm

	
435 nm






	
Athabasca bitumen feed

	
882

	
767

	
618




	
0.5

	
77

	
4075

	
4054

	
3600




	
0.5

	
83

	
7439

	
7289

	
6185




	
1.0

	
74

	
12,385

	
11,388

	
9297




	
1.0

	
45

	
10,620

	
9505

	
7874




	
1.0

	
85

	
14,624

	
13,091

	
10,593




	
1.5

	
74

	
3111

	
2921

	
2443




	
1.5

	
70

	
3598

	
3343

	
2741




	
1.5

	
68

	
8242

	
7737

	
6695




	
2.0

	
62

	
3221

	
2934

	
2425




	
2.0

	
61

	
3948

	
3674

	
3101




	
2.0

	
80

	
3607

	
3235

	
2637




	
2.0

	
90

	
3047

	
2698

	
2199




	
2.5

	
75

	
5424

	
4952

	
4063




	
2.5

	
72

	
1773

	
1631

	
1333




	
2.5

	
70

	
3866

	
3611

	
3051




	
3.0

	
72

	
2885

	
2602

	
2087




	
3.0

	
75

	
4213

	
3810

	
3089




	
3.0

	
59

	
3643

	
3311

	
2674




	
4.0

	
83

	
5638

	
4950

	
4152




	
4.0

	
83

	
4070

	
3583

	
2924




	
4.0

	
82

	
3590

	
3209

	
2558
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