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Abstract

:

Inter-criteria analysis was employed in VGO samples having a saturate content between 0.8 and 93.1 wt.% to define the statistically significant relations between physicochemical properties, empirical structural models and vacuum gas oil compositional information. The use of a logistic function and employment of a non-linear least squares method along with the aromatic ring index allowed for our newly developed correlation to accurately predict the saturate content of VGOs. The empirical models developed in this study can be used not only for obtaining the valuable structural information necessary to predict the behavior of VGOs in the conversion processes but can also be utilized to detect incorrectly performed SARA analyses. This work confirms the possibility of predicting the contents of VGO compounds from physicochemical properties and empirical models.
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1. Introduction


Petroleum is a mineral resource used to produce fuels for automotive and aviation transportation, light olefins (in the C2–C4 range) and aromatics (mostly benzene, toluene and xylenes, BTXs)—the most valuable building blocks of the chemical industry [1]. The demand for oil-derived fuels is expected to decrease after 2030 due to the advances in clean energy generation and strong environmental concerns along with stricter policy [1]. In the next two decades, however, oil demand for petrochemicals is expected to increase by ca. 4 Mb/d per year, achieving 34% of the total oil market in 2040, in contrast to the current 15% [1]. The role of the conversion processes which break the higher molecular weight petroleum hydrocarbons to lower molecular weight ones is expected to grow in the future due to the increased demand of the building blocks for the chemical industry. Fluid catalytic cracking (FCC) and steam cracking (thermal cracking) are the current technologies that provide feedstock for the chemical industry. The performance of these processes has been shown in many studies to strongly depend on the quality of the feedstock [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]. The vacuum gas oil fraction from petroleum is the typical feed for the FCC [2,3,5,6,7,8,9,10,11,12,13,14,15,16,17] and it has been explored as a feedstock for steam cracking as well [4]. Considering that in both FCC and thermal cracking the reactivity of the vacuum gas oils increases with the saturate content enhancement and aromatic carbon content reduction, the information about these vacuum gas oil characteristics is of paramount importance for optimizing their performance [17]. Different empirical models for predicting important vacuum gas oil characteristics have been developed and published in the open literature [18,19,20,21,22,23,24,25,26,27,28]. To the best of our knowledge, these empirical models have not been evaluated to predict the content of saturates of vacuum gas oils in the whole range of possible variation (between 0 and 100%). There is also a lack of knowledge about the existence of relations between the VGO characteristics predicted by the empirical models and the content of heavy aromatics (tri- and tetra+ condensed aromatic rings). The yield of the least valuable product from the VGO conversion processes—the unconverted VGO (bottoms) product—is defined by the content of heavy aromatics because it is difficult to crack [7,29]. Considering that the conversion level and the yields of valuable products from the VGO conversion processes depend on the contents of the saturates, aromatic carbon and heavy aromatics we investigated the properties of 74 VGOs published in the open literature [2,3,4,15,30,31,32,33,34,35,36,37,38,39,40]. The studied VGOs had been characterized by HPLC-MS (high-performance liquid chromatography-mass spectrometry), NMR (nuclear magnetic resonance), SARA (saturates, aromatics, resins, asphaltenes) analysis and the typical physicochemical properties like density, distillation, refractive index, etc. We employed the different empirical models published in the literature and examined their capability to predict the contents of the saturates, aromatic carbon and heavy aromatics in the VGO based on the physicochemical properties which are routinely measured in any petroleum refinery. We made improvements in the correlations where it was necessary and developed a new correlation to predict the saturate content from the VGO physicochemical properties. The aim of this work is to discuss the results of our study.




2. Materials and Methods


A total of 74 vacuum gas oils characterized by HPLC-MS, NMR, SARA analysis and density, refractive index, aromatic carbon content, hydrogen content, molecular weight as reported in [2,3,4,15,33,34,35,36,37,38,39,40] were used in this study (Table S1 from Supplementary material). The empirical models evaluated in this research are summarized below:



2.1. Determination of Content of Paraffinic Carbon, Naphthenic Carbon and Aromatic Carbon by the n-d-M (ASTM D-3238)


The n-d-M method was originally developed by Van Nes and van Westen [41] and relates the structural group composition determined by the use of NMR in terms of the contents of paraffinic, naphthenic and aromatic carbon to three oil physical properties: refractive index, density and molecular weight. That is why it is called n-d-M method. The n-d-M method does not directly give the composition of vacuum gas oils in terms of paraffins, naphthenes and aromatics. It predicts the distribution of carbon in the paraffins (CP), naphthenes (CN) and aromatics (CA) of studied VGOs. The following equations are used for the estimation of CP, CN and CA:


   C A  = a v + 3660 / M W  



(1)






   C N  =  C R  −  C A   



(2)






   C N  =  C R  −  C A   



(3)







Equations (1)–(3) include parameters a, v, w and CR, which are estimated by Equations (4)–(7). Equations (4)–(7) are summarized below:


     v = 2.51   R I − 1.475   −   d − 0.851         a = 430       i f   v > 0       a = 670     i f   v < 0     



(4)








   w =   d − 0.851   − 1.11   R I − 1.475     



(5)






      i f   w > 0        C R  = 820 w − 3 S + 10000 / M W      



(6)






      i f   w < 0        C R  = 1440 w − 3 s +   10600   M W        



(7)





The property range of the n-d-M method as specified in ASTM D-3228 is given below:




	
%CA: 2.7 to 34.6



	
%CN: 23.7 to 47.2



	
%CP: 32.3 to 68.6



	
RA: 0.12 to 1.69



	
RN: 1.61 to 2.90



	
RT: 1.73 to 3.77









2.2. Determination of Content of Paraffinic (P), Naphthenic (N) and Aromatic (A) Portions by API Procedure 2B4.1 and 3


API adopted the methods developed by Riazi and Daubert for the prediction of the content of paraffinic, naphthenic and aromatic portions on the basis of data from distillation characteristics, specific gravity, molecular weight (MW) and carbon to hydrogen ratio. Riazi found that the n-d-M method gives high errors in the prediction of the composition of petroleum fractions [42]. For that reason, Riazi and Daubert developed a set of correlations for molecular type analysis [19]. The API Procedure for predicting the composition of heavy petroleum fractions with MW > 200 presented in Equations (8)–(10) was used in this study:


  P = 193.82 + 0.74855 m − 19.966 C H  



(8)






  N = − 42.260 − 0.777 m + 10.7625 C H  



(9)






  A = 100 − P − N  



(10)







Parameters m and CH of the investigated VGOs were calculated using the following forms:


  m = M W   R I − 1.4750    



(11)






  C H =  C H   



(12)







Refractive index of studied VGOs was predicted by using the following equations:


  R I =       1 + 2 I   1 − I        1 2     



(13)






  I = 1.8422 ×   10   − 2   exp   11.6352 ×   10   − 4    T b  + 5.144 S G − 5.92 ×   10   − 4    T b  S G    T b     − 0.4077   S  G  − 3.333    



(14)







The property range of the methods developed by Riazi and Daubertas specified in [19] is given below:




	
%P: 10.2 to 81.0



	
%N: 13.3 to 63.9



	
%A: 0 to 44.3








The property range of Riazi and Daubert correlations is wider than that of the n-d-M method.




2.3. Determination of Refractive Index, Aromatic Carbon and Hydrogen Content by the Total Method


The Total method was originally developed by Dhulesia to predict the aromatic carbon content, hydrogen content and refractive index of fluid catalytic cracking feedstocks [25]. Since the n-d-M method and API procedure were developed mainly on data from lower boiling fractions, the Total method was developed on data from some heavy feeds [21]. This method uses the values of specific gravity, molecular weight, sulfur content, viscosity at 98.9 °C and distillation according to ASTM D1160. Equations (15)–(18) describe the Total method that was used for estimation of the characteristic parameters of the VGOs under study.


   C A  = − 814.136 + 635.192 R I − 129.266 S G + 0.013 M W − 0.340 S − 6.872 ln   V I S    



(15)






  H = 52.825 − 14.260 R I − 21.329 S G − 0.0024 M W − 0.052 S + 0.757 ln   V I S    



(16)






  R I = 1 + 0.8447 S  G  1.2056       T + 273.16     − 0.0557   M  W  − 0.0044    



(17)






  T =    T  10   +  T  30   +  T  50   +  T  70   +  T  90     / 5  



(18)







Viscosity at 98.9 °C of studied VGOs was calculated by using the Abbott et al. correlation [30] employing the following equations:


  l o g V I S = − 0.463634 − 0.166532   A P I   + 5.13447 ×   10   − 4       A P I    2  − 8.48995 ×   10   − 3    K W    A P I    



(19)






  F =   8.0325 ×   10   − 2    K W  + 1.24899   A P I   + 0.19768     A P I    2      A P I   + 26.786 − 2.6296  K W     



(20)







The range of properties of the Total method as specified in [25] is given below:




	
%CA: 1.2 to 51.6



	
%H: 9.6 to 14.58



	
SG: 0.8335 to 1.0133



	
RI: 1.4459 to 1.5681



	
T10%, °C: 27 to 478



	
T50%, °C: 385 to 504



	
Viscosity at 98.9 °C, mm2/s: 3.6 to 41.8









2.4. Determination of Hydrogen Content and Molecular Weight by the Method of Goosens


Goosens highlighted the importance of accurate hydrogen content prediction of petroleum fractions, which is used as input in the kinetic models that simulate and optimize the performance of conversion processes like steam cracking and catalytic cracking [22]. He reported that while Dhulesia’s method exhibited a 1% average deviation in hydrogen prediction of FCC feeds, Goosens’ method achieved a standard deviation of only 0.3% in predicted wt.% hydrogen for the full practical range of oil fractions for olefin manufacture. [22]. Goosens’ method requires data on the refractive index, density and distillation characteristics of VGOs to predict hydrogen content [22]. It is inferred from the concept of the molar additivity of the structural contributions of the carbon types in the average hydrocarbon molecule. The following equations were used to calculate the molecular weight and hydrogen content of the studied VGOs:


  M W = 0.010770  T b     [  1.52869 + 0.06486 ln      T b    1078 −  T b       ]   / d  



(21)






  H = 30.346 −   65.341 R I  d  +   82.952  d  − 306 M W  



(22)







The property range of Goosens’ method as specified in [22,23] is given below:




	
MW, g/mol: 84 to 459 [22]; 76 to 1685 [23]



	
%H: 12.18 to 15.64



	
d, g/cm3: 0.6775 to 0.9292 [22]; 0.63 to 1.08 [23]



	
RI: 1.3832 to 1.5141









2.5. Determination of Aromatic Carbon and Hydrogen Content by the Conoco Philips Method (COP)


The COP method can accurately predict the carbon aromatic and hydrogen contents of heavy petroleum fractions, employed as feeds for fluid catalytic cracking and hydroprocessing, on the basis of routine analysis data—the specific gravity and T50% (°F). It was developed to accurately estimate aromatic carbon and hydrogen content for the entire heavy petroleum range [21]. In contrast to the Total method that was based on 33 petroleum samples, the COP method was developed based on 354 heavy petroleum samples [21].



Equations (23) and (24) were used to estimate the aromatic carbon and hydrogen content of investigated VGOs.


   C A  = 292.1 S G − 0.043  T  50  F  + 35.2  



(23)






  H = − 26.25 S G + 0.0013  T  50  F  + 35.2  



(24)







The property range of the COP method as specified in [21] is given below:




	
%CA: 14.0 to 75.0



	
%H: 8.2 to 13.1



	
API (SG): −2.7 to 28 (0.887 to 1.098)



	
RI: 1.485 to 1.660



	
T10%, °C: 277 to 418



	
T50%, °C: 354 to 546








This investigation has also evaluated the refractive index correlations reported by Stratiev et al. in [31,32], Equations (25) and (26).


  R  I  L N B   = 0.702091  d  15   − 0.00011  T  50   + 0.91493    



(25)






  R I = 0.77887  d  15   + 0.80065  



(26)







The property range of the Stratiev et al. method as specified in [30,31] is given below:




	
RI: 1.4747 to 1.6538



	
T50%, °C: 243 to 475



	
d15, g/cm3: 0.8630 to 1.0971









2.6. Aromatic Ring Index (ARI), Developed by Abutaqiya et al. Is a Characterization Factor, Which Is a Function of Molecular Weight and Refractive Index and Is Used to Estimate the Average Aromatic Ring Numbers in the Average Hydrocarbon Structure of the Investigated Vacuum Gas Oils. ARI Is Estimated by Equations (27) and (28)




  A R I = f   M W ,  F  R I     =   2 [   M W    F  R I       – ( 3.5149 M W + 73.1858 }   ( 3.5074 M W − 91.972 −   3.5149 M W + 73.1858      



(27)




where,



MW = molecular weight of EBVRHC heavy oils, g/mol;



FRI = function of refractive index


   F  R I   =    n  D 20  2  − 1    n  D 20  2  + 2      



(28)




where, nD20 = refractive index at 20 °C [26,27].



The methods discussed in this section describe the complex mixture, which is the VGO, in terms of average structural features of the molecules, that is, groups of carbon and/or hydrogen types, in contrast to the compound group. These methods do not provide information in terms of compound types such as saturates, aromatics, mono, di, tri and four plus aromatics. Compound group type methods are based on mass spectrometry (MS) [43]. It was shown in our earlier research [31] that the content of saturates and mono-nuclear aromatics measured by MS can be reasonably well predicted by the empirically estimated aromatic carbon and hydrogen content. However, the property range of variation of the VGOs employed in [31] was narrower than that used in this study. The variation of hydrogen content in our recent investigation [31] was between 7.6 and 13.6 wt.% and that of aromatic carbon content was between 4.3 and 73.5 wt.%.





3. Results


3.1. Evaluation of VGO Property Relations and Predictions of the Empirical Models and Development of New Empirical Models


Table 1 summarizes the range of variation of the evaluated vacuum gas oils. It is evident from these data that the range of variation in the composition and in the physical and chemical properties is very big and is wider than the property ranges for the empirical models discussed in the Materials and Methods section. Therefore, it could be considered representative enough for the purpose of the investigation of the vacuum gas oil properties’ relations. Inter-criteria analysis (ICrA) was employed to search for statistically significant relationships between different VGO properties. The reader can find more information concerning the application of ICrA in our recent studies [7,44]. ICrA defines the relations between the studied criteria (parameters) in terms of intuitionistic fuzzy pairs 〈μ, ν〉 [7,44]. Depending on the values of μ, ν seen in pair, positive consonance, negative consonance and dissonance between any pair of criteria (parameters) can be defined. Values of μ = 0.75 ÷ 1.00 and ν = 0.00 ÷ 0.25 denote a statistically meaningful positive relation, where the strong positive consonance is exhibited at values of μ = 0.95 ÷ 1.00, ν = 0.00 ÷ 0.05 and the weak positive consonance is exhibited at values of μ = 0.75 ÷ 0.85, ν = 0.15 ÷ 0.25. Respectively, the values of negative consonance with μ = 0.00 ÷ 0.25 and ν = 0.75 ÷ 1.05 represent a statistically meaningful negative relation, where the strong negative consonance exhibits values of μ = 0.00 ÷ 0.05, ν = 0.95 ÷ 1.00 and the weak negative consonance exhibits values of μ = 0.15 ÷ 0.25, ν = 0.15 ÷ 0.25. All other cases are characterized as dissonance [7,44].



Table 2 presents the statistically significant relations quantified by μ-value of ICrA for the evaluated vacuum gas oils. The data in Table 2 indicate that density strongly negatively correlates with hydrogen content (μ = 0.02), H/C atomic ratio (μ = 0.03) and strongly positively with refractive index (μ = 0.98). The density intermediately negatively correlates with saturate content (μ = 0.07) and intermediately positively with aromatic carbon content (μ = 0.91) and weakly positively with di-nuclear aromatic hydrocarbons (μ = 0.76). These data confirm that density is a property that well describes aromaticity and hydrogen deficiency as already reported in our recent studies [44,45]. Kw-factor strongly negatively correlates with the aromatic carbon content (μ =0.05) and strongly positively with H/C atomic ratio (μ = 0.96). This finding is in line with the results reported in our recent research [46] showing that the Kw-factor correlates with the aromaticity of petroleum and petroleum products. Hydrogen content strongly negatively correlates with aromatic carbon content (μ = 0.02) and with refractive index (μ = 0.02). The hydrogen strongly positively correlates with the aniline point and intermediately positively correlates with the saturate content. The refractive index strongly negatively correlates with the aromatic carbon content. These data show that density, refractive index and hydrogen content strongly correlate with the aromatic carbon content and they also correlate with each other. Figure 1 exemplifies these correlations. They were used to estimate some of the properties employed in Equations (4) and (5). The relationship between density and refractive index shown in Figure 1b was juxtaposed against the correlations predicting refractive index reported in [20,25,31,32]. Table S4 from Supplementary material presents a comparison between measured and predicted by the empirical correlations refractive index: Equations (13), (19), (31), (32) and Figure 1b. It is evident from these data that the average absolute deviation increases in the order: Equation (30) (AD = 0.0044) < Equation (19) (AD = 0.0047) < Equation (Figure 1b; AD = 0.0078) < Equation (31) (AD = 0.0094) < Equation (13) (0.0104). Based on these data one may conclude that density and T50% are the VGO characteristics that best describe the refractive index.



Table S5 from Supplementary material exhibits a comparison between the measured and predicted hydrogen content in VGOs of different origins by the empirical correlations studied in this work. It is evident from these data that the average absolute deviation increases in the order: (H, COP correlation; Equation (16); AD = 0.05 wt.%) < (Figure 1d; AD = 0.11 wt.%) < (H, Dhulesia; Equation (16); AD = 0.34 wt.%) < (H, Goosens, Equation (22); AD = 0.43 wt.%). It could be concluded here again that density and T50% are the VGO characteristics that best describe the hydrogen content.



The data from Table S1 from Supplementary material were used to develop two more correlations of predictions of VGO aromatic carbon content, by employing multiple linear regression. They are summarized below as Equations (29) and (30):


     C A  = 168.2 − 11.2109 H − 0.02552 M W    R 2  = 0.981    



(29)






     C A  = − 245.8 − 0.07053  T  50   + 325.6533  d  15      R 2  = 0.966    



(30)







The property range for Equations (29) and (30) are as follows: CA = 4.4 to 82 wt.%; H = 6.88 to 13.7 wt.%; d15 = 0.864 to 1.102 g/cm3; T50% = 369 to 690 °C.



Table S6 from Supplementary material shows a comparison between measured and predicted aromatic carbon content by the empirical correlations of Dhulesia [25] and Choudhary (COP) [21], Figure 1c, Equations (32) and (33). These data show that the average absolute deviation increases in the order: (Equation (32); AD = 2.1 wt.%) < (Equation (33); AD = 2.8 wt.%) < (Figure 1c; AD = 3.1 wt.%) < (COP, Equation (23); AD = 3.4 wt.%) < (Dhulesia; Equation (15); AD = 7.5 wt.%). The most accurate is the prediction of VGO CA content from the information on the hydrogen content, the molecular weight and Equation (32), followed by information on the density and T50% and Equation (33). Here, again the significance of density and T50% of VGO for its characterization is highlighted by modeling the aromatic carbon content prediction.



Table 3 summarizes the range of variation of the contents of aromatic carbon, hydrogen, paraffinic carbon, naphthenic carbon, aromatic parts, naphthenic parts, paraffinic parts and aromatic ring index. It is worth noting here that the n-d-M method reports negative values for aromatic carbon (DQ-VGO, sample Nr.40 from Table S1 from Supplementary material), naphthenic carbon contents (Visbroken, sample Nr.18 from Table S1 from Supplementary material), the API method reports a negative value for the content of paraffinic parts (DQ-VGO, sample Nr.40 from Table S1 from Supplementary material); (DG-CGO, sample Nr.41) and (FCC SLO (CLO-15), sample Nr. 56). These findings support the reasoning of Choudhary and Meier [21] that the n-d-M method and API procedure, due to their development being based mainly on data for lower boiling factions, are expected to be less accurate. Nevertheless, the n-d-M method has been used in several studies on the reactivity of FCC feedstocks to characterize the heavy oils [5,7,47,48]. The data from this study suggest that the n-d-M method and API procedure cannot be employed for the characterization of the whole range of investigated vacuum gas oils, because a negative value for the content of any component has no physical meaning. All three methods for the prediction of aromatic carbon content, as well as the ARI, report negative values. It was found that the negative value for the aromatic carbon content and ARI is reported for the DQ-VGO [36] (see Table S2 from Supplementary material). However, if we calculate the number of carbon and hydrogen atoms employing the formulas (31) and (32) we can get the following empirical composition for DQ-VGO—C30H66.


   N C  =   C a r b o n   c o n t e n t   100   *   M W   12    



(31)






   N H  =   H y d r o g e n   c o n t e n t   100   *   M W  1   



(32)







This empirical composition for DQ-VGO is very close to that of Triacontane (C30H62) whose physical properties like density = 0.81 g/cm3, molecular weight = 423 g/mol [49] and boiling point 450 °C) are very close to those of DQ-VGO (density = 0.801 g/cm3 and molecular weight = 426 g/mol (see Table S1 from Supplementary material)). Based on these facts one may suggest that the saturate content of DQ-VGO should be 100%, and the content of aromatic carbon should be zero. Instead, the reported content of saturates for the DQ-VGO is 83.0 wt.%. In our earlier researches [44,45] we employed the non-linear least squares method to model the function of aromatic structure contents of vacuum residual oils and crude oils from density. In this way, the density at zero aromatic structure content was modeled for the vacuum residual oils and crude oils. The model developed was used as a tool for detecting incorrect results from SARA analysis of vacuum residual oils [44]. We decided to apply the same approach to model the dependence of aromatic structure content on the density of vacuum gas oils using another set of data for density and aromatic structure (aromatics + resins + asphaltenes fractions) content of 144 VGOs taken from the literature source [50]. This data set is given in Table S3 from Supplementary material and covers VGOs having density = 0.8521 to 1.1279 g/cm3 and aromatic structure content = 9.3 to 99.2 wt.%. These data were processed by the non-linear least squares method to construct the function f1 of VGO aromatic structure content from the VGO density such that:




	
The function f1 is monotonically increasing.



	
There exists a point x0 in the interval [0.8, 0.9 g/cm3] such that f1(x0) = 0 (aromatic structure content = 0). (This interval was defined by the value for density of triacontane (C30H62).



	
f1(x) < 100 for all x ∈ [x_0, ∞].



	
The function f1 approximates data xi (density), yi (aromatic structure content) from the data in Table S3 from Supplementary material (mentioned above).








As model function f1 we consider logistic function in the form


   f 1    x ;  a 1  ,  b 1  ,  c 1  ,  d 1    =   100    c 1  +  a 1  exp   −  b 1  x     −  d 1   



(33)







Here a1, b1, c1 and d1 are constant. Let us set (x0 is any real number)


   d 1  =   100    c 1  +  a 1  exp   −  b 1   x 0       



(34)







Then, obviously    f i     x 0    = 0  .



Therefore, we have to solve the following min-min problem


    m i  n   x 0    { m i  n   a 1  ,  b 1  ,  c 1    {    ∑   i = 1   107        y i  −  f 1     x i       2   } + m i  n   a 2  ,  b 2  ,  c 2    {    ∑   i = 1   21        y i  −  f 2     x i       2   }       + m i  n   a 3  ,  b 3  ,  c 3    {    ∑   i = 1   20        y i  −  f 3     x i       2   } }    



(35)







We use the computer algebra system Maple (and GlobalOptimization Toolbox) to solve numerically the obtained non-linear min-min problem. As a global search algorithm, we used a differential evolution method, see [51] and references therein.



The following expression was obtained for the VGO aromatic structure content dependence on VGO density for the data from Table S3 from Supplementary material (Equation (36)):


  A R O =   100   0.4426 + 547.9  e  − 8.719   d   − 113.1  



(36)







Figure 2a illustrates a graph of the dependence of VGO aromatic structure content on density. The dotted lines are the values predicted by Equation (39) for the aromatic structure contents for the 144 VGOs. The zero content of the aromatic structures obtained from Equation (39) was found to correspond to the VGO density of 0.817 g/cm3. This value was obtained from the solution of Equation (39). This value is close to the density of Triacontane and therefore could be considered reliable. The data in Figure 2b indicate different shapes of the three curves describing the relationship of density to the aromatic structure content for crude oils, VGOs and vacuum residues at densities lower than 1.02 g/cm3. Zero aromatic structures were found to correspond to density of 0.750 g/cm3 for crude oils [45], 0.817 g/cm3 for VGOs and 0.881 g/cm3 [44] for vacuum residues. At densities higher than 1.02 g/cm3 the dependence of aromatic structure content on density becomes equal for the three studied oils: crude oils; VGO and vacuum residue and the slope of increase of aromatic structure content decreases with the enhancement of density. This suggests that the augmentation of density at a value above 1.02 g/cm3 is associated with the magnification of the content of the aromatic structures having a higher number of condensed rings, without a significant increase of the total content of aromatic structures. An evaluation of the content of the aromatic structures with a higher number of condensed rings could be obtained by the use of the ARI model [26,27]. The verification of the good fit of ARI to the number of aromatic rings in hydrocarbons and in vacuum gas oils (fluid catalytic cracking slurry oils (FCC SLOs); data taken from Ref. [38]) is illustrated in Figure 3a,b. As apparent from the data in Figure 3b, one sample of FCC SLO deviates from the regression line (Sample Nr 56 from Table S1 from Supplementary material). The same sample exhibited the biggest absolute deviation in aromatic carbon prediction by Equation (15) (AD = 21.7 wt.% (Dhulesia), Equation (23) (AD = 15.0 wt.%) (COP), Equation (29) (AD = 11.1 wt.%) and Equation (30) (AD = 13.4 wt.%). This implies some kind of unusual behavior of Sample Nr. 56 that is difficult to explain in this study. Keeping in mind that 100-aromatic structure content equals the saturate content, Equation (36) was used to predict saturate content of the studied VGOs from Table S1 from Supplementary material. Figure 4a shows the agreement between measured and estimated VGO saturate content to be 100 according to Equation (36). The average absolute deviation is 5.6 wt.% with the biggest absolute deviation observed for DQ-VGO (AD = 24.9 wt.%). By the use of multiple linear regressions of the data obtained by subtraction from 100% Equation (36) and the ARI, the following correlation was developed:


    V G O   S a t u r a t e s = − 1.867 + 0.9103   100 − A R O   + 9.3398 A R  I  − 2      R 2  = 0.933    



(37)




where,



VGO saturates = VGO saturate content, wt.%;



ARO = VGO aromatic structure content, estimated by Equation (36);



ARI = Aromatic ring index



Equation (37) was developed for the following VGO property range: d15 = 0.8010 to 1.1023 g/cm3; ARI = −1.6 to 3.6; saturate content = 0.8 to 90.1 wt.%.



Figure 4b presents the agreement between the measured and calculated VGO saturate contents by Equation (37). It is evident from the data in Figure 1 that Equation (37) predicts the VGO saturate content better (average absolute deviation of 4.1 wt.%) than Equation (36). This could be ascribed to the inclusion of ARI in the regression implying that the ARI is an important parameter in the characterization of VGOs. Table S7 from Supplementary material presents detailed data on the measured and predicted VGO saturate contents by Equations (36) and (37) and their absolute deviations. Considering that the reproducibility of measurement of the saturate content of heavy oils according to ASTM D 2007 is 7.8 wt.% [52], one can see that four predictions out of 37 are outside of that limit for Equation (40) (10.8%). For Equation (36), the predictions outside of the reproducibility limit for VGO saturate content measurement are eight. However, if we assume that saturate content in DQ-VGO is 100%, due to the reasons explained beforehand, the number of predictions falling outside the reproducibility limit would become three out of 37 (8.1%). The verification of the correctness of measurement of saturate content of FCC SLO (sample Nr 57 from Table S1 from Supplementary material) by juxtaposing its hydrogen content against the relation established for FCC slurry oils (data extracted from Ref. [38]), shown in Figure S1, indicates that this FCC SLO should have saturate content of 19 wt.%. This value almost completely coincides with that predicted by Equation (37)—19.4 wt.%. Therefore, an assumption can be made that the saturate content of FCC SLO (sample Nr 57 from Table S1 from Supplementary material) might be wrong.



Concerning the heavy aromatic content (tri + condensed aromatics) prediction it was found that it correlates with the aromatic carbon content. However, two VGO groups were identified to obey different dependencies: the FCC slurry oils and the remaining VGOs. Figure 5a indicates the relationship between aromatic carbon content and heavy aromatic content for FCC slurry oils, which is described by a second-order polynomial. Figure 5b exhibits the relationship between aromatic carbon content and heavy aromatic content for VGOs different from FCC slurry oils, which is described by a linear function. The content of heavy aromatics specifies the part of the VGO that, during thermal and catalytic cracking, will define the yield of unconverted VGO, that is, the product with the lowest value as reported in our recent study [53].




3.2. Validation of the Developed Model for Prediction of VGO Saturate Content


Two very different vacuum gas oils: hydrocracked VGO from a hydrocracking unit, which processes Urlas VGO, and FCC slurry oil from LUKOIL Neftohim Burgas refinery were analyzed for their hydrocarbon group composition according to the SARA method described in [54]. Their properties along with the SARA analysis data and estimated saturate contents are summarized in Table 4.



The FCC slurry oil sample was initially analyzed for the determination of the SARA composition by the method described in [54] but without using the refractive index for specifying the separation between saturates and aromatics. This way of action in measuring the SARA composition of heavy oils was also practiced in our earlier study [55] in order to shorten the time for the performance of SARA analysis from four to three days. The saturate content predicted by Equation (40) and that of the first FCC SLO SARA analysis exhibited a difference of 38.6 wt.%, which was far from the repeatability limit of ±2 wt.% for this method. Another SARA analysis of this FCC SLO was performed and the difference between the saturate content predicted by Equation (37) and that of the second FCC SLO SARA analysis was already within the repeatability limit (1.4 wt.%). In the second SARA analysis of that FCC SLO, the separation between saturates and aromatics was identified by refractive index measurement as described in [54]. The difference between the measured and estimated by Equation (37) saturate contents of the hydrocracked VGO was also within the repeatability limit (−1.5 wt.%). This is an indicator that Equation (40) can be used to predict VGO saturate content from density, molecular weight and refractive index and also for the verification of the correctness of the performance of the SARA analysis. In the case of missing data for the molecular weight or refractive index T50%, Equation (30) can be used to estimate the refractive index and the molecular weight reported by the correlations reported in [23,56,57].



The characterization of petroleum fractions by empirical models, which relate the oil bulk physicochemical properties to the content of important structural parameters, has been developed for the last 70 years (from 1951 [41] with the n-d-M method to 2021 with ARI [27]. They have proved their usefulness in predicting VGO reactivity and product selectivity in the processes of catalytic and thermal cracking [5,7,17,47,48] and in the modeling of the most complex petroleum compounds—the asphaltenes [27]. Over the years improvement in the predictions of the content of the VGO characterizing parameters has been registered [19,21]. It has also been shown that the empirical models are capable of predicting VGO compound content in [31] and in this work. Unfortunately, the empirical models can prove their accuracy in prediction for the property range of variation for which they have been developed but outside of this range, a failure in the prediction is possible because the type of the mathematical expressions can be different for the new property range. This was also observed in this work, registering negative values for DQ-VGO aromatic carbon content and ARI. This implies that further improvement in the predictions is required by widening the range of property variation and involving new characterizing factors and possibly new mathematical techniques.





4. Conclusions


The structural information about vacuum gas oils with a very wide range of variation of saturate content between 0.8 and 93.1 wt.% can be obtained by empirical models and a combination of two main physicochemical properties: density and T50%. From these properties refractive index, molecular weight, hydrogen and aromatic carbon contents, the number of aromatic rings in the average molecular structure and saturate content can be derived.



	
The aromatic ring index developed by Abutiqiya et al. [26,27] was confirmed to properly predict the actual aromatic ring numbers of individual hydrocarbons and fluid catalytic cracking slurry oils characterized by NMR.



	
The use of a logistic function and employment of nonlinear least squares method along with ARI allows prediction of the VGO saturate content by the newly developed correlation in this work.



	
The content of heavy aromatics was found to correlate with the aromatic carbon content.



	
The dependence of heavy aromatic content on the aromatic carbon content was found to differentiate between FCC slurry oils and other VGOs.



	
The relationship of aromatic carbon content with heavy aromatic content for FCC slurry oils can be predicted by a second-order polynomial, while that of the remaining VGOs can be predicted by a linear function.



	
The empirical models developed in this study can be used not only for obtaining the valuable structural information necessary to predict the behavior of the VGOs in the conversion processes but can also be applied for the detection of incorrectly performed SARA analyses.



	
In the current study, it was shown that the two physical properties, density and T50%, and the ARI estimated on their base along with empirical modeling are capable of predicting the contents of saturates and heavy poly-nuclear (tri-nuclear plus) aromatics in vacuum gas oils with reasonable accuracy.
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Abbreviations


List of symbols and abbreviations used



	API
	API gravity



	ARI
	Aromatic ring index



	C
	Carbon content, wt. %



	CA
	Aromatic carbon content, %



	CH
	Carbon to hydrogen ratio



	CN
	Naphthenic carbon content, %



	Cp
	Paraffinic carbon content, %



	d
	Density at 20 °C, g/cm3



	d15
	Density at 15 °C, g/cm3



	FRI
	Function of refractive index



	FCC SLO
	Fluid catalytic cracking slurry oil



	H
	Hydrogen content, wt.%



	I
	Refractive index parameter



	Kw
	Watson K factor



	m, v, w, CR
	Parameters



	MW
	Molecular weight



	nD20
	Refractive index at 20 °C



	RI
	Refractive index at 20 °C



	S
	Sulfur content, wt.%



	SG
	Specific gravity



	Tb
	Normal boiling point or 50 wt.% TBP, K



	T50
	50% boiling point, °C



	T50F
	50% boiling point, °F



	VGO
	Vacuum gas oil



	VIS
	Viscosity at 98.9 °C (210 °F), cSt
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Figure 1. Strong correlations between density and hydrogen content (a) and refractive index (b), between hydrogen and aromatic carbon contents (c) and between refractive index and hydrogen content (d). 
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Figure 2. Dependence of the VGO aromatic structure (aromatic, resin + asphaltene fractions) content on VGO density (a) and dependence of aromatic structure content on crude oils, vacuum residual oils and VGO predicted by the use of the non-linear least squares method and reported in [40,41] (b). 
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Figure 3. A comparison between the estimated by Equation (25) [26,27] aromatic ring index (ARI) and the actual aromatic ring numbers of benzene, naphthalene, phenantrene, pyrene, benze(a)pyrene and perylene (a) and a comparison between estimated ARI and the average aromatic ring numbers of fluid catalytic cracking slurry oils measured by NMR analysis (data taken from Ref. [38]) (b) Reprinted with permission from [Mondal, S.; Yadav, A.; Kumar, R.; Bansal, V.; Das, S.K.; Christopher, J.; Kapur, G.S. Molecular-level structural insight into clarified oil by nuclear magnetic resonance (NMR) spectroscopy: Estimation of hydrocarbon types and average structural parameters. Energy Fuels 2017, 31, 7682–7692, doi:10.1021/acs.energyfuels.7b00994.] Copyright [2017, AMERICAN CHEMICAL SOCIETY/COPYRIGHT AMERICAN CHEMICAL SOCIETY]. 
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Figure 4. Agreement between predicted and measured saturate content by Equation (36) (a) and by Equation (37) (b). 
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Figure 5. Dependence of heavy aromatic (tri + condensed aromatics) content on aromatic carbon content for FCC slurry oils (a) and VGOs different from FCC slurry oils (b). 
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Table 1. Range of variation in the properties of the studied vacuum gas oils.
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	Min
	Max





	Density at 15 °C (g/mL)
	0.801
	1.065



	Kw
	10.72
	13.47



	MW
	258
	715



	Kin. viscosity at 100 °C
	2.6
	161.66



	T50%
	369
	620



	CCR, wt.%
	0
	11



	Hydrogen content (wt.%)
	6.88
	15.59



	H/C atomic ratio
	1.03
	2.23



	Total Nitrogen Content (wppm)
	0
	4122



	Basic Nitrogen Content (wppm)
	0.5
	1543



	Sulphur %
	0.0008
	4.6



	Aromatic Carbon Content, wt.%
	4.4
	82



	Aniline Point, °C
	33.1
	99.8



	Refractive Index at 20 °C
	1.4747
	1.5695



	Saturates
	0.8
	90.1



	Paraffins
	0
	35.2



	Cyclo-paraffins
	16.7
	68.4



	Aromatics
	9.3
	99.2



	mono-ARO
	6.87
	31.3



	di-ARO
	0.7
	42.56



	tri-ARO
	0.1
	45.33



	tetra- and greater ARO
	0.5
	74.94



	Aromatic Sulfur
	0.1
	10.7



	Polar Compounds
	0.7
	15.2










[image: Table] 





Table 2. μ-value of the ICrA evaluation of relationships between properties of the studied vacuum gas oils from different origins.
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D15

	
Kw

	
VIS100

	
H

	
H/C

	
CA

	
AP

	
RI

	
Sat.

	
Aro

	
Tri-Aro

	
4+ARO






	
D15

	
1.00

	

	

	

	

	

	

	

	

	

	

	




	
Kw

	
0.12

	
1.00

	

	

	

	

	

	

	

	

	

	




	
CCR

	
0.52

	
0.49

	
0.97

	

	

	

	

	

	

	

	

	




	
H

	
0.02

	
0.92

	
0.38

	
1.00

	

	

	

	

	

	

	

	




	
H/C

	
0.03

	
0.96

	
0.33

	
1.00

	
1.00

	

	

	

	

	

	

	




	
CA

	
0.91

	
0.05

	
0.05

	
0.02

	
0.03

	
1.00

	

	

	

	

	

	




	
AP

	
0.07

	
0.85

	
0.28

	
0.96

	
0.94

	
0.08

	
1.00

	

	

	

	

	




	
RI

	
0.98

	
0.10

	
0.27

	
0.01

	
0.01

	
0.04

	
0.06

	
1.00

	

	

	

	




	
Sat.

	
0.07

	
0.70

	
0.49

	
0.92

	
0.85

	
0.12

	
0.85

	
0.09

	
1.00

	

	

	




	
Par.

	
0.19

	
0.35

	
0.50

	
0.74

	
0.84

	
0.46

	
0.68

	
0.32

	
0.78

	

	

	




	
Naph.

	
0.30

	
0.64

	
0.36

	
0.61

	
0.56

	
0.26

	
0.71

	
0.34

	
0.76

	

	

	




	
Aro

	
0.46

	
0.20

	
0.32

	
0.38

	
0.40

	
0.51

	
0.07

	
0.63

	
0.24

	
1.00

	

	




	
DI-Aro

	
0.76

	
0.22

	
0.20

	
0.03

	
0.20

	
0.50

	
0.15

	
0.04

	
0.47

	
0.28

	

	




	
Tri-Aro

	
0.50

	
0.30

	
0.03

	
0.51

	
0.40

	
0.74

	
0.33

	
0.55

	
0.40

	
0.67

	
1.00

	




	
4+ARO

	
0.40

	
0.38

	
0.22

	
0.20

	
0.32

	
0.89

	
0.29

	
0.78

	
0.28

	
0.78

	
0.84

	
1.00




	
Polars

	
0.60

	
0.36

	
0.72

	
0.40

	
0.42

	
0.46

	
0.49

	
0.56

	
0.34

	
0.53

	
0.19

	
0.31




	
Heavy ARO

	
0.62

	
0.27

	
0.21

	
0.27

	
0.42

	
0.87

	
0.13

	
0.70

	
0.31

	
0.76

	
0.93

	
0.98








Note: The figures in bold concern statistically meaningful relations.
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Table 3. Range of variation in the empirically predicted VGO characterizing parameters.
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	Min
	Max





	CA (ndM)
	−34.2
	84.2



	CN (ndM)
	−6.2
	70.7



	CP (ndM)
	11.0
	66.2



	P (API)
	−31.1
	75.3



	N (API)
	4.9
	88.0



	A (API)
	3.5
	45.2



	Hydrogen content, wt. (Goosens)
	7.2
	17.8



	Hydrogen content, wt.% (COP)
	6.3
	15.2



	CA, wt.% (COP)
	−12.4
	108.7



	ARI
	−1.6
	3.6










[image: Table] 





Table 4. Properties of hydrocracked VGO and FCC SLO not included in the data from Table S1 from Supplementary material.






Table 4. Properties of hydrocracked VGO and FCC SLO not included in the data from Table S1 from Supplementary material.





	
Properties

	
Hydrocracked VGO

	
FCC SLO (1st SARA Analysis)

	
FCC SLO (2nd SARA Analysis)






	
Density at 15°C (g/mL)

	
0.8520

	
1.0826




	
T50%, °C

	
425

	
401




	
Refractive index at 20°C

	
1.4731

	
1.6349




	
Molecular weight, g/mol

	
350

	
250




	
Aromatic ring index (26, 27)

	
0.67

	
3.00




	
Hydrocarbon group composition, wt.%

	

	

	




	
Saturates

	
93.1

	
44.5

	
7.3




	
Total aromatics

	

	
50.3

	
5.8




	
Light aromatics

	
2.5

	

	
0.7




	
Middle aromatics

	
2.4

	

	
12.3




	
Heavy aromatics

	
0.9

	

	
75.8




	
Resins

	
1.1

	
2.7

	
2.1




	
Asphaltenes

	
0

	
2.5

	
1.8




	
Estimated by Equation (40) saturates content, wt.%

	
94.6

	
5.9

	
5.9




	
Deifference between measured and predicted by Equation (40) saturates content, wt.%

	
−1.5

	
38.6

	
1.4
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