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Thermochemical data of mineral oil fractions are scarce. Due to the complex struc- 
ture of natural hydrocarbon mixtures, standard heat and Gibbs free energy of formation 
depend on the sample. A procedure for predicting these properties is presented. Both 
properties depend on the hydrocarbon type and on its molecular weight. The double-bond 
equivalent (DBE) and the number of olefinic double bonds are the important character- 
ization parameters of the model. DBE can basicalEy be calculated from molecular weight 
and elemental composition. Alternative&, boiling point and atomic H/C ratio can be 
used if the model is applied to mineral oil fractions from which boiling curves can be 
obtained. A criterion for testing the reliability of the estimated DBE value is available, 
because DBE is also a function of structural group distribution. 

The relevance of the DBE concept is shown with regard to hydroprocessing of min- 
eral oil fractions. The model can be applied to total average molecules as well as to an 
arbitrary number of pseudocomponents and continuous mixtures. The difference be- 
tween feed and product DBE is equivalent to the amount of hydrogen consumed for 
hydrogenation of unsaturated hydrocarbons. Further properties of the product can be 
predicted. 

Introduction 
For process simulation of chemical reactors and complete 

plants it is vitally important to have reliable procedures for 
estimating physical, chemical, and thermochemical proper- 
ties. Very suitable methods and databases are available, for 
example, in Reid et al. (1987), when the composition of feed- 
stock and products, and the chemical reactions that are in- 
volved are known. 

In the petroleum industry complex hydrocarbon mixtures 
are involved where the number of components increases when 
the boiling range of the fractions rises. This causes a drastic 
fall in the degree of analytical identification. A complete 
analysis of crude oils has not been successful until now. The 
theoretically possible number of paraffin isomers gives an idea 
of this problem: 75 isomers with 10 carbon atoms can exist, 
so at a carbon number of 20 we may find about 366,000 
paraffin isomers, while if the carbon number is 100, the prob- 
ability of finding a specific isomer increases to 1:5.92X 
(Altgelt and Boduszynski, 1994). 

In order to calculate the properties of liquid mineral-oil 
fractions, which are mixtures of unknown composition, ade- 
quate lumping and characterization procedures are required. 
In this way a whole fraction of numberless (not infinite) com- 
ponents can be defined as a single, average component. If 
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different feedstocks are mixed, or if vapor-liquid equilibrium 
calculations have to be performed, breaking the original aver- 
age fractions down into a number of pseudocomponents im- 
proves the accuracy of the predictions. Every pseudocompo- 
nent represents a lump of numerous hydrocarbons, and each 
lumped group has to be characterized in a suitable way. 

The properties that are important for process simulations, 
such as density, viscosity, and heat capacity, are measured 
characteristics of the total fraction. In order to predict prop- 
erties of the average oil from simple measures, empirical fac- 
tors have been defined that should reflect the characteristic 
behavior of the fraction without having any fundamental 
physical or chemical meaning. These characterization factors 
are calculated from the physical properties of the total sam- 
ple. The most widely known number in the petroleum indus- 
try is the Watson Characterization Factor (Watson and Nel- 
son, 1933). Watson and Nelson noted that the Characteriza- 
tion Factor calculated as the ratio of the cube root of the 
absolute boiling point (in OR) to the specific gravity would be 
mainly constant for the paraffin hydrocarbons that boil be- 
tween 38°C and 371°C, if the averages of all the reported 
isomers are considered. This cannot be confirmed by the ex- 
perimental data available today, as is shown in Figure 1. Ap- 
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Figure 1. Characterization of mineral-oil fractions. 

plication of empirical characterization factors is limited to 
fractions, from which the required analytical data, especially 
the boiling curve, can be obtained. 

A characterization procedure is described in this article, 
which takes into account the different behavior of the hydro- 
carbon classes. The double-bond equivalent (DBE), which is 
used as a characterization factor, can basically be calculated 
from the molecular weight and elemental composition of the 
sample or from structural group analytical data. This makes 
it possible to apply the correlations even to nonboiling hydro- 
carbons, such as vacuum residues. Distillates are usually 
characterized by their boiling curve and specific gravity. When 
using these data we can estimate the molecular weight by 
means of empirical correlations, should no experimental value 
be available. 

Riazi and Daubert (1987) have shown that the average and 
the maximum errors in the prediction of molecular weight by 
the procedure of Winn (1957), Kesler and Lee (1976), and 
Twu (1984) are on the order of 6% and 25%, respectively. 
The average and maximum error of their new correlation have 
been given as 2.2% and 18.7%. The equation published by 
Sim and Daubert (1980) is based on the graphical procedure 
by Winn (1957). The same type of equation for predicting 
molecular weight from a given boiling point and specific grav- 
ity is used by Riazi and Daubert (1980a). On the basis of a 
data set that was larger than the one used in 1957, Riazi and 
Daubert (1980a) got different coefficients from those found 
by Sim and Daubert (1980). Trytten and Gray (1990) noted 
that molecular-weight data estimated by using the method by 
Sim and Daubert (1980) are at least 10% higher than mea- 
sured values. Their feedstocks were narrow-boiling fractions 
of syncrude coker gas oil, characterized by their large specific 
gravities and high content of aromatic carbon atoms. Riazi 
and At-Sahhaf (1995) recently published a correlation that 
describes the intercorrelation between molecular weight and 
boiling point of some homologous series of hydrocarbons. The 
type of equation implies that each homologous series has a 
characteristic limiting boiling point for an infinite number of 
carbon atoms. 

In this article the fundamental interconnection between 
molecular weight, the atomic H/C ratio, the number of car- 
bon atoms, and the DBE is discussed and the relevant corre- 
lations are given. In accordance with the model by Riazi and 
Al-Sahhaf (1995) defined interconnections exist between sev- 

eral properties within each homologous series. The DBE 
concept is developed on the basis of pure hydrocarbons, and 
its application to pseudocomponents and to total average 
fractions is demonstrated. 

The heat of reaction is very important in performing reac- 
tor heat balances. As long as the reactions and the compo- 
nents are well-defined, the standard heat of reaction can be 
calculated from the standard heats of formation of all the 
components involved in the reaction. Standard heat-of- 
formation data of many pure components can be found in 
databases, for example, in Reid et al. (1987) or in Perry and 
Green (1984). If the standard heat of formation of a known 
component cannot be found, its value can be approximated 
by a group-contribution method (Reid et al., 1987). 

If reactors for hydrotreating or hydrocracking of mineral 
oil fractions are simulated, the problem of predicting the heat 
of reaction becomes obvious. The typical, average values as- 
signed to the heat of reaction of hydrodesulfurization (HDS), 
hydrodenitrogenation (HDN), hydrodearomatization (HDA), 
and hydrocracking can be found in the literature (Dohler and 
Rupp, 1987; Mohanty et al., 1991a, b). Jaffe (1974) gives an 
overview concerning the heats of reaction of many different 
pure-component hydrogenation reactions that may be ap- 
plied to multicomponent feedstocks of similar structure. 

Edmister (1988) has published an equation from which the 
heat of reaction of ten endothermic petroleum refining 
processes can be estimated. Molecular weight of the feed and 
product as well as a constant that is a characteristic of each 
process, are the parameters of Edmister's correlation. Mont- 
gomery (1988) presents a method for predicting the standard 
heat and free energy of formation. The model requires reli- 
able quantitative analysis concerning the distribution into 
paraffinic, naphthenic, and aromatic components, whereas 
olefins have been neglected. The heavier the fraction, the 
greater the uncertainty of the required analysis. The pres- 
ence of aromatic-naphthenic components as well as the 
choice of the analytical separation process and detector are 
further sources of uncertainty. 

A new procedure that can predict standard heat-of-forma- 
tion data of mineral oil fractions and their pseudocompo- 
nents is presented here. The overall heat of reaction can be 
estimated based on these heats of formation. 

After analyzing the hydrogenation of the pure aromatic 
components, it is obvious that the hydrodearomatization 
reactions are equilibrium reactions (Frye, 1962; Frye and 
Weitkamp, 1969). Dohler and Rupp (19871, Yui and Sanford 
(1991), and Korsten and Hoffmann (1996) show that the HDA 
of industrial feedstock is also affected by chemical equilib- 
rium. 

In order to predict the chemical equilibrium constant, 
standard Gibbs free energy-of-formation data of the compo- 
nents are required, from which the standard free energy of 
reaction can be calculated. Even equilibrium constants of 
well-defined pure-component hydrogenations are difficult to 
predict, because only few energy-of-formation data are avail- 
able in the literature. In this article a new procedure for pre- 
dicting standard free energy of formation is presented. This 
procedure can be applied to hydrocarbon mixtures and their 
pseudocomponents. 

The DBE-concept shows good agreement between calcu- 
lated properties and data published in the literature. 

1560 June 1997 Vol. 43, No. 6 AIChE Journal 



Figure 2. Hydrocarbon characterization chart. 

Boiling Point and Molecular Weight of Pure 
Hydrocarbons 

Our intention is to make procedures available that can be 
used to predict the important properties of undefined hydro- 
carbon mixtures from properties that can easily be measured. 
In order to allow wide extrapolation with minimum risk of 
misprediction, empiricism should be reduced to a minimum. 
The fundamental basis of the characterization procedure is 
shown in Figure 2. Neglecting the group of isoparaffins, which 
have boiling points that are on average 12.4"C below the cor- 
responding n-paraffins, it is obvious that all hydrocarbons are 
within the two borders represented by the n-paraffins and 
the condensed-ring aromatics. The data of the n-paraffins up 
to C,, and the other hydrocarbons are taken from the M I  
Handbook (1994). The boiling temperature Tp in "C of the 
n-paraffins is calculated from the number of C atoms, n ,  by 
means of the correlation published by Glinzer (1985): 

Tp = 26h.5.h n -456.5 -217.37.F - - , (1) ( 2 
where F( - n/6) is the integral-exponential function: 

the boiling points calculated by Eq. 1 are with an average 
deviation of 0.18"C and a maximum error of 0.60"C, which is 
almost identical to the experimental data given in the API 
Handbook (1994). 

Characterization of Hydrocarbons by DBE 

tural formula: 
All types of hydrocarbons can be described by the struc- 

where z is the hydrogen deficiency. The DBE is defined as 
follows: 

z 
DBE = 1 - -. ( 5 )  2 

Model development 
All paraffins are characterized by DBE = 0. As is obvious 

from Figure 2, the boiling points of all the homologous series 
along the molecular weight are parallel. In the DBE charac- 
terization procedure the boiling-point curve of the n-paraf- 
fines is chosen as a reference, and the boiling point T of any 
other hydrocarbon is calculated by means of the excess tem- 
perature T,: 

T = Tp + TE, (6) 

where Tp is the boiling point of the n-paraffine with the same 
C number. The excess temperature can be calculated by the 
equation 

TE = (2.450*DBE+0.53163.DBE2) - 0, (7) 

with the parameter 

DBE - 2 - DBO 
0, = (8) I DBE-2.DBO I ' 

where DBo is the number of olefinic double bonds. The av- 
erage deviation of the 115 data sets investigated is 4.loC, and 
the maximum deviation is 9.8"C. The curves shown in Figure 
2 have been obtained from Eq. 7. If the fraction of aromatic 
carbon atoms is known, it is possible to improve the predic- 
tion further by using Eq. 9: 

T E  = (0.86681 * 0, + 0.105935 * 02 ) * 0, , (9) 
Integration of Eq. 2 delivers 

3E 1-21 (3) 

where C, is the Euler constant (C, = 0.577216). Equation 3 
decreases very rapidly with increasing C number n ,  so that 
the last term in Eq. 1 can be neglected if n 2 25. For n 2 5, 

with the structural parameter 0,: 

0, = 5 - R  + DB, + 2-DB0 (10) 

where R represents the number of rings and DB, is the 
number of double bonds in the rings. The average deviation 
from experimental data is decreased to 2.1"C, and the maxi- 
mum deviation is slightly increased to 11.8"C. 
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Figure 3. Importance of DBE in hydrocarbon characteri- 
zation (cf. Severin, 1991). 

The molecular weight of hydrocarbons can be calculated as 

M = n *Mc + 2 4 n  + 1 - DBE) - M,, (11) 

where Mc and M ,  are the molecular weight of carbon and 
hydrogen, respectively. Pedersen et al. (1989) proposed the 
following expression for estimating the molecular weight of 
high-boiling hydrocarbon fractions: 

M = 14.n -4, (12) 

which represents a simplification of Eq. 11 for the case DBE 
= 3. 

Figure 3 contains lines of constant DBE that are graphi- 
cally represented by dots for each even number of C atoms. 
Following the recommendation by Severin (1991), the dia- 
gram contains the boiling point and the logarithmic represen- 
tation of molecular weight. It is obvious from Figures 1 and 3 
that the range of DBE values rises with increasing boiling 
range; this reflects the fact that the probability of finding 
highly condensed aromatic components increases with higher 
boiling points. The lines of a constant H/C ratio are shown in 
Figure 4. In contrast to DBE, the H/C ratio is not generally 
constant within every class of hydrocarbon, as is shown in 
Table 1. From Eq. 4 it is obvious that the limiting H/C value 
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Figure 4. Atomic H/C ratio as characterization para- 
meter. 

Table 1. Characteristics of Homologous Series of 
Hydrocarbons 

General 
Hydrocarbon Formula DBE H/C DB, R DB, 

Par a f f i n e s C n H Z n + ?  0 2 < H / C s 4  0 0 -0 

Diolefins C,H,,-, 2 4 / 3 s H / C < 2  2 0 0 
Alkylbenzenes CnH2,-, 4 1 s H / C < 2  0 1 3 
Alkylnaphthalenes C,H,,-,, 7 0 .8<H/C<2  0 2 5 

Alkyl-cycloparaffines C,H,, 1 2 0 1  0 
Monoolefins CfiH," 1 2 1 0 0  

of all hydrocarbons is H/C = 2 for an infinite number of car- 
bon atoms. From this limiting startpoint the H/C ratio in- 
creases with a reduced number of carbon atoms for z > 0, 
whereas it decreases for z < 0. Since DBE is correlated with 
the H/C ratio by Eq. 13, 

D B E = l -  --I a n ,  iH? ) (13) 

it is possible to use any two of the parameters T, M, H/C, 
DBE, n together with the olefin content in order to estimate 
the remaining values. 

Eflect of heteroatoms 
The structural formula, Eq. 4, does not contain het- 

eroatoms like sulfur, nitrogen, and oxygen. In fact, the boil- 
ing points of hydrocarbons containing heteroatoms are differ- 
ent from those of pure hydrocarbons with the same molecu- 
lar weight and DBE, as comparison between mercaptans and 
paraffines shows; both have the value DBE = 0. The chemi- 
cal structure of a heteroatom containing a hydrocarbon is 

A pure hydrocarbon must have the same molecular weight to 
transform this formula into a pseudohydrocarbon with the 
structure of Eq. 4, which allows us to define the pseudo- 
DBE, as 

The corresponding boiling temperature of the n-paraffine has 
to be calculated by using the modified carbon number n ,  of 
the pseudomolecule: 

interconnection Between DBE and Structural 
Group Analysis 

As recently noted by Altgelt and Boduszynski (1994), the 
hydrogen deficiency z can be calculated from the number of 
rings, R, and the number of double bonds, DB: 

z = - 2.(R + DB - 1). ( 17) 
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Comparison with Eq. 5 shows that 

DBE=RN +(R,+DBR)+DBo, (18) 

where R N  and R, represent the number of naphthenic and 
aromatic rings, respectively, and DBR and DBo are the num- 
ber of double bonds within a ring or an olefin. 

As shown in Table 1, both ways for calculating DBE-by 
Eqs. 4 and 5 (heterocomponents by Eqs. 5 and 14) and by Eq. 
18-give the same results. This equality can be used as a 
criterion for determining whether the calculated DBE value 
of a mineral-oil fraction of unknown compositon is reliable or 
not. 

Indirect structural group adys i s  
Several methods have been developed that promise to pre- 

dict the percentage of paraffinic, naphthenic, and aromatic 
carbon atoms of mineral-oil fractions, the PNA-distribution 
(van Nes and van Westen, 1951; King et al., 1960; Riazi and 
Daubert, 1980b). Data that are necessary for predicting are 
usually the refractive index nD,  the specific gravity d, the 
molecular weight M ,  or the viscosity p of the sample. 

The specific gravity and the refractive index of a homolo- 
gous series of hydrocarbons can be described by a correlation 
published by Smittenberg and Mulder (1948): 

k, 
x=x,+- 

M + k , ’  
(19) 

where x represents the specific gravity or the refractive in- 
dex, respectively, and x, is the corresponding property of the 
hypothetic hydrocarbon with infinite molecular weight. These 
properties are shown in Figures 5 and 6 for several classes of 
hydrocarbons. The areas are calculated by means of Eq. 19, 
neglecting the constants k,. The coefficients k, are functions 
of DBE. 

n-paraffines (DBE=O) 
Alkylcyclopentanes (DBE=l) 
Alkylbenzenes (DBE4) 
Alkylnaphthalenes (DBE=7) 

Alkylcyclopentanes (DBE=l) 
Alkylbenzenes (DBE4) 
Alkylnaphthalenes (DBE=7) 

Figure 5. Specific gravity of hydrocarbons. 

n-parafhes 
Monoolefins 
Alkylcycloparaffines 
Diolefins 
Alkylbenzenes 
Alkylnaphthalenes 
Pvrene 

Figure 6. Refractive index of hydrocarbons. 

The molecular weight, M ,  an important characteristic pa- 
rameter of the DBE concept, is also one of the properties 
used in the n-d-M method by van Nes and van Westen (19.511, 
which is given in Table 2. 

Direct, analytical structural p u p  analysis 
There are several spectroscopical and chromatographical 

procedures available for determining the structural groups in 
mineral-oil fractions. These procedures give different types 
of information. Information is available from nuclear mag- 
netic resonance (‘H-NMR, 13C-NMR) about the fraction of 

Table 2. n - d - M Method at 20°C 

Two parameters: 
a =  2.51.(n-1.4750)-(d-0.8510) 
b = ( d  - 0.8510) - 1.1 1 * (n - 1.4750) 

Fraction of aromatic carbon atoms: 
a > 0 
a < 0 

C, = 4.30.a +36.6O/M 
C, = 6.70.a + 36.6Opl 

Fraction of C-atoms in a ring: 
CR = 8.20. b - 3 . ~ :  + lOO/M 
CR = 14.40. b - 3 . ~ ~  + 106/M 

b > 0 
b < 0 

Fraction of naphthenic carbon atoms: 

Fraction of paraffinic C atoms: 

Number of aromatic rings in the average molecule: 

c,  = CR -CA 

C p = l - c R  

RA=0.44+0.055.a.M a > O  
RA=0.44+0.080.a.M a < O  

Total number of rings in the average molecule: 
R = 1.33+0.146.(b - 0 . 5 . ~ , ) . M  b > 0 
R=1.33+0.180.(b-0.5.~,)*M b<O 

Number of naphthenic rings in the average molecule: 
R., = R - R A  

Source: van Nes and van Westen, 1951 
*ws = weight fraction of sulfur. 

1563 AIChE Journal June 1997 Vol. 43, No. 6 



Table 3. Estimation of Structural Data* 
Number of aromatic rings in the average molecule: 

nA -2 

n A  

R,=? R , r l  

R A s l  
R " = 6  

Number of paraffinic C-atoms: 
mP -1 

n p  = - 
2 

DBE > 0 

m p  -2 
n p  = - 

2 
DBE = 0 

Number of naphthenic C-atoms: 
nN = n - n p  - nA - no 

Number of naphthenic rings in the average molecule: 

R, = R > l a n d R , s l  
n N  +2.RA -2  

4 
nN 

R N = q  R 2 1 and R, 2 1 

nN R N  =7 R I 1  

Number of double bonds in the rings: 
DB, = 3 * R A  -(RA -1) R, 2 1 

DBR=3.R,  R , s l  

*n, = number of C-atoms in structure i; m i  = number of H-atoms in 
structure i .  

H and C atoms in typical structures, whereas liquid chro- 
matography (LC) or thin-layer chromatography (TLC/FID) 
separates into classes of typical components. 

Using Eq. 18 to estimate DBE from chromatographic 
structural group analysis is possible if the amount of aromatic 
and naphthenic rings is known. Even if a reliable separation 
into classes of different ring numbers, both for the aromatic 
and the naphthenic components, is obtained, the required 
values are very uncertain, because information about paraf- 
finic side chains is lacking. Further uncertainty of chromato- 
graphical results is caused by components containing aro- 
matic and naphthenic rings. 

The important data for calculating DBE from spectroscop- 
ical results can be obtained if we assume that: 

1. Each complete ring has six C atoms. 
2. Condensed rings have two common C atoms. 
3. If an aromatic and a naphthenic ring are connected, the 

two common C atoms are defined as aromatic C atoms. 
4. Paraffinic C atoms are in one side chain, which is con- 

nected to the naphthenic ring, if there is one. Otherwise it is 
connected to the aromatic ring. 

Table 3 contains the equations for calculating the parame- 
ters that are necessary for estimating the DBE by means of 
Eq. 18. As an example, the experimental data are shown in 
Table 4, while Table 5 contains the characterization of the 
heavy VGO. 

Thermochemical Properties 
To perform heat balances of reacting systems, we must have 

information about the heat of reaction. If the reaction 

Table 4. Specification of Vacuum Gas Oil 

IBP 246°C 
5 vol. 5% 319°C 
10 vol. % 354°C 
20 vol. % 421°C 
30 vol. % 466°C 
40 vol. % 498°C 
50 vol. % 524°C 
60 vol. % 537°C 
70 vol. % 551°C 
80 vol. 9% 566°C 
90 vol. % 583°C 
95 vol. 9% 594°C 
FBP 615°C 

Average true boiling point 491°C 
Molecular weight (VPO) 420 
Refractive index (20°C) 1.5128 
Specific gravity (20°C) 0.9130 
Specific gravity (15.6"C) 0.9155 
Elemental composition: 

True boiling points: 

C 85.94 wt. % 
H 12.18 wt. % 
S 2.00 wt. Yo 

1345 wppm N 
22.4% Fraction of aromatic C atoms (NMR) 

is going on, the heat of reaction at standard conditions (1 
atm, 25"C, gas phase) can be calculated by the following 
equation: 

N 

A ~ H ( ) =  C v ~ . A ~ H ; ,  (21) 
i = l  

where v, and AfH: are the stoichiometric coefficient and 
the standard heat of formation of component A i ,  respec- 
tively. 

The chemical equilibrium of this reaction can be predicted 
if we know the Gibbs free energy of reaction at standard con- 
ditions, ARCo. For estimation of A,Go information is re- 

Table 5. Characterization of the VGO from Table 4 

From molecular weight M and elemental composition: 
Number of C atoms, n 29.97 
DBE 5.65 
Number of C atoms in the pseudohydrocarbon, n, 30.72 
DBE, of the pseudohydrocarbon 6.39 
Boiling point of the corresponding n-paraffine, T ,  456°C 

493°C 
Excess temperature, TE 37°C 
Boiling point of the average VGO molecule, T 

From n-d-M method (Table 2): 
Fraction of aromatic C atoms, C, 
Fraction of naphthenic C atoms, C, 
Fraction of aromatic C atoms, Cp  
Number of aromatic rings, R, 
Number of naphthenic rings, R, 

Number of aromatic rings, R, 
Number of naphthenic rings, R, 
Number of ring double bonds, DB, 
DBE 

From procedures in Table 3: 

22.9% 
11.3% 
65.8% 
1.20 
0.75 

1.22 
0.96 
3.44 
5.62 

Thermochemical data: 
- 3 15 kJ/mol 
354 M/mol 

Standard heat of formation, Af.ffo 
Standard free energy of formation, A,@ 
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quired about the stoichiometry and the standard Gibbs free 
energies of formation of the components, A G!: 
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5 O r  
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The application of Eqs. 21 and 22 to the reactions, where 
hydrocarbon mixtures of unknown composition are involved, 
was limited by a lack of information about the stoichiomety 
and standard heat and energy of formation. These data can 
be estimated using the DBE concept. 

Standard heat of formaton 
If data about the standard heat of formation of a well- 

defined component cannot be found, the value can be ap- 
proximated by a group-contribution method, as described by 
Reid et al. (1987). The experimental pure-component data 
shown in Figure 7 are taken from Reid et al. (1987), Yaws 
and Chiang (19881, and from table 7H1.2 (1992) of the M I  
Handbook (1994). 

It is obvious from Figure 7 that the dependence of the 
standard heat of formation on molecular weight is identical 
for each class of hydrocarbons. Since the homologous series 
of hydrocarbons can be characterized by DBE and the num- 
ber of olefinic double bonds, DB,, the heat of formation can 
be expressed by the straight-line equation: 

AfH;=ao(DBE, DB,)-1.47402-Mi. (23) 

As shown in Figure 8, the coefficient a. as characteristic of 
the hydrocarbon class is well-described by the following 
equation in order to deliver the standard heat of formation in 
kJ/mol: 

a,, = 1604.25 -( 1 - 1.02481 - e-0H/27.5s7>, (24) 

where the parameter 0, is defined as 

0,=DBE+1.13.DB&524+(Ys+'€'N+'Po). (25) 

The parameters qi, reflecting the influence of sulfur, nitro- 
gen and oxygen components on the heat of formation, can be 

400 I %b 
[>HE = 0 

\ 
\ 
\ 

DHE=I. DBo=l' \\\ 
'i 

Liner Model predictions 

\ 
\ 

,..,-.- 
Monoolefins 
Alkylbemnes 
Alky lnaphthalenes 
Diolefinr 

~"-" 
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Figure 7. Prediction of standard heat of formation. 
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Figure 8. Impact of the hydrocarbon-type on heat of 
formation. 

estimated from the number of S, N, 0 atoms, nj, in the 
molecule: 

(26) 0.69 Y.=(2*n,)  . 

In Figure 8 the straight lines, which are in accordance with 
group contribution methods, are the result of the model pre- 
diction. The purpose of Eq. 26 is to predict heat-of-formation 
data of real hydrocarbon mixtures that also may contain het- 
eroatoms. Information about the different isomeric struc- 
tures, especially of the heterocomponents, is usually not 
available. The heat of reaction is calculated as the difference 
between the heat of formation of feedstock and product. If 
hydrogenation of undersaturated hydrocarbons is considered, 
the effect of isomeric structures can be neglected if the com- 
ponent remains in the same isomeric structure. 

Standard Gibbs free energy of formation 
The possibilities for predicting free energies of formation 

are similar to those of getting heat-of-formation data, dis- 
cussed in the previous subsection. The standard Gibbs free 
energy of formation of each homologous series of hydrocar- 
bons rises with increasing molecular weight, as shown in Fig- 
ure 9. The pure-component data are taken from Reid et al. 
(1987) and from the M I  Handbook (1994). As in Eq. 23 the 
standard Gibbs free energy of formation in kJ/mol can be 
estimated by the following equation: 

AfGf  = bo(DBE, DBo)+0.59501.Mi. (27) 

The characteristic parameter 6 0  is correlated with DBE and 
the number of olefinic double bonds: 

where the parameter 0, is defined as follows: 

0, = D B E + ~ . O ~ S D B & ~ ~ ~ .  (29) 

Statistical data concerning the deviation of the predicted 
standard heat and free energy of formation from experimen- 
tal data are given in Table 6. 
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Table 7. Hydrogenation of an Aromatic Component 
~~~~ 

Feed Product 

Figure 9. Prediction of standard Gibbs free energy of 
formation. 

The procedure for predicting free energy of formation does 
not take into account heteroatoms. In hydrotreating mineral- 
oil fractions the reactions of heterocomponents with hydro- 
gen, as well as hydrodearomatization are of primary impor- 
tance. Hydrodesulfurization is not limited by thermodynamic 
equilibrium at the usual process conditions. Furthermore, 
since the content of N and 0 components in mineral-oil frac- 
tions is relatively small, it seems to be reasonable to neglect 
the heteroatoms in calculating the energy of reaction. The 
calculation is restricted to equilibrium predictions of hydro- 
genation reactions of unsaturated hydrocarbons, which are 
equilibrium reactions. 

Relevance of the OBE Concept in 
Hydroprocessing 

sented by F is expressed by 
The hydrogenation of an unsaturated hydrocarbon repre- 

F + u2H2 + P + u4H2S+ u5NH3 + u6H,0, (30) 

where P is the product. Some fraction of the total hydrogen- 
consumption u2 is used for saturating the feedstocks. The 
amount of hydrogen that is used for feedstock saturation is 
equal to the reduction of DBE from the average feed to 
product molecule: 

Table 6. Deviation from Experimental A , H o  and AfCo 

A f H o  A f G o  
Number of data points 92 88 
Average deviation in kl/mol 

For optimum parameter 8, and 8, 0.45 0.45 
For 8, from Eqs. 25 and 29 6.72 3.24 

(without alkyl-cyclohexanes) 2.82 
Maximum deviation in kJ/mol 

For optimum parameter OH and 0, 1.95 2.12 
For 8, from Eqs. 25 and 29 8.38 4.33 

(without alkyl-cyclohexanes) 4.07 

Number of carbon atoms, n 25 25 
DBE 4 1 

Molecular weight, M 344.6 350.7 
Boiling point, T ,  "C 415 408 
Stand heat of formation, A f H o ,  kJ/mol -325.8 -498.2 

Number of olefinic double bonds, DBo 0 0 

Standard heat of reaction: AR H o  = - 172.4 kJ/mol 
( A R  H O ) ,  = -57.5 kJ/mol H, 
consumed 

3 
2 

u , +  U , + - * U ~ U ~ = A D B E = D B E ~ - D B E ~ .  (31) 

Since cracking of the C-C bonds is neglected in Eq. 30, the 
reaction follows the line of a constant number of carbon 
atoms. The atomic H/C ratio and the molecular-weight rise 
along this line, whereas the boiling temperature and DBE 
decrease, as is obvious from Figures 3 and 4. 

Two examples are given in Tables 7 and 8. Table 7 con- 
tains data for the hydrodearomatization of a component with 
25 carbon atoms and one aromatic ring, which is converted 
into a naphthenic ring, while in Table 8 a monoolefin is con- 
verted into a paraffine. The standard heat of reaction 
( A R H o ) H ,  given in (kJ/mol hydrogen consumed) shown in 
these tables are values that are often used in the literature 
for approximating the heat of reaction for hydrotreating min- 
eral oil fractions. 

Equations 23 and 24 and Figure 8 imply that the absolute 
value of the hydrogen-based heat of reaction decreases with 
increasing DBE, which is in accordance with experimental 
observations (cf. Jaffe, Table 2, examples e, h, j, 1974). Ana- 
lytical data and the characterization of a vacuum residue are 
shown in Table 9. The slight deviation between the values of 
the DBE of the feedstock obtained by the two different ways 
are within analytical errors. If the analytical H/C ratio in 
Table 9 represents an underestimate of about 3.2% (i.e., the 
C content would be 0.30 wt. % smaller and the H content 
would be 0.30 wt. % higher in reality), the value of the DBE 
obtained by means of Eq. 13 would be identical with the value 
obtained by Eq. 18. 

Figure 10 shows typical results of characterization of the 
VGO and its hydrogenated product. Furthermore, the figure 
contains a number of pseudocomponents that have been gen- 
erated on the basis of the feedstock boiling curve. If the H/C 
ratio distribution of the pseudocomponents is known, they 
can be characterized by means of the DBE concept. In Fig- 
ure 1 the possible range of atomic H/C ratios is shown, which 
decreases slightly along the boiling range. The pseudocompo- 

Table 8. Hydrogenation of an Olefinic Component 
~~ ~~~ 

Feed Product 
Number of C atoms, n 25 25 
DBE 1 0 
Number of olefinic double bonds, DBo 1 0 
Molecular weight, M 350.7 352.7 
Boiling point, T, "C 399 401 
Stand heats of formation, A H o ,  kJ/mol - 559.7 - 434.6 

(A,H")" = -125.1 kJ/mol H, 
consumed 

Standard heat of reaction: A R H o  = - 125.1 kJ/mol 
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Figure 10. DBE of a mineral-oil fraction and the hydro- 
treated product. 

, -.- -- 

nents shown in Figure 10 have been generated on the basis of 
a constant H/C ratio, which is a good approximation for nar- 
row fractions. The H/C ratio of the product can be calcu- 
lated by means of the mass balance 

/ c \  

where wf; is the weight fraction of hydrogen in the feedstock: 

1 - (wg + w; + w6) 
W f ;  = (33) l+(g)F.z ' 

Table 9. Hydrogenation of Vacuum Residue 
Feed* Product 

Analytical data: 
Molecular weight, M 1,100 1,035 
Elemental composition, wt. % 

C 82.24 88.46 
H 10.17 11.51 
S 6.40 0.0472 

Fraction of aromatic C atoms, C,, % 22.7 15.0 
Fraction of naphthenic C atoms, C,, % 34.7 42.4 
Fraction of paraffinic C atoms, C,, % 42.6 42.6 

Molar H/C ratio 1.474 1.551 
Number of C atoms n 76.22 76.22 

Structural data (Table 3): 

NMR analysis: 

Calculated data: 

DBE (Eq. 13) 21.1 18.1 

Number of aromatic rings, R, 3.826 2.358 
Number of naphthenic rings, R, 6.612 8.080 
Number of ring double bonds, DB, 8.652 5.716 

DBE (Eq. 18) 19.1 16.1 
Boiling point T ,  "C 1,128 877 
Standard heat of formation, A f H o ,  kJ/mol - 760.7 - 833.9 

( A R H o ) R  = -22.9 kJ/mol H, 
consumed 

Standard heat of reaction: A R H o  = - 117.7 kJ/mol 

*Analytical data from Volker (1992). 
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Figure 11. Standard heat of formation of the compo- 
nents shown in Figure 10. 

and wr, wf, and wg are the weight fractions of sulfur, nitro- 
gen, and oxygen in the feedstock, respectively. According to 
Eq. 31 the value of ADBE is always negative if hydrogen is 
added to the feedstock. 

The standard heat of formation and the standard Gibbs 
free energy of formation of the feed and product pseudocom- 
ponents shown in Figure 10 are graphically represented in 
Figures 11 and 12. All the properties of the mixture can be 
described by continuous functions. 

Conclusions 
A new procedure has been developed for characterizing 

hydrocarbon systems. The DBE can be calculated from any 
two of the properties, such as boiling point, atomic H/C ra- 
tio, molecular weight, or number of carbon atoms. 

Aromatic hydrocarbons boil at higher temperatures than 
do paraffines with the same molecular weight. This depend- 
ence is numerically described by means of an excess tempera- 
ture representing the deviation from the boiling point of the 
corresponding n-paraffine with the same number of C atoms 
as the component in question. The excess temperature is a 
function of the DBE, the number of olefinic double bonds 
DB,, and the number of heteroatoms. Further properties, 
such as specific gravity and refractive index, depend on the 
molecular weight and DBE of the sample. 

~ 4 0 0 . .  , , , I , ,  , , , , , , , I , ,  , , , , I 

,r 350 Open symbols: pseudo-components 
Filled symbols: average components 0.- 

250 300 350 400 450 500 
Boiling temperature T in 'C 

Figure 12. Standard free energy of formation of the 
components shown in Figure 10. 
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The DBE can be estimated from the properties mentioned 
earlier, and is also interconnected with the structural group 
distribution. Both methods deliver identical DBE values for 
pure hydrocarbons. The application to complex mineral-oil 
fractions where the structural group distribution was ob- 
tained by the n-d-M method and by NMR also shows good 
agreement. Deviations between a DBE calculated by using 
two different procedures are within analytical errors. 

Heat-of-formation data are required to perform energy 
balances of reacting systems. Correlations for predicting the 
standard heat of formation as a function of molecular weight, 
the DBE, DB,, and the number of heteroatoms are pre- 
sented in this article. 

Correlations are given for predicting the standard Gibbs 
free energy of formation from molecular weight, DBE, and 
DB,. These data are essential for estimating chemical equi- 
libria. 

The application and relevance of the DBE concept are 
shown with regard to hydrogenation of pure hydrocarbons and 
high- and nonboiling mineral-oil fractions of unknown com- 
position. The difference between the DBE values of feed and 
product is equivalent to the amount of hydrogen consumed 
for the hydrogenation of the unsaturated hydrocarbons. This 
enables us to estimate the DBE of the product by means of a 
mass balance; consequently, the properties of the product can 
be predicted. The heat of reaction is a function of the stan- 
dard heat-of-formation data of the components involved. 
Since information about heat of formation of complex min- 
eral-oil fractions was lacking in the past, average heat-of-re- 
action data with the dimension (kJ/mol H, consumed) have 
been used in the literature. These data are in agreement with 
the predictions for distillate fractions by means of the DBE 
concept. 
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