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Abstract

The standard enthalpy of formation, estimated by the group contribution method of Benson, and by semi-empirical molecular simulation

methods has been compared with experimental data. Benson’s method estimates hydrocarbon enthalpies satisfactorily. The Benson’s estimates of

enthalpies of free radicals are in general superior to the molecular simulation parameterization method (PM3) and are less accurate than the

specialized computationally intensive PM3-family correlation (PM3-FC) method. The estimation of enthalpies for hydrocarbon radicals is

substantially improved by a linear correlation of estimated values from semi-empirical molecular simulation method PM3 with experimental data.

The radical enthalpies are now comparable to molecular simulated PM3-FC estimates. The hydrocarbon cations were divided into classes and

estimated enthalpies found by adding Benson’s enthalpy of radicals to the average ionization energy for the class. These predictions have an

average absolute deviation of 8.6 kcal mol�1. The proposed correlations effectively predict the standard enthalpy of formation of hydrocarbons,

free radicals and carbocations. This methodology can be readily implemented in simulation programs to estimate thermochemical properties of

hydrocarbons, free radicals and carbocations and to improve the design and optimization of hydroprocessing units reducing costly hydrogen

consumption.
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1. Introduction

The refining of heavy oil and of petroleum residues

generally involves carbon removal and/or hydrogen addition

in a manner that the yield of cross-linked dehydrogenated

toluene insoluble residues (coke) can be reduced in favor of

enhanced yields of liquid products with a higher atomic

hydrogen/carbon ratio. For this purpose, hydrocracking

processes where cracking occurs simultaneously with hydro-

genation of the products are widely employed. The combina-

tion of desulfurized and denitrogenated lighter products of

lower overall aromaticity makes hydrocracking an ideal

refinery process for producing middle distillates, diesel, jet

and gas turbine fuels meeting the more stringent fuel

specifications.

The hydrocracking processes are becoming increasingly

important in the economic performance of petroleum refining
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operations, especially in heavy oil processing. The heavy oils

and petroleum residues of distillation contain a complex

mixture of five- and six-membered ring naphthenes which often

have multiple alkyl constituents and which may be joined to

one another or fused to aromatic rings. These components of

heavy oils are responsible for a series of problems during

refining, like increased coke formation, deactivation or

poisoning of the catalyst, which raises the operational costs

[1]. Moreover, the world demand for middle distillates

continues to grow while that of coke is decreasing.

Hydroprocessing can be conducted under a variety of

operating conditions. Hydrotreating is operated under relatively

mild conditions with essentially no changes in molecular size

distribution. It refers to a variety of catalytic hydrogenation

processes, which saturate unsaturated hydrocarbons and

remove S, N, O and metals from various petroleum streams

in a refinery. Hydrocracking, on the other hand, not only

removes N, S and metals but also leads to cracking of

hydrocarbons to give lighter products under much more severe

conditions. More than 50% of the feed has its molecular size
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Nomenclature

a, b constants for linear correlation

EA electron affinity

e� electron

f j weight factor for group j

H hydrogen atom

hn photoionization energy

DH0
f standard enthalpy of formation (kcal mol�1) (at

298 K)

IE ionization energy (kcal mol�1)

R� hydrocarbon radical

R+ carbocation

RH hydrocarbon molecule

R2 coefficient of determination

Superscript

0 standard state

GC group contribution

PM3 parameterization method, PM3 (a semi-empirical

molecular simulation)

Subscript

c calculated by Benson’s or PM3 molecular simu-

lation method

e experimental

f formation

i component

PM3 semi-empirical molecular simulation method,

PM3

thresh ionization threshold energy

+ indicates positive charge, a cation

� indicates negative charge, an anion

rxn reaction

acid reaction in acid environment
distribution reduced. Mild hydrocracking or hydroconversion is a

process variant in which there is less than 30% change in

molecular size distribution. This process has recently become

popular because the moderate conditions under which it is

performed enabling the use of existing hydrotreating reactors but

still results in some conversion to lighter products. Thus,

operational and capital costs can be lowered substantially [2]. In

hydroconversion, the additional hydrogen and operating costs to

adjust the product slate has to be considered carefully. The

efficient conversion of heavy oil by hydrotreating or by fluid

catalytic cracking requires serious efforts to develop adequate

catalysts as well as the modification of existing process or the

development of new processes [3,4].

Based on cracking mechanism, there are two main

hydroconversion processes: catalytic hydrocracking and hydro-

thermal cracking. The catalytic hydrocracking processes are

relatively mature technologies and are applied to a wide variety

of fractions of petroleum. The operating temperature is in the

range 340–420 8C and usually high pressures are required for
conversions involving several reaction mechanisms. The

mechanism of catalytic hydrocracking of the carbon–carbon

bond proceeds through carbocation facilitated by interaction

with strong acids [5]. This process utilizes bifunctional

catalysts increasing the H/C ratio by hydrogenation promoted

with a metal or a metal sulfide and simultaneous reduction

of molecular weight by a cracking function, typically by a

zeolite.

The thermal hydrocracking does not have the limitations

associated with the presence of catalyst and can be conducted at

operating temperatures above 430 8C. In such cases, the rupture

of the carbon–carbon bond occurs through free radical

formation due to high temperatures (thermolysis) or through

the radicals initiators formed by decomposition of feed [6,7].

Thermal conversions produce less valuable products, when

compared to the catalytic hydrocracking, and thus they usually

require further processing. The coke formation, for example,

can exceed 20% (w/w) for heavy oil feed stocks and the

products still maintain the major part of the original

heteroatoms (sulfur and nitrogen) and metal (nickel, vanadium

and iron) compounds [3].

Most of the literature dealing with hydrocracking processes

concentrates on coke reduction, through the use of a hydrogen

donor or in the development of new catalysts for the heteroatom

removal. However, comparatively, little published work is

available to understand the thermochemistry of the process for

the purpose of producing more middle distillates (more liquid

products). No really new technology for the processing of

residues has emerged during the last few years [8], although

several lumping methods for describing process kinetics seems

to achieve some success in understanding hydrocracking in

industrial scale [9–12].

In order to develop new processes as well as to design and

optimize the hydroprocessing units, it is essential to estimate

thermochemical properties of substances, carbocations and free

radicals accurately by simple methods, besides developing

mechanistic and kinetics models that represent cracking

reactions of heavier fractions [9]. In simulations, around

70% of the computational time is spent in estimating physical–

chemical properties [13]. Therefore, the methods should be

simple enough for repetitive calculations. These properties are

also useful in determining reaction pathways, estimating

kinetic constants, chemical equilibrium conditions and energy

balances. These estimated thermochemical properties are used

in simulating and correlating kinetics of pyrolysis of distillation

residues [14–16].

For estimating physical properties, the group contribution

methods are simple to use and can be readily incorporated in the

simulation of chemical processes. The molecular simulation

methods however can represent the structure, energy levels and

interactions more correctly. It is worthwhile comparing these

methods for a specific objective in mind like hydrocracking

processes.

The objective of this work is to improve the accuracy and

facility in estimating the standard-state enthalpy of formation

for substances, free radicals and carbocations involved in

hydrocracking processes and, in particular, to compare
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systematically the estimates obtained by group contribution

methods (Joback and Benson) and by molecular simulation

methods (parameterization method, PM3 and PM3-family

correlation, PM3-FC) of different complexity.

2. Methodology

In this work, a computational program was implemented in

order to estimate the standard-state enthalpy of formation

(DH0
f ) for substances and free radicals. This program is based

on the Benson’s group contribution method [17]. We also

propose approximate methods for quickly estimating ionization

energies of free radicals and enthalpy of formation of

carbocations. The estimates of the enthalpy of formation by

group contribution methods and by semi-empirical molecular

simulation methods were compared with experimental values

from the literature.

The formation enthalpies of substances, radicals and

carbocations were calculated as follows.

2.1. Substances and radicals

Standard enthalpies of formation at 298 K of several pure

substances were calculated, for 63 hydrocarbons and 14

aromatics by the following methods recommended in the

literature:
� T
he group contribution method of Joback and Reid [18].
� T
he group contribution method of Benson [17].
� T
he molecular simulation method, PM3 using the commer-

cial software Titan [19].

The group contribution calculations can be schematically

represented as:

DHGC
f ¼

X

i

fiðDH0
f Þi (1)
Fig. 1. Enthalpy of formation of hyd
where the sum is over all the groups present for both Benson

[17] and Joback and Reid [18] methods. For radicals only

Benson’s method is available in the literature. The enthalpy

of formation of substances and free radicals were also calcu-

lated using the semi-empirical molecular simulation method

PM3:

DHMS
f ¼ f ðEPM3Þ (2)

The calculated values DHGC
f and DHMS

f were then compared

with the experimental values [20]. Similarly, the standard enth-

alpies of formation of several families of radicals were calculated

using the group contribution method of Benson and the molecular

simulation method PM3 using the commercial software Titan

[19]. The values were compared with the molecular simulation

calculations done using Mopac software as well as with the eva-

luated experimental values reported by Ma and Schoebert [21].

The values obtained by Benson’s group contribution

method, the molecular simulation method PM3 using the

commercial softwares Titan and Mopac, were linearly

regressed with experimental standard-state enthalpy of forma-

tion for free radicals to improve the accuracy.
DH0
f ¼ aðDHBenson

f Þ þ b (3a)

0 PM3
DHf ¼ aðDHf Þ þ b (3b)

2.2. Carbocations

In the case of carbocations, there is no readily available

group contribution method for estimating enthalpy of forma-

tion. In hydrocracking mechanism, in a simplified view, there

are either carbocations species derived from the protolytic

addition (RH2
+) or from hydride removing (R+) [26]. The last

one is the most common of them and it is the only one

investigated in this article.
rocarbons at 298 K (kcal mol�1).
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Fig. 2. Enthalpy of formation of aromatics at 298 K (kcal mol�1).
The enthalpy of formation of carbocation at 298 K can be

determined from enthalpy of formation of its corresponding

radical:

R� þ hn!Rþ þ e� (4)

The enthalpies are related by:

DH0
f ðRþÞ ¼ DH0

f ðR�Þ þ IE0ðR�Þ þ ½thermal corrections� (5)

The thermal corrections are usually less than 0.3 kcal mol�1

and can be neglected [22]. We estimate the enthalpy of

formation of radicals DH0
f ðR�Þ by Eqs. (3a) and (3b). The

second experimental quantity needed for our purpose in

Eq. (5), the adiabatic ionization energy IE0, is the lowest

energy required to remove an electron from the radical in the
Fig. 3. Enthalpy of formation of prima
gas phase. It is the difference between the ground state energy

of the ion formed and the energy of the original atom,

molecule, radical or ion.

3. Results and discussion

3.1. Substances and radicals

To improve the accuracy of estimation of enthalpies of

formation for hydrocarbons and for aromatic substances, the

calculated values were linearly regressed with the experimental

values for each class of substances. The parity between

estimated and experimental values is shown in Figs. 1 and 2.

The linear constants a, b and the coefficient of determination

(R2) are also shown in Tables 1 and 2. The results for primary

radicals are shown in Fig. 3. Fig. 4 shows the results for
ry radicals at 298 K (kcal mol�1).
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Fig. 4. Enthalpy of formation of secondary radicals at 298 K (kcal mol�1).
secondary radicals. Similarly, Fig. 5 compares the results for

tertiary radicals. Fig. 6 exhibits results for alken-a radicals.

Fig. 7 compares the results for cycloalkyl-a radicals and Fig. 8

shows results for aryl radicals.
Table 1

Average absolute deviations for estimation of free radical enthalpies (kcal mol�1)

Radical Benson Mopac

PM3-FC

Be

AA

Primary 1.7320 0.7900 1.6

Secondary 0.6200 0.4000 0.2

Tertiary 0.6767 0.4667 1.2

Alken-a-yl 2.9336 2.6000 3.7

Cycloalkyl 1.7050 2.8250 1.6

Aryalk-a-yl 0.7967 0.4333 0.6

a AAD: average absolute deviation.

Fig. 5. Enthalpy of formation of tertia
In Tables 1–3, the estimates from the proposed correlations

(Eqs. (3a) and (3b)) are compared with experimental values for

each class of radicals. The coefficients and correlation (a, b and

R2) estimated for the Benson’s, Titan PM3 and Mopac PM3
and correlation coefficients for the Benson method

nson correlated

Da a b R2

403 1.0076 �0.7222 0.9986

416 1.0020 0.4821 0.9987

005 0.9965 �0.9461 0.9915

084 0.9420 2.0598 0.9934

876 0.9965 �0.9461 0.9915

340 0.9966 �0.6557 0.9894

ry radicals at 298 K (kcal mol�1).
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Table 2

Average absolute deviations for estimation of free radical enthalpies (kcal mol�1) and correlation coefficients for the Titan PM3 method

Radical Titan

PM3

Mopac

PM3-FC

Titan PM3 correlated

AADa a b R2

Primary 13.4128 0.7900 1.1052 0.9727 14.0360 0.9924

Secondary 19.5089 0.4000 0.3717 0.9071 19.5820 0.9991

Tertiary 20.9707 0.4667 3.5455 0.8212 22.0540 0.9993

Alken-a-yl 8.9408 2.6000 8.6737 0.8723 19.7590 0.9915

Cycloalkyl 19.9310 2.8250 2.1145 0.8432 23.0820 0.9837

Aryalk-a-yl 8.0723 0.4333 0.9329 0.5331 23.0420 0.9761

a AAD: average absolute deviation.

Fig. 6. Enthalpy of formation of alken-a radicals at 298 K (kcal mol�1).

Fig. 7. Enthalpy of formation of cycloalkyl-a radicals at 298 K (kcal mol�1).
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Fig. 8. Enthalpy of formation of aryl radicals at 298 K (kcal mol�1).
methods are also given. Additionally, results obtained using a

specialized molecular simulation method, which demands a

high computational effort [21], Mopac PM3-FC, are included.

The estimates show excellent linear correlation with experi-

mental values. The average absolute deviations (AAD) exhibit

a substantial reduction when using the linear correlations for

Titan PM3 and Mopac PM3 methods except for the tertiary and

the alken-a-yl radicals, where little experimental data is

available. For Benson’s group contribution method, the

deviations (AAD) reduced to a lesser extent. Simple and

approximate molecular simulation along with present correla-

tions could be used to estimate, with some accuracy, enthalpy of

formation of free radicals that are not available in [21].

3.2. Carbocations

As exposed in the methodology, for the estimation of the

enthalpy of carbocations (DH0
f ðRþÞ)) we need the enthalpy of

formation of radicals (DH0
f ðR�Þ) and sum with the adiabatic
Table 3

Average absolute deviations for estimation of free radical enthalpies (kcal mol�1)

Radical Mopac

PM3

Mopac

PM3-FC

M

AA

Primary 10.9900 0.7900 0.7

Secondary 16.8250 0.4000 0.3

Tertiary 17.5667 0.4667 3.6

Alken-a-yl 4.2182 2.6000 7.4

Cycloalkyl 16.6000 2.8250 2.0

Aryalk-a-yl 2.1000 0.4333 0.3

a AAD: average absolute deviation.
ionization energy of radicals (IE0) (Eq. (5)). The enthalpy of

free radicals has been estimated with Benson’s method

(Eqs. (3a) and (3b)). The proposed linear correlation can also

be used in the case of semi-empirical PM3 molecular

simulation instead of Benson’s method.

Using ion cyclotron resonance mass spectrometry several

direct experimental measurements of adiabatic ionization

energy have been made recently by ionizing a free radical to

a carbocation. Lias et al. [23] have collected and reviewed

extensively experimental ionization energy of radicals. The

standard adiabatic ionization energy of radicals is presented in a

convenient form in their thermochemical databank.

From ionization energy values of 41 hydrocarbon radicals

obtained in the literature (the experimental data are from the

NIST Webbook [23]). It was observed that the ionization energy

of radical (IE0) follows a similar pattern for each class of radicals

(primary, secondary, tertiary, aryl, cycloalkane and vinyl).

Ionization energy has positive values because energy is

always required to remove an electron. The ionization energy is
and correlation coefficients for the Mopac PM3 method

opac PM3 correlated

Da a b R2

961 0.9507 12.0930 0.9940

924 0.9618 17.0030 0.9989

058 0.8215 19.3220 0.9993

469 0.9934 7.0417 0.9931

975 0.8435 20.2660 0.9840

716 0.7511 9.6657 0.9964
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Fig. 9. Enthalpy of formation of carbocations at 298 K (kcal mol�1).
lower when: (i) there is more shielding; (ii) the electron to be

removed is spin paired (therefore there is repulsion); (iii) the

electron is far from ‘center of force’; (iv) there is more shielding

from inner orbitals. Ionization energy increases when the charges

are evenly distributed in the radical, the radical being more stable.

This means that the ionization energy of radicals can be ordered,

in a simplified view, by symmetry of charge distribution and level

of shielding. The symmetry of charge distribution was considered

tobesimilar ineachclassof theradicals:openchainhydrocarbons

(alkyl,alkenandalkyn), cycloalkan, aryl, etc.Theshieldingeffect

depends on the approximate location of full charge—primary,

secondary and tertiary carbocations. Others correlations should

be taken into account, such as the number of carbon atoms and

particulars details of the bonding configuration.

Although in each class cited above, the ionization energy

varies little except for small radicals. In the smaller ions the

structure may be non-traditional. For example, the primary

carbocations, i.e., species with the full positive charge localized

in a primary carbon, species like CH3
+ are not formed as

intermediates in chemical reactions, and not even in the gas

phase in an ion cyclotron resonance spectrometer [24]. In

this work, we omitted small radicals with ionization energies

above 8 eV.

The estimated average ionization energies of primary,

secondary, tertiary, aryl primary, cycloalkane and of vinyl

radicals, studied in this work, are IE0 = 183.5, 166, 153.9,

162.6, 167.8 and 191 kcal mol�1, respectively. Then, the

enthalpy of formation of carbocations can be estimated as:

DH0
f ðRþÞ ¼ DHBenson

f ðR�Þ þ IE0 (6a)

or

DH0
f ðRþÞ ¼ DHPM3

f ðR�Þ þ IE0 (6b)

There are many methods that allow the experimental

measurements of the standard enthalpies of formation of
carbocations species. Actually, the most important of them are

based in spectroscopy methodology such as high-pressure mass

spectrometry (HPMS) and Fourier transform ion resonance

spectroscopy (FT ICR) [25,26]. The quantitative ranking of

stabilities can be obtained directly through FT ICR or

indirectly, based on a ‘‘dissociative proton attachment process’’

(DPA) [26].

Although a variety of methodologies exist, there are only few

experimental values directly determined for standard enthalpy of

formation of carbocations. The calculated results for the

carbocations, using modified Benson’s method (Eq. (6a)), are

compared with experimental values from literature as shown in

Fig. 9. Estimated results agree qualitatively with values from

literature and the absolute average deviation is 8.6 kcal mol�1.

The correlation procedure to establish the location of full

charge (i.e., primary, secondary and tertiary carbocations) and

structural classification (i.e., alkane, cycloalkane, vinyl, aryl,

etc.) cannot be directly adopted for carbocations as, actually,

there are few evaluated experimental data.

4. Conclusions

The analysis of the results leads to following conclusions: The

Benson’s group contribution method provides accurate standard

enthalpy of formation estimates for hydrocarbon molecules and

comparable results to that ofcomputationally intensive molecular

simulation method (PM3) for free radicals. As proposed in

this work, the standard enthalpies of formation can be estimated

more accurately from a linear correlation of readily available

experimental data with corresponding values calculated using

Benson’s or simple PM3 molecular simulation methods.

Based on the previous free radical enthalpy estimation and

the estimated average ionization energy based on charge

location and molecule structure, a simple method (Eq. (6a) and/

or (6b)) is proposed for estimating approximately the enthalpies

of formation of carbocations.
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The present adaptation of Benson’s method can be readily

incorporated into a simulation software for hydroprocessing. In

the present methodology, the Benson’s method is used for

representing functional structures of substances, radicals as

well as carbocations. The estimated properties can also help in

determining reaction pathways, estimating kinetic constants,

chemical equilibrium conditions and energy balances.
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Appendix A. Experimental enthalpies of free radicals

and carbocations

The standard enthalpy of formation of free radicals can be

experimentally determined by one of three methods [22,25]:

photoionization mass spectrometry (Method 1), negative ion

cycles forming carbocations in hyperacid media as idealized by

Olah and Arnett (Method 2) and by radical kinetics (Method 3).

The energetics of experimental measurements of each method

can be summarized by elementary steps as described below.

A.1. Method 1—photoionization mass spectrometry (PIMS)
RH þ hn!Rþ þ H� þ e� AEthreshðRþ;RHÞ (A.1)

Rþ þ e� !R� þ hn � IE0ðR�Þ (A.2)

Summing (A.1) and (A.2),

RH!R� þ H� � DH0ðRHÞ (A.3)

The bond energy DH0(RH) or the enthalpy of reaction at

0 K, DrxnH0(A.3) is determined as:

DrxnH0ðA:3Þ� � DH0ðRHÞ ¼ AEthreshðRþ;RHÞ � IE0ðR�Þ
(A.4)

where AEthresh(R+, RH) is appearance energy threshold and

IE0(R�) is the ionization energy of radical R.

A.2. Method 2—acidity/electron affinity cycle
RH!R� þ Hþ DacidH298ðR�HÞ (A.5)

R� þ hn!R� þ e� EA0ðR�Þ (A.6)

Hþ þ e� !H� þ hn � IE0ðH�Þ (A.7)
Adding reactions (A.5) to (A.7) gives again the homolytic

bond enthalpy in Eq. (A.3).

RH!R� þ H� � DH0ðRHÞ (A.3)

And the corresponding enthalpy relation is:

DrxnH0ðA:3Þ� � DH0ðRHÞ

¼ DacidH298ðA:5Þ þ EA0ðR�Þ � IE0ðH�Þ

þ ½thermal corrections� (A.8)

where DacidH298 is the heterolytic bond enthalpy and in this case

also known as enthalpy of deprotonation and EA0 is the electron

affinity. In Eq. (A.8), the value of thermal correctionsR
DrxnCp dT is generally less than 0.3 kcal mol�1.

A.3. Method 3—radical kinetics

RH þ X� !R� þ HX DrxnH298 (A.9)

HX!H� þ X� � DfH298ðHXÞ (A.10)

RH!R� þ H� � DH0ðRHÞ (A.3)

And the corresponding enthalpy relation is:

DrxnH0ðA:3Þ� � DH0ðRHÞ

¼ DrxnH298ðA:7Þ � DfH298ðHXÞ þ ½thermal corrections�
(A.11)

Now we can obtain the experimental enthalpy of formation

of radical R� directly from reaction (A.3) utilizing the enthalpy

of formation of the molecule RH, DfH0(RH), and the value of

DrxnH0(A.3) obtained from relation (A.4), (A.8) or (A.11):

DfH298ðR�Þ ¼ DrxnH0ðA:3Þ � DfH0ðRHÞ (A.12)

The experimental values are available in NIST Chemistry

Webbook [23] and from compilations and reviews in literature

[25,26].
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