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A new group contribution method for the estimation of properties of pure organic
compounds is presented. Estimation is performed at two levels: the basic level uses
contributions from first-order groups, while the next higher level uses a small set
of second-order groups having the first-order groups as building blocks. Thus, the
method provides both a first-order approximation (first-order group contributions)
and a more accurate second-order prediction (first- and second-order group con-
tributions). This article discusses methods for prediction of normal boiling point,
normal melting point, critical pressure, critical temperature, critical volume, standard
enthalpy of vaporization at 298 K, standard Gibbs energy, and standard enthalpy
of formation at 298 K. The predictions are based exclusively on the molecular
structure of the compound, and the method is able to distinguish among isomers.
Compared to the currently-used methods, this technique demonstrates significant

improvements in accuracy and applicability.

Introduction

In the study of a chemical, biochemical or environmental
system, knowledge of a variety of physical and chemical prop-
erties of pure compounds and mixtures under specified con-
ditions is required. It is not always possible, however, to find
reliable experimental values of these properties for the com-
pounds of interest in the literature, nor is it practical to measure
the properties as the need arises.

In process simulation, reliable and accurate property esti-
mation methods play an important role in the solution of
various simulation problems where convergence is often traced
to failures in the reliable predictions of physical and ther-
modynamic properties. In design, the screening of alternatives
depends on fast, yet accurate, evaluation of properties for a
large number of pure compounds and mixtures (Gani et al.,
1991; Constantinou et al., 1994a). Therefore, in computer-
aided process and product design, simple, efficient, and reliable
methods for the estimation of properties of organic compounds
from their molecular structure are essential for the analysis
and design of products and processes.

For the estimation of physical and thermodynamic prop-
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erties of pure compounds, group contribution methods (Jo-
back and Reid, 1984; Lydersen, 1955; Ambrose, 1978, 1980;
Klincewicz and Reid, 1984; Reid et al., 1987; Lyman et al.,
1990; Horvath, 1992) are the most widely used. In these meth-
ods, the property of a compound is estimated as a summation
of the contributions of simple first-order groups which can
occur in the molecular structure. They provide the important
advantage of quick estimates without requiring substantial
computational resources. However, many of these methods
are of questionable accuracy and utility. For example, their
reliability in the estimation of properties essential in separation
processes, such as the normal boiling point, has often been
questioned (Horvarth, 1992). Furthermore, the estimation of
the critical temperature requires experimentally determined
values of the normal boiling point which may not always be
available. Also, the molecular structure is often oversimplified,
making isomers indistinguishable. Finally, the equations em-
ployed in these methods often give poor extrapolation results
and may yield limiting values inconsistent with theory (Tson-
opoulos and Tan, 1993).

To overcome some of the disadvantages of the preceding
techniques, several attempts have been reported in the litera-
ture. Fedors (1982) has provided a method for the estimation
of the critical temperature based exclusively on the molecular
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structure of the compounds. Although less accurate than other
techniques, the method has often been recommended in the
literature due to its pure-predictive character (Daubert and
Danner, 1989). Among other investigators, Jalowka and Daub-
ert (1986) and Daubert and Bartakovits (1989) have employed
another class of group contribution methods involving the type
of the functional groups introduced by Benson et al. (1968),
that is, particular grouping of atoms in a specified environment
of other atoms. Despite the improved accuracy, the employ-
ment of Benson-type groups depicts a fairly complicated scheme
(Reid et al., 1987). Besides, the expressions of the properties
require other determined properties and therefore these tech-
niques have similar restrictions of the earlier approaches. In
addition, the determination of group contributions is carried
out separately for hydrocarbons and nonhydrocarbons. Kre-
glenski and Zwolinski (1961), Tsonopoulos (1987), Gray et al.
(1989), Teja et al. (1990), and Magoulas and Tassios (1990)
have proposed correlating critical properties and normal boil-
ing point to the number of carbon atoms in the molecule for
homologous series, such as normal alkanes and alkanols. Al-
though these correlations have been found to be accurate, their
range of application has been questioned by Kreglenski and
Zwolinski (1961) and Tsonopoulos and Tan (1993).

Constantinou et al. (1993, 1994¢) have recently proposed a
new additive property estimation method which is based on
conjugation operators and applicable to organic compounds.
In this method, the molecular structure of a compound is
viewed as a hybrid of a number of conjugate forms (alternative
formal arrangements of valence electrons), and the property
of acompound is a linear combination of these conjugate forms
contribution. Constantinou et al. (1993, 1994c) showed that
by including more information about the molecular structure
of a compound in a systematic way, it is possible to substan-
tially improve the accuracy of a variety of properties of pure
compounds, capture the fine differences among isomers, and
lead to pure predictive techniques. However, the generation
and enumeration of conjugate forms is a nontrivial issue and
requires a symbolic computing environment (Prickett et al.,
1993). Despite this complexity, the method enriches the area
of property estimation in general and provides a basis which
can be considered in the development of simpler techniques.

Motivated by the preceding literature review, our efforts
have been focused on developing a new property estimation
method which overcomes the limitations imposed by the cur-
rently used procedures and allows more efficient and reliable
analysis of chemical, biochemical, and environmental products
and processes. In this article, we propose a new group con-
tribution technique for the estimation of properties of organic
compounds. The basic premise is to provide in a simple and
methodical way enough information about the molecular struc-
ture of a compound so that significantly improved prediction
of properties can be made.

In our method, property estimation is done at two levels.
The basic level has contributions from first-order functional
groups such as those currently applied for the estimation of
mixture properties (Fredenslund et al., 1977; Derr and Deal,
1969). The next level has a set of second-order groups which
have the first-order groups as building blocks. Thus, the method
allows for both first-order estimation (using only first-order
groups) and a more accurate second-order approximation (us-
ing both first- and second-order groups). The properties are
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classified into primary properties and secondary properties.
Primary properties are estimated exclusively from the molec-
ular structure while secondary properties (not considered in
this article) involve primary properties in addition to the mo-
lecular structure data. Here, several important primary prop-
erties are estimated: normal boiling point, normal melting
point, critical pressure, critical temperature, critical volume,
standard enthalpy of vaporization at 298 K, standard Gibbs
energy, and standard enthalpy of formation at 298 K. Com-
parisons with existing methods are made for all the above
mentioned properties. Through examples, the applicability of
the method, the consistency of prediction, and the capability
of the method to capture isomer differences are demonstrated.

Development of the New Method

In the proposed method, the molecular structure of a com-
pound is considered to be a collection of two types of groups:
simple functional groups, that is, the first-order groups, and
functional groups with the first-order groups as building blocks,
namely the second-order groups.

First-order groups

For the estimation of properties of pure compounds, most
of the currently-used methods employ the same set of first-
order groups (Reid et al., 1987; Lyman et al., 1990). Methods
for the estimation of properties of mixtures, on the other hand,
have mainly used a different set of first-order groups (Fre-
denslund et al., 1977; Dear and Deal, 1969). Consequently,
group contribution-based computational tools need to accom-
modate two separate molecular-structure descriptions (Gani et
al., 1990): one for prediction of properties of pure compounds
and another for mixture property estimations. To circumvent
this drawback, we propose to use as first-order groups, the set
of groups commonly used for the estimation of mixtures prop-
erties (Fredenslund et al., 1977; Dear and Deal, 1969). Another
advantage of this selection is that a group appearing in an
aliphatic ring is considered equivalent to its identical nonring
one. Therefore, each group has a single contribution inde-
pendent of the type of the compound involved (acyclic or
cyclic). The first-order groups are presented on Tables 1 and
2. Sample molecular structures which incorporate these groups
have been reported in the literature (Reid et al., 1987; Hansen
et al., 1991). An important disadvantage of this group defi-
nition is that there is no theoretical basis for their identification
(Wu and Sandler, 1992). Besides, the groups are not able to
capture proximity effects or isomer differences (Wu and San-
dler, 1989, 1992; Kehiaian, 1983).

Second-order groups

In the new method, the role of the second-order groups is
to provide more structural information about the portions of
the molecular structure of a compound where the description
through the first-order groups is insufficient. The ultimate goal
is to enhance the accuracy, reliability, and the range of ap-
plicability of the property estimation, and overcome some of
the disadvantages of the first-order groups, such as partial
description of proximity effects and distinguish among iso-
mers. Contrary to the case of first-order groups, there can be
molecule structures which do not need any second-order groups.

The selection of the first-order groups aimed to achieve
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consistency with the best documented mixture property esti-  the selection of the set of second-order groups to be used in
mation methods. The definition and identification of the sec- the proposed method.

ond-order groups, on the other hand, has a theoretical basis.
Specifically, we propose the principle of conjugation, as in-
troduced by Mavrovouniotis (1990) and Constantinou et al. In the ABC framework, compounds are represented as hy-
(1993, 1994c¢) in the ABC framework, to be the platform for brids of many conjugate forms. Each conjugate form is an

Theoretical background

Table 1. First-Order Groups and Their Contributions for the Physical Properties

Dei Vel
Group Lo (bar=%%  (m’/kmol) Ly bt
CH, 1.6781 0.019904 0.07504 0.8894 0.4640
CH, 3.4920 0.010558 0.05576 0.9225 0.9246
CH 4.0330 0.001315 0.03153 0.6033 0.3557
C 4.8823 —0.010404 —0.00034 0.2878 1.6479
CH,=CH 5.0146 0.025014 0.11648 1.7827 1.6472
CH=CH 7.3691 0.017865 0.09541 1.8433 1.6322
CH,=C 6.5081 0.022319 0.09183 1.7117 1.7899
CH=C 8.9582 0.012590 0.07327 1.7957 2.0018
C=C 11.3764 0.002044 0.07618 1.8881 5.1175
CH,=C=CH 9.9318 0.031270 0.14831 3.1243 3.3439
ACH 3.7337 0.007542 0.04215 0.9297 1.4669
AC 14.6409 0.002136 0.03985 1.6254 0.2098
ACCH, 8.2130 0.019360 0.10364 1.9669 1.8635
ACCH, 10.3239 0.012200 0.10099 1.9478 0.4177
ACCH 10.4664 0.002769 0.07120 1.7444 —1.7567
OH 9.7292 0.005148 0.03897 3.2152 3.5979
ACOH 25.9145  —-0.007444 0.03162 4.4014 13.7349
CH,CO 13.2896 0.025073 0.13396 3.5668 4.8776
CH,CO 14.6273 0.017841 0.11195 3.8967 5.6622
CHO 10.1986 0.014091 0.08635 2.8526 4.2927
CH,COO 12.5965 0.029020 0.15890 3.6360 4.0823
CH,CO0 3.8116 0.021836 0.13649 3.3953 3.5572
HCOO 11.6057 0.013797 0.10565 3.1459 4.2250
CH,0 6.4737 0.020440 0.08746 2.2536 2.9248
CH,0 6.0723 0.015135 0.07286 1.6249 2.0695
CH-O 5.0663 0.009857 0.05865 1.1557 4.0352
FCH,0 9.5059 0.009011 0.06858 2.5892 4.5047
CH,;NH, 12.1726 0.012558 0.13128 3.1656 6.7684
CHNH, 10.2075 0.010694 0.07527 2.5983 4.1187
CH;NH 9.8544 0.012589 0.12152 3.1376 4.5341
CH,NH 10.4677 0.010390 0.09956 2.6127 6.0609
CHNH 7.2121 —0.000462 0.09165 1.5780 3.4100
CH;N 7.6924 0.015874 0.12598 2.1647 4.0580
CH,N 5.5172 0.004917 0.06705 1.2171 0.9544
ACNH, 28.7570 0.001120 0.06358 5.4736 10.1031
CsH,\N 29.1528 0.029565 0.24831 6.2800 * %k
CsH;N 27.9464 0.025653 0.17027 5.9234 12.6275
CH,CN 20.3781 0.036133 0.15831 5.0525 4.1859
COOH 23.7593 0.011507 0.10188 5.8337 11.5630
CH,CL 11.0752 0.019789 0.11564 2.9637 3.3376
CHCL 10.8632 0.011360 0.10350 2.6948 2.9933
CCL 11.3959 0.003086 0.07922 2.2073 9.8409
CHCL, 16.3945 0.026808 0.16951 3.9300 5.1638
CCL, * k% ok ¥k k¥ * ok ok Kk 3.5600 * K ok ok
CCL, 18.5875 0.034935 0.21031 4.5797 10.2337
ACCL 14.1565 0.013135 0.10158 2.6293 2.7336
CH,NO, 24.7369 0.020974 0.16531 5.7619 5.5424
CHNO, 23.2050 0.012241 0.14227 5.0767 4.9738
ACNO, 34,5870 0.015050 0.14258 6.0837 8.4724
CH,SH 13.8058 0.013572 0.10252 3.2914 3.0044
I 17.3947 0.002753 0.10814 3.6650 4.6089
BR 10.5371 -0.001771 0.08281 2.6495 3.7442
CH=C 7.5433 0.014827 0.09331 2.3678 3.9106
C=C 11.4501 0.004115 0.07627 2.5645 9.5793
CL(C=0C) 5.4334 0.016004 0.05687 1.7824 1.5598
ACF 2.8977 0.013027 0.05672 0.9442 2.5015
HCON(CH,), * * ok * * * % % * % ok ok 7.2644 * * % *

(Continued)
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Table 1. First-Order Groups and Their Contributions for the Physical Properties (continued)
Peii Ve
Group Lo (bar %) (m*/kmol) Loy Lo
CF, 2.4778 0.044232 0.11480 1.2880 3.2411
CF, 1.7399 0.012884 0.09519 0.6115 * ok K ¥
CF 3.5192 0.004673 * kK K 1.1739 LEER
COO 12.1084 0.011294 0.08588 2.6446 3.4448
CCL,F 9.8408 0.035446 0.18212 2,8881 7.4756
HCCLF * % ok ok * % ok ok * K k% 2.3086 * % k%
CCLF, 4.8923 0.039004 0.14753 1.9163 2.7523
F (except as above)* 1.5974 0.014434 0.03783 1.0081 1.9623
CONH, 65.1053 0.004266 0.14431 10.3428 31.2786
CONHCH, * %k ok % * ok ok ok * ok k ok * ok ok ok & ok ok %
CONHCH, ® ok ¥ k * ok ok ok * k% % * ok k ok * ok ok %
CON(CHy), 36.1403 0.040149 0.25031 7.6904 11.3770
CONCH;CH, L X * Kk K * koK Kk ¥k % % * % k%
CON(CH,), ® % ¥ K * kKK * %k ok 6.7822 * ok kK
C,H;0, 17.9668 0.025435 0.16754 5.5566 * kK %
C,H,0, * K K K PR ] XXX 5.4248 * ok ok K
CH,S 14.3969 0.016048 0.13021 3.6796 5.0506
CH,S 17.7916 0.011105 0.11650 3.6763 3.1468
CHS * ok k% LER ] * ok ok ok 2.6812 * ok Kk
C,H,S * K K K * K kX * ok ok ok 5.7093 * ok ok *
C.H,S * kK * k% ok * ok K K 5.8260 * Kk K

* For the normal boiling point, the method is not applied to highly partial-fluorinated compounds.

Table 2. First-Order Groups and Their Contributions for the Thermodynamic Properties

hy; 81i B hyi 4 hos
Group (kJ/mol) (kJ/mol) (kJ/mol) Group (kJ/mol) (kJ/mol) (kJ/mol)
CH;, ~-45.947 - 8.030 4.116 CH,CL - 73.568 —33.373 13.780
CH, —20.763 8.231 4.650 CHCL ~63.795 -31.502 11.985
CH —3.766 19.848 2.771 CCL -57.795 ~25.261 9.818
C 17.119 37.977 1.284 CHCL, —82.921 —35.814 19.208
CH,=CH 53.712 84.926 6.714 CCL, * % % * %k ok 17.574
CH=CH 69.939 92.900 7.370 CCL, ~107.188 -53.332 * %k
CH,=C 64.145 88.402 6.797 ACCL ~-16.752 -0.596 11.883
CH=C 82.528 93.745 8.178 CH,NO, —66.138 17.963 30.644
Cc=C 104.293 116.613 9.342 CHNO, -59.142 18.088 26.277
CH,=C=CH 197.322 221.308 12.318 ACNO, ~7.365 60.161 * %k
ACH 11.189 22.533 4,098 CH,SH -~ 8.253 16.731 14.931
AC 27.016 30.485 12.552 1 57.546 46.945 14.364
ACCH, —19.243 22.505 9.776 BR 1.834 -1.721 11.423
ACCH, 9.404 41.228 10.185 CH=C 220.803 217.003 7.751
ACCH 27.671 52.948 8.834 C=C 227.368 216.328 11.549
OH —181.422  -158.589 24.529 CLA(C=0QC) -36.097 —28.148 * %k ok
ACOH ~164.609  —132.097 40.246 ACF —-161.740 - 144.549 4.877
CH,CO —-182.329 -131.366 18.999 HCON(CH,), * ok ok * % % * * k¥
CH,CO -164.410 —132.386 20.041 CF, —-679.195  —626.580 8.901
CHO -129.158 -107.858 12.909 CF, * ok ok * ok * 1.860
CH,CO0 —389.737 -318.616 22.709 CF * k% * ok ok 8.901
CH,CO0 -359.258 —291.188 17.759 COO ~313.545  —281.495 * * ok
HCOO -332.822 . -288.902 * * ok CCL,F —258.960 —209.337 13.322
CH,0 -163.569  —-105.767 10.919 HCCLF * k¥ * * ok * * %
CH,0 —151.143  -101.563 7.478 CCLF, —446.835 —392.975 8.301
CH-O ~129.488 -92.099 5.708 F (except as above) -223.398 -—-212.718 * ok ok
FCH,0 —140.313 -90.883 11.227 CONH, —203.188 —136.742 * k%
CH,NH, —15.505 58.085 14.599 CONHCH, -67.778 * ko * %k ok
CHNH, 3.320 63.051 11.876 CONHCH, - 182.096 * % % 51.787
CH,;NH 5.432 82.471 14.452 CON(CHy), —~ 189.888 —65.642 LR
CH,NH 23.101 95.888 14.481 CONCH,CH, —46.562 * %k * ok K
CHNH 26.718 85.001 * kK CON(CH,), * %k k L * %k ok
CH;N 54.929 128.602 6.947 C,H,0, —344.125 —241.373 * %k k
CH,N 69.885 132.756 6.918 C,H,0, * ok k * K ¥ * k%
ACNH, 20.079 68.861 28.453 CH,S ~2.084 30.222 16.921
CsH,N 134.062 199.958 31.523 CH,S 18.022 38.346 17.117
CsH;N 139.758 199.288 31.005 CHS * Kk * k% 13.265
CH,CN 88.298 121.544 23.340 C.H,S * kK * K % 27.966
COOH —396.242  —349.439 43.046 C.H,S * K * % ¥ * K ¥
1700 October 1994 Vol. 40, No. 10 AIChE Journal



HHH HH H
Lol T
H-C-C-(l;-H « H-C®C=C.H®
P ! |

H HH

Recessive Conjugate

HHH
Dominant Conjugate
C-C-C-H < C>C=C.H®°

Conjugation Operator

Figure 1. A dominant conjugate, a generated recessive
conjugate and the corresponding conjugation
operator.

idealized structure with integer-order localized bonds and in-
teger charges on atoms. The purely covalent conjugate form
is the dominant conjugate and the ionic forms are the recessive
conjugates, which can be obtained from the dominant form
by a rearrangement of electron pairs. A conjugation operator
defines a particular pattern of electron rearrangement. When
applied to the dominant conjugate, an operator yields an entire
class of recessive conjugates. Conjugation operators are rep-
resented by a distinct subchain with two or three bonds, such
as C—C—-C—-Hand O=C-C. Figure 1 presents a dominant
conjugate, a generated recessive conjugate form, and the cor-
responding conjugation operator {(Constantinou et al., 1993).
In the framework, the property of a compound is estimated
by determining and combining properties of its conjugate
forms. Properties of conjugate forms are estimated through
conjugation operators (a fixed contribution is assigned to each
operator (through regression) reflecting the contribution of the
corresponding class of conjugate forms). The basic property
in the ABC framework is the standard enthalpy of formation
at 298 K, because for the estimation of this property, the
contribution of the conjugate forms can be expressed in terms
of their physical significance rather than adjustable parameters
(Constantinou et al., 1993). Thus, it is possible to distinguish
those classes of conjugate forms (the most important conjugate
forms) which exert the strongest influence not only on the
estimation of the enthalpy of formation but also on other
properties to be estimated as well. The conjugation operators
associated with the most important conjugate forms are as-
signed the largest contributions (contributions of all the op-
erators are given by Constantinou (1993)). In this way, it is
possible to identify the classes of conjugate forms with the
highest conjugation activity by inspecting the contributions of
the corresponding operators. The group identification focuses
on the operators which correspond to the important conjugate
forms, that is, the operators with significantly higher contri-
bution than others.

Group identification

In the new method, we take the following as our principles
for the identification of the second-order groups:

AIChE Journal October 1994

Vol. 40, No. 10

(1) The structure of a second-order group should incor-
porate the distinct subchain of at least one important conju-
gation operator (due to structure similarity of the operators,
second-order groups can involve the subchains of more than
one operator); for example, the CH,COCH, second-order
group incorporates the O = C — C, along withtheO=C—-C—-H
and C - C - C - H operators.

(2) Thestructure of a functional second-order group should
have adjacent first-order groups as building blocks and it should
be as small as possible; for example, the CH;COCH, has the
CH,CO, and CH, as building blocks.

(3) Second-order groups based on common operator(s)
should be equally treated in the method; for example the
CH,=CH,~CH,=CH, [n,k,p,me(0,2)] represent the sec-
ond-order groups obtained by the C=C— C=C operator.

(4) The performance of second-order groups is independ-
ent of the molecule in which the groups occur, satisfying a
fundamental group-contribution principle.

Tables 3 and 4 give lists of second-order groups that have
been defined for the new method. Sample assignments, along
with the occurrences of the groups, are provided in Table 4.
Examples of how the second-order groups are used (if they do
exist in a molecular structure) are given in Appendix A.

Another systematic procedure for identification of groups
based on theoretical principles is the work of Wu and Sandler
(1992), where the identification of groups is based on ab initio
orbital calculations, rather than conjugation. Nevertheless,
common groups can be found in the set proposed by Wu and
Sandler (1992) and in the set proposed in this work.

Proposed model

Let C, be the contribution of the first-order group type-i
which occurs N; times and D, be the contribution of the second-
order group type-j with M; occurrences in a compound. With
f(X) a simple function of the property X, the property-esti-
mation model takes the form of Eq. 1.

fX)=3NC+W Y MD, )

The constant W is assigned to unity in the second-level esti-
mation (second-order approximation), where both first and
second-order group contributions are involved, and 0 in the
basic level (first-order approximation), where only the con-
tributions of first-order groups are employed. The selection
of f(X) has been based on the following factors: (1) The
function has to achieve additivity in the contributions C; and
D;; (2) it has to demonstrate the best possible fit of the ex-
perimental data; and (3) the expressions should be able to
provide sufficient extrapolating behavior and therefore wide
range of applicability. A large number of expressions have
been tested for each property (including those found in Con-
stantinou et al., 1993; Reid et al., 1987; Horvath, 1992). The
selected functions of f(X) for all the properties are presented
in Table 5. The symbols ., Peiis Veris Lmiis Iotis &uis Puris M
represent the contributions (C)) of the first-order group of type-
i for the corresponding properties. Similarly, f.;, Do Vezjs Tmzjo
tyyj» 82j» Miaj» Py are the contributions (D)) of the second-order
group of type-j. The g, Pcis Pe2s Veos Emos I50s 805 Puoy @nd Ap
are additional adjustable parameters of the expressions (uni-
versal constants).

The determination of the adjustable parameters of the model,
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Table 3. Second-Order Groups and Their Contributions for the Physical Properties

chJ Uc2/
(bar %) (m*/kmol)

Groups Lo 1y L,
(CH,),CH —0.5334 0.000488 0.00400 -0.1157 0.0381
(CH,;),C -0.5143 0.001410 0.00572 ~0.0489  —0.2355
CH(CH,;)CH(CH3) 1.0699  —0.001849 —-0.00398 0.1798 0.4401
CH(CH,)C(CH,), 1.9886  —0.005198 —-0.01081 0.3189 -0.4923
C(CH,),C(CH,), 5.8254  -0.013230 —-0.02300 0.7273 6.0650
3 membered ring* -2.3305 0.003714 —0.00014 0.4745 1.3772
4 membered ring* —1.2978 0.001171 -0.00851 0.3563 LERER
S membered ring* -0.6785 0.000424 —-0.00866 0.1919 0.6824

6 membered ring*
7 membered ring*
CH,=CH,-CH,=CH;
k.n,m,p€(0,2)
CH,-CH,,=CH,
m,ne(0,2)
CH,-CH,,=CH,
m,n €(0,2)
CH-CH,,=CH, or
C-CH,,=CH,
m,n€(0,2)
Alicyclic side chain
Ccycliccm
m>1
CH,CH,
CHCHO or
CCHO
CH,COCH,
CH,COCH or
CH,COC
Ccyclic( =0)
ACCHO
CHCOOH or
CCOOH
ACCOOH
CH,COOCH or
CH,COOC
COCH,COO or
COCHCOO or
COCCOO
CO-0-CO
ACCOO
CHOH
COH
CH,(OH)CH,(OH)
mon€(0,2)
CHmcychc'OH
me(0,1)
CH,(OH)CH,(NH,)
m,n,p€0,3)
CH,(NH,)CH,(NH,)
m,n€(0,2)
CHm cyclic-NHp'Canyclic
m,n,p€(0,2)
CH,-O-CH,=CH,
nn,p€(0,2)
AC-O-CH,,
m€(0,3)
CHm cyclic'S'CHn cyclic
m,n€(0,2)
CH,,=CH,-F
m,n€(0,2)
CH,,=CH,-Br
m,n€(0,2)
CH,,=CH,-1
m,ne(0,2)
ACBr
ACI
CH,,(NH,)-COOH
me(0,2)

0.8479 0.002257 0.01636

3.6714 - 0.009799 —0.02700
0.4402 0.004186 ~0.00781
0.0167  —0.000183 -0.00098
—-0.5231 0.003538 0.00281

—-0.3850 0.005675 0.00826

2.1160  ~-0.002546 —0.01755
2.0427 0.005175 0.00227
- 1.5826 0.003659 —0.00664
0.2996 0.001474 —0.00510
0.5018  —0.002303 -0.00122
2.9571 0.003818 —0.01966
1.1696  ~0.002481 0.00664
—1.7493 0.004920 0.00559
6.1279 0.000344 —0.00415
- 1.3406 0.000659 -0.00293
2.5413 0.001067 —0.00591
~2.7617  -0.004877 —0.00144
—3.4235  —0.000541 0.02605
—2.8035  —0.004393 -0.00777
—-3.5442 0.000178 0.01511
5.4941 0.005052 0.00397
0.3233 0.006917 —-0.02297

5.4864 0.001408 0.00433
2.0699 0.002148 0.00580
2.1345  —0.005947 -0.01380

1.0159  -0.000878 0.00297

-5.3307 -0.002249 —0.00045
4.4847 * ok x k * K %k
-0.4996 0.000319 -0.00596
—1.9334  —-0.004305 0.00507
* ok k% * % * % * % % %
—2.2974 0.009027 —0.00832
2.8907 0.008247 —0.00341
* ok ok K ok ok ok R

0.1957 1.5656
0.3489 6.9709
0.1589 1.9913
0.0668 0.2476
~0.1406  —0.5870

-0.0900 -0.2361

0.0511 —-2.8298

0.6884 1.4880

—-0.1074 2.0547

0.0224  —-0.2951
0.0920  —0.2986

0.5580 0.7143
0.0735 —0.6697
-0.1552 -3.1034

0.7801 28.4324
-0.2383 0.4838

0.4456 0.0127
-0.1977 —2.3598
0.0835 -2.0198
-0.5385 —0.5480
~0.6331 0.3189
1.4108 0.9124
- 0.0690 9.5209
1.0682 2.7826
0.4247 2.5114
0.2499 1.0729
0.1134 0.2476
~-0.2596 0.1175
0.4408 -0.2914
~0.1168 -0.0514
-0.3201 —1.6425
—0.4453 * ok ok K

-0.6776 2.5832
—-0.3678 - 1.5511
* & kK * K ok ok

* Corrections for stress-strained effects are treated similar to second-order groups.
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that is, Cs and D;s, has been divided into a two-step regression
analysis:

(1) Regression is carried out to determine the contribution
of the first-order groups (that is, values for C;s) while W is set
to zero (that is, second-order groups are not considered in this
step);

(2) Using the estimated values of Cjs, the second-order
groups are activated (W= 1) and the contributions of the sec-
ond-order groups (Djs) are estimated through regression. This
two-step regression procedure enables the contribution of first-
order groups to be independent of that of the second-order
groups. Furthermore, the contribution of second-order groups
serves as a correction to the first-order approximation.

Selection of experimental data

A common problem in the literature on experimental ther-
modynamic data is that a portion of the data are actually
estimated. For example, Constantinou (1993) mentions that
an extensive literature search revealed that a portion of the
data reported in Reid et al. (1987) were actually estimated using
group-contributions ard other additive methods (during the
data compilation, nonexperimental sources may not have been
screened out). Therefore, one must be very cautious in the use
of these data for regression. The reason is that minor differ-

ences in the data, if they are the result of a systematic bias,
can adversely influence the parameters to be determined, even
when they do not adversely affect the standard deviation of
the regression. In this work, a systematic search has been made
to satisfy the need of providing reliable and consistent exper-
imental data for the regression step. The DIPPR databank
(Daubert and Danner, 1989) has been the main source for
experimental values of the critical properties, normal boiling
point, normal melting point, standard enthalpy of formation,
and standard Gibbs energy at 298 K. The reason was that the
availability of data sources and quality codes in DIPPR has
permitted us to judge whether specific data are reliable ex-
perimental or not. Similarly, the experimental data of Nikitin
et al. (1994) of the critical properties of heavy alkanes and
values of the compilation of Constantinou (1993), not included
in DIPPR, have also been used. The experimental data for the
standard enthalpy of vaporization at 298 K were obtained from
Cox and Pilcher (1970), a descriptive thermodynamic data
source.

Regression

After the selection of data, a least-square analysis has been
carried out to determine the contributions of first- and second-
order groups (adjustable parameters) for the eight primary

Table 4. Second-Order Groups and Their Contributions for the Thermodynamic Properties along with Sample Assignments

hy; &y Py
Groups (kJ/r;)ol) (kJ/mol) (kJ/mol) Sample Group Assignment (Occurrences)
{CH;),CH -0.860 0.297 0.292 2-Methylpentane (1)
(CH,),C -1.338 -0.399 -0.720 2,2-Dimethylpentane (1),
2,2,4,4-Tetramethylpentane (2)
CH(CH,)CH(CH,) 6.771 6.342 0.868 2,3-Dimethylpentane (1),
2,3,4-Tetramethylpentane (2)
CH(CH,)C(CH,), 7.205 7.466 1.027 2,2,3 Dimethylpentane (1),
2,2,3,4,4-Pentamethylpentane (2)
C(CH,),C(CHjy), 14.271 16.224 2.426 2,2,3,3 Dimethylpentane (1),
2,2,3,3,4,4 hexamethylpentane (2)
3 membered ring* 104.800 94.564 LR R R cyclopropane (1)
4 membered ring* 99.455 92.573 * k% ¥ cyclobutane (1)
S membered ring* 13.782 5.733 —0.568 cyclopentane (1), EthylCyclopentane (1)
6 membered ring* —9.660 —8.180 —0.905 cyclohexane (1), Methylcyclohexane (1)
7 membered ring* 15.465 20.597 -0.847 cycloheptane (1), EthylCycloheptane (1)
CH,=CH,-CH,=CH, -8.392 —5.505 2.057 1,3 butadiene (1)
k.n,m,pe(0,2)
CH,-CH,,=CH, 0.474 0.950 -0.073 butene-2 (2), 2-Methyl-Butene-2 (3)
m,n€(0,2)
CH,-CH,,=CH, 1.472 0.699 —0.369 1,4 Pentadiene (2)
m,n€(0,2)
CH-CH,,=CH, or 4,504 1.013 0.345 4-methylpentene-2 (1)
C-CH,,=CH,
m,n €(0,2)
Alicyclic side-chain 1.252 1.041 -0.114 Ethylcyclohexane (1), Propylcycloheptane (1)
Ccycliccm
m>1
CH,CH;, -2.792 —1.062 * kK ok Ethane (only)
CHCHO or ~2.092 -1.359 0.207 2-methyl Butyraldehyde (1)
CCHO
CH,COCH, 0.975 0.075 —0.668 2-pentanone (1)
CH,COCH or 4.753 * k% % 0.071 3-methyl-pentanone-2 (1)
CH,COC
Coycic =0 14,145 23.539 0.744 Cyclohexanone (1)
ACCHO -3.173 -2.602 -3.410 Benzaldehyde (1)
CHCOOH or 1.279 2.149 * kK% 2-methyl butanoic acid (1)
CCOOH
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Table 4. Second-Order Groups and Their Contributions of Thermodynamic Properties along with Sample Assignments

(Continued)
hz/ 8 hyay
Groups (kJ/mol) (kJ/mol) (kJ/mol) Sample Group Assignment {Occurrences)
ACCOOH 12.245 10.715 8.502 Benzoic acid (1)
CH,COOCH or —7.807 —6.208 —3.345 Isopropyl Acetate (1)
CH,CO0C
COCH,COO or 37.462 29.181 * kK ok Ethylacetoacetate (1)
COCHCOO or
COCCOO
CO-0-CO —16.097 —11.809 1.517 Propanoic anhydride (1)
ACCOO -9.874 —7.415 * %k k Benzoic Acid ethyl ester (1)
CHOH —3.887 -6.770 —1.398 2-butanol (1)
COH —24.125 -20.770 0.320 2-methyl butanol-2 (1)
CH,,(OH)CH,(OH) 0.366 3.805 —3.661 1,2,3 propanetriol (2)
m.n€(0,2)
CH,, ¢yaic-OH -16.333 —5.487 4.626 Cyclopentanol (1)
me(0,1)
CH,(OH)CH,(NH,) -2.992 - 1.600 * K ok ok 1-amino-2-butanol (1),
mnp€0,2) 1-Hydroxy-N-Methyl-Butylamine (1)
CH,(NH,)CH,(NH,) 2.855 1.858 * Kk % 1,2-propanediamine (1)
m,ne(0,2)
CH,, iyatie-NH,-CH,, cyic 0.351 8.846 2.311 Pyrrolidine (1)
m,n.pe0,2)
CH,-0-CH,=CH, —~8.644 —13.167 * ok Kk Ethyl-vinyl Ether (1)
nn,p€(0,2)
AC-O-CH,, 1.532 ~0.654 * K K % Ethyl Phenyl Ether (1)
mé€(0.3)
CH,, yatic-S-CH,, cyeiic -0.329 -2.091 0.972 Tetrahydro thiophene (1)
m,n€(0,2)
CH,,=CH,-F * Kk ok * Kk ok * Kk ok 1-Fluoro propene-1 (1)
m,n€(0,2)
CH,,=CH,-Br 11.989 12.373 * %k ok 1-Bromo propene-1 (1)
m,n€(0,2)
CH,,=CH,-I EEEX"Y I EEE] * % K I-lodo propene-1 (1)
m,n€(0,2)
ACBr 12.285 14.161 —7.488 Bromotoluene (1)
ACI 11.207 12.530 ~4.864 lodotoluene (1)
CH,,(NH,)-COOH 11.740 * Kk Kk LR ] 2-amino hexanoic acid (1)
me(0,2)

* Corrections for stress-strained effects in molecules are treated similar to second-order groups.

properties listed earlier. The optimization algorithm used for
the regression is the modified-Levenberg approach and the
objective function was to minimize the sum of squares of the
differences between the experimental and the predicted values

Table 5. Selected Function for Each Property

Righthand side

Lefthand Side of Eq. 1
of Eq. 1 (Group-Contribution
Property (X) [Function f(X)] Expression)
Critical exp(7./tq) LN+ EMty;
Temperature (7,)
Critical (Pc—pa) " —p2  LiNpoi+ LMp.,

Pressure (P,)

Critical Volume (V,) V.~ v LiNv i+ EMjuy,

Melting Point (7T,,) exp(Trn/tmo) IiNit i+ LMty

Normal Boiling Point exp(T,/ty) IiNitpi+ LMty
(Ty)

Standard Gibbs Energy AG,~g LiNg+LMg,,
at 298 K (AG))

Standard En[halpy of AHV“ th EiNihvli + Eijh,;zj
Vaporization at 298 K
(AH,)

Standard Enthalpy of AH— hy, LNk + E,M;hy;

Formation at 298 K
(AH))
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of the functions f(X). This method has been used in all the
regressions reported in this article.

A list of the contributions of the first-order groups for the
studied properties is presented in Tables 1 and 2. In all the
subsequent tables, four asterisks (****) denotes group-contri-
butions which have not been estimated because reliable ex-
perimental values of the compounds involving the groups could
not be found in the open literature. The additional adjustable
parameters determined in the first step of the regression (uni-
versal constants) are presented in Table 6.

With the first-order group contribution known, attention
was switched to the determination of the contributions of the
second-order groups, that is, the second-step of the regression.
Tables 3 and 4 report the contributions of these groups for all
the properties.

Reliability of the model

The reliability of the expressions determined through regres-
sion has been tested for each property through a least-squares
regression in which a randomly chosen subset of the experi-
mental data has been excluded (Constantinou et al., 1993).
Once the results are obtained, the mean-square residual J,

defined as:

AIChE Journal



Table 6. Values of the Additional Adjustable Parameters

Adjustable Parameter Value
(Universal Constants)
to 181.128 K
Do 1.3705 bar
Pe 0.100220 bar %%
Uy —0.004350 m*/kmol
tw 204.359 K
tmo 102.425 K
£ —14.828 kJ/mol
hy 6.829 kJ/mol
hyy 10.835 kJ/mol

I= Jr - vy @

is calculated. In Eq. 2, n is the number of data excluded from
the regression, X is the property of the compound i estimated
by the initial regression (full data set), and Y, is the property
of the same compound estimated by the regression in which
the n randomly selected data were excluded from the data set
(including the compound currently studied). For all the prop-
erties, the residual is much smaller than the estimation errors
reported in Table 6, confirming the reliability of the method.

Table 7 gives for each property the standard deviation, the
average error, and the average absolute percentage error for
the first- and second-order approximations. The number of
experimental data used in the regressions is also reported. As
mentioned in preceding sections and indicated by the reported
statistics, the contribution of the second-order groups serve as
a correction to the first-order approximation.

Results and Discussion
Comparisons with existing methods

The property predictions with the new methods after the
second-level estimation are compared with several currently
available group contribution based methods: the methods of
Lydersen (1955), Ambrose (1978, 1980), Klincewicz and Reid
(1984), and Joback and Reid (1984) for the estimation of crit-
ical properties; Joback and Reid (1984) for the estimation of
the normal boiling point and normal melting point; Benson

(1968) and Joback and Reid (1984) for the estimation of stand-
ard enthalpies and Gibbs energies of formation. The compar-
isons of the physical properties are reported in Tables 8 and
9. Table 10 presents the comparisons for thermodynamic prop-
erties. The statistics of the preceding methods have been ob-
tained from the reported literature (Joback and Reid, 1984;
Reid et al., 1987). It is worth mentioning that it would have
been a fair comparison if the proposed model had been com-
pared with other pure-predictive models with the same range
of applicability and using a common set of reliable experi-
mental data. However, such models cannot be found in the
open literature. Also, a comparison of models with the same
data set has difficulties since the models do not have the same
range of application.

For the critical temperature, comparisons of the predicted
property with the proposed method and those of Klincewicz
and Reid (1984) and Lydersen (1955) show that significantly
better results are obtained with the new method. Joback and
Reid (1984) exhibits the same accuracy as this work. Also, the
slightly better accuracy of the method of Ambrose (1978, 1980)
when compared to the proposed method is nonappreciable
since the accuracy of both methods is within the limits of
experimental errors. Finally, compared with another purely
predictive method (Fedors, 1982), the proposed technique per-
forms much better. Attention should be focused on the fact
that with the exception of the method of Fedors (1982), all the
existing methods for the estimation of the critical temperature
require reliable experimental value of the normal boiling point
(a property which may not always be available). Therefore,
the reliability and applicability of the estimations is restricted
to those compounds where accurate experimentally-determined
value of the normal boiling point is available (Joback and
Reid, 1984). On the contrary, the new method can reliably
estimate the critical temperature of any type of compound
exclusively from the molecular structure. Such estimations are
valuable for biochemical and environmentally-related proc-
esses which often involve large and complex-structured com-
pounds. Furthermore, reliable value of critical temperature is
required for the estimation of other properties, such as vapor
pressure (Reid et al., 1987).

For critical pressure, an important property for the corre-
sponding state principles, the estimates with the new method

Table 7. Comparison of the First- and Second-Order Approximations of the Method

Property Data Standard Deviation AAE AAPE
X Points Ist-order 2nd-order 1st-order 2nd-order Ist-order 2nd-order
7. 285 12.96 K 6.98 K 9.12K 485K 1.62% 0.85%
P, 269 2.34 bar 2.02 bar 1.43 bar 1.13 bar 3.72% 2.89%
V. 251 0.012 0.010 0.008 0.006 2.30% 1.79%
m®/kmol m*/kmol m*/kmol m’/kmol
Ty 392 10.48 K 7.70K 771K 5.35K 2.04% 1.42%
7, 312 22.51K 18.28 K 17.39 K 14.03 K 8.90% 7.23%
AH, 225 2.20 1.83 1.40 1.11 3.22% 2.57%
kJ/mol kJ/mol kJ/mol kJ/mol
AH, 373 8.28 6.12 5.45 3.7 — —_
kJ/mol kJ/mol kJ/mol kJ/mol
AG, 333 7.25 5.23 4.78 3.24 — —
kJ/mol kJ/mol kJ/mol kJ/mol
2
Standard Deviation = %]-;X—")— AAE:—;} Il X = Xup 5 AAPE:%/}:M 100%

exp

where N is the number of experimental data, X, is the estimated value of the property X, and X..p the experimental value of the property X.
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Table 8. Comparison of the Accuracy between Widely-Used Existing Methods and the Proposed for the Critical Properties

T o B Ve
AAE AAE AAE
Method (K) AAPE % (10° Pa) AAPE % (107 m*/mol) AAPE %
Ambrose (1978, 1980) 4.3 0.7 1.8 4.6 8.5 2.8
Fedors* (1982) — 5.0 - — — 3.15
Joback and Reid (1984) 4.8 0.8 2.1 5.2 7.5 2.3
Klincewicz and Reid (1984) 7.5 1.3 3.0 7.8 8.9 2.9
Lydersen (1955) 8.1 1.4 33 8.9 10.0 3.1
Proposed* 4.85 0.85 1.13 2.89 6.00 1.79

* Pure predictive methods.

Table 9. Comparison of the Accuracy Between Widely-Used
Existing Methods and the Proposed for the Normal Boiling
Point and Normal Melting Point

Tb Tm
Method AAE (K) AAPE % AAE (K) AAPE®
Joback and Reid 12.9 3.6 22.6 11.2
(1984)
Proposed 5.35 1.42 14.03 7.23

are drastically more accurate than all the others compared in
this work. Also, for the estimation of the critical volume, as
indicated in Table 10, the estimated values derived by the new
method are clearly the most accurate.

In the case of the normal boiling point, the currently avail-
able group contribution methods (Joback and Reid, 1984) and
correlations (Kreglenski and Zwolinski, 1961; Tsonopoulos,
1987) have been of limited accuracy or utility. Thus, the lack
of fast and reliable prediction methods for the normal boiling
point has been a major obstacle to the analysis and design of
vapor-liquid equilibrium processes. The comparisons in Table
9 show the reliability and improvement in accuracy achieved
in this method with respect to the only available method with
wide range of applicability (a large number of correlations for
the estimation of the normal boiling point are applicable to a
specific homologous series, such as normal alkanes). For the
normal melting point, group contribution methods, in general,
have difficulties in providing a reliable estimation. The reason
is that melting point highly depends upon intermolecular in-
teraction and molecular symmetry (Reid et al., 1987; Horvath,
1992). Having this in mind, our method aimed to improve the
accuracy of available methods and the comparisons are re-
ported in Table 9.

Table 10 presents the comparisons for the thermodynamic
properties. For the standard enthalpy of formation and the
standard Gibbs energy, the proposed method performs deci-
sively better than widely-used methods, even sophisticated ones
(Benson et al., 1968). For the standard enthalpy of vaporization
at 298 K, no other group contribution techniques could be

found in the literature (the methods reported in the literature
estimate the standard enthalpy of vaporization at the normal
boiling point). Note that with the above thermodynamic prop-
erties known at a given temperature (298 X in this case), simple
correlations can be employed to determine these properties at
other temperatures as well (Reid et al., 1987).

Internal consistency

Another issue on which little attention has been placed in
the currently-used group contribution methods is the internal
consistency of the limiting values (the values of the properties
in a homologous series as the number of carbons tends to an
infinite value) of estimated properties. Let us consider as an
example the limiting behavior of critical density (inverse of the
critical volume) and critical pressure of normal straight chained
alkanes. For this purpose, the expression of the critical density
and critical pressure (as reported in Table 5) have been refor-
mulated to be functions of the number of carbons. A normal
alkane with £ number of carbons can be described by two first-
order groups, that is, — CH, with 2 occurrences, and - CH, -,
with k-2 occurrences. Furthermore, the molecular weight of
the alkane can be expressed as 14k +2 (kg/kmol). Therefore,
the critical density and pressure are given by the expression 3a
and 3b, respectively (the critical density is estimated in kg/m?,
and the critical pressure in bar).

Lol 14k +2 ;
= V.7 0.03421 + 0.05576k (32)
1
P.=1371+ (3b)

(0.11891 +0.010558k)

As k tends to an infinite value, the limiting value for the critical
density is 251 kg/m’ and that of the critical pressure 1.371 bar,
that is, both limits are nonzero values. Applying the same
procedure, the limiting values of the currently-used group con-
tributions have been obtained and reported in Table 11. Con-

Table 10. Comparison of the Accuracy Between Widely-Used Existing Methods and the Proposed for
Thermodynamic Properties

AH, AH, AG,
AAE AAE AAE
Method (kJ/mol) AAPE % (kJ/mol) AAPE % (kJ/mol) AAPE %
Benson et al. (1968) 4.2 — — — —_— —_
Joback and Reid (1984) 8.4 — — — 8.4 —
Proposed 3.71 —_ 1.11 2.57 3.24 —
1706 October 1994 Vol. 40, No. 10 AIChE Journal



Table 11. Limiting Values of the Critical Density vs. the
Critical Pressure

Limiting Value Limiting Value

for dc for Pc
Property Estimation Method (kg/m’) (bar)
Ambrose (1978, 1980) 254.1 0
Joback and Reid (1984) 250.0 0
Klincewicz and Reid (1984) 253.2 0
Lydersen (1955) 254.5 0
Proposed Method 251.0 1.371

trary to the new method, the methods of Joback and Reid
(1984), Lydersen (1955), Ambrose (1980), and Klincewicz and
Reid (1984) assign finite limiting value to the critical density
but zero limiting value to the critical pressure. The nonzero
limiting values of both properties in our method seem to be
more reasonable and in agreement with theoretical foundation
(Tsonopoulos and Tan, 1993). Also, the limiting value of the
critical pressure turns out to be based on the experimental data
used in the regression. For instance, Tsonopoulos and Tan
(1993) report two different limiting values for the critical pres-
sure, 0.05 and 2.86 bar, by using two different data sets. Teja
et al. (1990), on the other hand, give as limiting value 8.42 bar
based on the regression of a selected experimental data set.
Therefore, the limiting value reported in our method may be
subject to changes in the future if reliable experimental data
for heavy compounds suggest the need.

A second example of consistency, reliability, and wide range
of applicability of the method is the study of the critical tem-
perature and normal boiling point of normal alkanes up to
one hundred carbon number. As shown in Figure 2, and in
agreement with basic physical principles, throughout the ho-
mologous series, the normal boiling point smoothly approaches
the critical temperature as the carbon number increases. At
the same time, the ratio 7,,/T. is positive and less than unity,
whereas widely-used methods, such as the method of Lydersen
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Figure 2. The normal boiling point vs. the critical tem-
perature for normal alkanes (experimental val-
ues of heavy alkanes as reported in DIPPR are
also presented).

AIChE Journal

Table 12. Group Identification of Isomeric Dimethylhexanes
2,3 2,4 2,5
Dimethylhexane Dimethylhexane Dimethylhexane
First-Order Groups
CH, 4 4 4
CH, 2 2 2
CH 2 2 2
Second-Order Groups
CH(CH;)CH(CH,) 1 —_ —
(CH,),CH -— 1 2

October 1994 Vol. 40, No. 10

(1955), assign negative values to 7,/T, for normal alkanes with
the number of carbons more than 77 (Tsonopoulos, 1987).
Detailed and extensive analysis of the extrapolating behavior,
together with comparisons, is beyond the scope of this work.
(Current work is involved with this analysis.)

Properties of isomers

Another important characteristic of the proposed method
is the ability to distinguish between isomers. Consider for ex-
ample the estimation of the normal boiling point and critical
temperature of isomeric dimethyl hexanes. Table 12 presents
the first-order and second-order groups of these compounds.
Tables 13 and 14 show the estimations through the method as
opposed to experimental data. Application of any of the ex-
isting group contribution methods (even the most complicated
ones) as well as the first level of the proposed method, would
obtain the same values of the properties of these compounds
because they consist of the same first-order groups. However,
in the second level of the estimation in this technique, different
second-order groups are incorporated. Therefore, the correc-
tion to the first-order approximation is achieved in such a
manner that the estimated values exhibit differences similar to
the experimental measurements. Note that these modest dif-
ferences are important in various chemical engineering appli-
cations. For example, in parallel chemical reactions, a small
difference in the properties of two compounds (such as en-
thalpy of formation) can decisively affect the selectivity of the
process (Constantinou et al., 1993).

Table 13. Critical Temperature of Isomeric Dimethylhexanes

Exp. Value First-Order Second-Order

Compound (K) Approx. (K) Approx. (K)
2,3-Dimethylhexane 563.40 557.91 566.60
2,4-Dimethylhexane 553.50 557.91 553.41
2,5-Dimethythexane 550.00 557.91 548.81

Table14. Normal Boiling Point of Isomeric Dimethylhexanes

Exp. Value First-Order Second-Order

Compound K) Approx. (K) Approx. (K)
2,3-Dimethylhexane 388.76 385.93 391.41
2,4-Dimethylhexane 382.58 385.93 382.32
2,5-Dimethylhexane 380.26 385.93 378.64
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Flexibility of the proposed model-application to existing
group contribution approaches

The key element of the proposed model is that it allows the
determination of the contributions of the second-order groups
independently of that of first-order groups. Therefore, the
model is applicable to existing group contribution approaches
as well: the proposed second-order groups can be incorporated
in existing group contributions where, in reality, only a first-
level estimation was done. The values of their contributions
can be carried out through regression analysis based on the
existing first-order group contributions and experimental val-
ues (second-level estimation). The main goal is the enhance-
ment of the accuracy of the methods by employing the corrective
behavior of second-order groups and the distinguish among
isomers as well. The idea can be implemented in both pure
compound and mixture property estimation methods. Current
work is devoted to the application of the preceding principles
in widely-used methods for the estimation of activity coeffi-
cients. For example, in UNIFAC the estimation of the liquid-
phase activity coefficients is the sum of two terms: the com-
binatorial and the residual (Fredenslund et al., 1977). The
estimation of the former term involves pure-compound prop-
erties, that is, the Van der Waals Volume and Surface Area.
With the contribution of second-order groups incorporated in
the estimation of these properties, the accuracy of the com-
binatorial term can be improved enabling the method to cap-
ture the isomer differences and part of the proximity effects.

Conclusion

The employment of two sets of functional groups, one for
a first-order approximation (basic level) and another one for
amore accurate prediction (second-level) in a simple and widely-
applicable model has led to a new group contribution method
for the estimation of important physical and thermodynamic
properties of pure compounds. With the proposed technique,
inherent limitations of widely-used group contributions have
been tackled. Distinction of isomers has been achieved and
drastically better accuracy has been fulfilled through a pure
molecular-based approach. Motivated by these excellent re-
sults, we are currently extending the method for the estimation
of other properties of pure compounds, such as acentric factor,
viscosity, liquid molar volume, vapor pressure, and solubility
parameters. The performance of the model for properties of
polymers will also be demonstrated. Challenging issues, such
as the capture of isotope differences in simple engineering-
oriented methods by introducing higher-level group contri-
butions, are under investigation as well.

The successful applicability of the method, along with the
elements that it introduces, highlights the significance of en-
riched and updated group contribution principles in providing
simple yet accurate tools in the analysis of chemical, biochem-
ical, and environmentally-related products and processes.

Acknowledgment

The authors would like to acknowledge the encouragement and
contribution of Professor John P, O’Connell. Leonidas Constantinou
is also grateful to the European Union for awarding him a post-
doctorate fellowship at the Technical University of Denmark under
the Human Capital and Mobility Program.

1708 October 1994

Vol. 40, No. 10

Notation

dc = critical density
AH, = standard enthalpy of formation at 298 K
AH, = standard enthalpy of vaporization at 298 K

£ additional adjustable parameter used in estimation of the
Gibbs energy of formation
g, = contribution of the type-i first-order group for estimation of

the Gibbs energy of formation
&, = contribution of the type-j second-order group for estimation
of the Gibbs energy of formation

AG, = standard Gibbs energy of formation at 298 K
hp = additional adjustable parameter used in estimation of the
enthalpy of formation
hy,; = contribution of the type-i first-order group for estimation of

the enthalpy of formation

hy; = contribution of the type-j second-order group for estimation
of the enthalpy of formation

h, = additional adjustable parameter used in estimation of the
enthalpy of vaporization

h,; = contribution of the type-i first-order group for estimation of
the enthalpy of vaporization

h,; = contribution of the type-j second-order group for estimation
of the enthalpy of vaporization
k = number of carbons in a normal alkane
M; = number of occurrences of the type-j second-order group in
a compound
N; = number of occurrences of the type-/ first-order group in a
compound
P = first additional adjustable parameter used in estimation of

the critical pressure
P = second additional adjustable parameter used in estimation of
the critical pressure
Pa; = contribution of the type-i first-order group for estimation of
critical pressure
Po; = contribution of the type-j second-order group for estimation
of critical pressure
P, = critical pressure
ty = additional adjustable parameter used in estimation of the
critical pressure
tp; = contribution of the type-/ first-order group for estimation of
the normal boiling point
1, = contribution of the type-/ second-order group for estimation
of the normal boiling point
to = additional adjustable parameter used in estimation of the
critical temperature
t.; = contribution of the type-/ first-order group for estimation of
the critical temperature
o, = contribution of the type-j second-order group for estimation
of the critical temperature
tn = additional adjustable parameter used in estimation of the
normal melting point
tq; = contribution of the type-/ first-order group for estimation of
the normal melting point
L. = contribution of the type-j second-order group for estimation
of the normal melting point

T, = normal boiling point

T. = critical temperature

T,, = normal melting point

vo = additional adjustable parameter used in estimation of the
critical volume

vy, = contribution of the type-i first-order group for estimation of

the critical volume
Uy = contribution of the type-j second-order group for estimation
of the critical volume
critical volume
constant in the model with values zero or unity
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Table 15a. Application Examples

(1) CH,;C(OH)CH;)CH,CH(OH)CH,

@) CH,;CH(CH,)CH,COOH

First-Order Groups Occurrences Contribution ~I;irst-Order Groups Occurrences Contribution
CH; 3 0.8894 x 3 CH, 2 0.8894 x 2
CH, 1 0.9225x 1 CH,; 1 0.9225x 1
CH 1 0.6033x 1 CH 1 0.6033 x 1
C 1 0.2878 x 1 COOH 1 5.8337x1
OH 2 3.2152x2 LNty =9.1383
IN;t,;;=10.9122
Second-Order Groups Occurrences Second-Order Groups Occurrences Contribution
COH 1 -0.6331x1 (CH,),CH 1 -0.1157x 1
CHOH 1 -0.5385x1 IMjt)y;= —0.1157

EMt,,;= - 1.1716

Table 15b. Application Examples

(1) CH,= C(CH,)CH = CH,

(2) 4ACH)ACCH;)YACCH,)(CH,)

First-Order Groups Occurrences Contribution First-Order Groups Occurrences Contribution
CH,=C 1 88.402x 1 CH, 1 —8.030x 1
CH,=CH 1 84.926 x 1 ACCH, 1 41.228 x 1
CH, 1 -8.030x 1 ACCH, 1 22.505x5
IN,g,;=165.298 ACH 4 22.533x4

LNig, = 145.835

Second-Order Groups Occurrences

CH,=CH,,~ CH,=CH, 1 ~5.050% 1
IM,g;= —5.050

No second-order groups are involved

Table 16. First- and Second-Order Estimations of the Compounds of Tables 15a and 15b

Existing
Second-Order Exp. Value Methods
First-Order Approx. Approx. (% Error) (Reid et al., 1987)
0)) T,=204.3591n(10.9122) T,=204.3591n(10.9122-1.1716) 470.65 K 517.37
=488.39 K =465.18 K (1.2%) (9.9%)
2) T,=204.3591n(9.1383) T,=204.3591n(9.1383-0.1157) 448.25 K 458.87
=452.14 K =449.53 K (0.3%) (2.4%)
3) AG,= —14.828 + (165.298) AG,= —14.828 + (165.298-5.505) 145.90 kJ/mol 158.35 k§/mol
=150.472 kJ/mol =144.965 kJ/mol (0.6%) (8.5%)
4) AG,= —14.828 + (145.835) It does not exist 131.20 kJ/mol 127.68 kJ/mol
=131.007 kJ/mol (0.1%) (2.7%)

Appendix A

To illustrate the proposed technique and demonstrate its
simplicity and accuracy, we provide the estimation of the nor-
mal boiling point of 2-Methyl-2,4-pentanediol (1), 3-methyl
butanoic acid (2), as well as the Gibbs Energy of Formation

at 298 K of 2-Methyl-1,3-Butadiene (3), and 1-Methyl-2-Ethyl
Benzene (4). The experimental data and estimations of existing
widely-used methods are also reported (see Tables 15a, 15b
and 16).
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