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A B S T R A C T   

The hydrophobic effect plays a central role in aqueous systems containing molecules with hydrophobic moieties. 
Despite the relevance of this effect for chemical processes or pharmaceutical applications, modeling remains 
challenging even using molecular-based models such as different versions of the Statistical Associating Fluid 
Theory. This work shows the feasibility of hetero-segmented PC-SAFT for this purpose. This model was used as a 
group contribution method to build molecules from different functional groups, namely from CH2, CH3, and 
CH2OH groups. Saturated-liquid densities and vapor pressures of n-alkanes and n-alcohols as well as binary 
mixtures of these molecules were accurately described by this approach. The description of aqueous mixtures 
containing n-alkanes and n-alcohols was improved compared to state-of-the-art modeling by explicitly ac
counting for intermolecular interactions resulting in the hydrophobic effect. The so-obtained framework de
scribes the two liquid− liquid equilibrium phases in mixtures of n-alkanes or n-alcohols with water equally well 
using a single set of transferable parameters. The model was also validated for vapor–liquid equilibria, solid
–liquid equilibria, infinite-dilution properties, as well as octanol/water partition coefficients and showed 
quantitative agreement with experimental data.   

1. Introduction 

Despite their importance for industry and pharmaceutical applica
tions, describing aqueous systems that contain hydrophobic components 
has long been a challenging task in thermodynamic modeling [1]. This 
challenge is caused by the complex intermolecular interactions between 
water and hydrophobic molecules resulting in the so-called hydrophobic 
effect. This effect describes the energetically unfavorable constellation, 
that hydrophobic molecules or functional moieties are dispersed in an 
aqueous solution [2]. To minimize its energy, the system reduces the 
proportion of water molecules in contact with the hydrophobic mole
cules, either microscopically by clustering of the hydrophobic mole
cules, also known as hydrophobic association [3,4] or macroscopically 
by liquid–liquid demixing [2]. The latter is a well-known observation in 
aqueous mixtures with long-chain hydrocarbons having a broad misci
bility gap with a pronounced minimum in the aqueous solubility at 
approximately 300 K [5]. 

Although up today there is no scientific consensus about the mo
lecular origin, it is widely assumed that this effect is caused by the ability 
of water molecules to form persistent and flexible networks based on 

hydrogen bonds throughout the liquid phase. If a hydrophobic solute is 
dispersed in such an environment, this local water network is distorted 
due to a complex interplay of entropic and enthalpic driving forces 
which change with temperature, solute size, and shape [2,4,6–8]. This 
becomes particularly important for highly functionalized solutes, where 
the phase behavior in aqueous systems results from a sensitive balance 
between hydrophilic and hydrophobic interactions. Especially for 
pharmaceutical applications this balance is of great relevance given the 
omnipresence of water. 

Several attempts have been made to model these kinds of systems. 
Within this course, it is often convenient to initiate research with simple 
systems, such as mixtures of water and n-alkanes and mixtures of water 
and n-alcohols, before progressing to more complex molecules. In many 
scientific contributions, it has been shown that the direct consideration 
of all manifestations of molecular association, including self-association 
and solvation phenomena, is a prerequisite for successfully modeling 
these systems [9–11]. A comprehensive review on the application of 
molecular-based models to explicitly consider molecular association for 
aqueous solutions containing hydrophobic molecules, such as different 
incarnations of the Statistical Associating Fluid Theory (SAFT), can be 
found in [1]. Briefly, the main challenge is to correctly depict the 
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asymmetry between the mutual solubilities of water and the hydro
phobic solute as well as the solubility minimum of the hydrophobic 
solute in the aqueous phase. Furthermore, the authors of the review 
emphasized that a significant influence on success stems from the choice 
of parameters for each compound, in particular for water [1]. 

This was later confirmed by Haarmann et al. [12], who proved that 
the Perturbed-Chain SAFT (PC-SAFT) [13,14] is able to accurately 
model the mutual solubilities in n-alkane/water mixtures by using a 4C 
parameter set for water and a temperature-dependent interaction 
parameter for the dispersive energy. Additionally, they found that the 
different interaction parameters of the single water/n-alkane systems 
follow a well-defined relationship indicating a physically-sound foun
dation of this approach [12]. A similar strategy has been followed by 
Ahmed et al. [15], who generated new water parameters by simulta
neously fitting them to pure-component water properties and to data on 
binary systems with n-alkanes. They accomplished very good results for 
modeling the mutual aqueous solubilities for a number of hydrophobic 
components, including long-chain n-alkanes and n-alcohols, using a 
homo-segmented group contribution (GC) method for PC-SAFT. Similar 
success was achieved by Hutacharoen et al. [16] for fluid-phase equi
libria of aqueous mixtures of long-chain n-alkanes and n-alcohols 
applying the SAFT-γ Mie GC method but with independently adapted 
water parameters. The success of the two approaches is particularly 
characterized by the fact that all mixtures have been described using a 
unique set of transferable parameters. This constitutes a challenging test 
for GC methods since the model must combine hydrophobic and hy
drophilic groups in a way that the correct balance of the different 
intermolecular interactions is obtained. However, the two approaches 
fail to capture the solubility minimum of the hydrophobic component in 

the aqueous phase. 
This was resolved by NguyenHuynh [17] using a modified GC 

PC-SAFT approach originally developed by Passarello and de Hemptinne 
[18–23]. He captured this solubility minimum by applying a 
temperature-dependent interaction parameter, similar to the work of 
Haarmann et al. [12]. He achieved extraordinary results for aqueous 
mixtures containing n-alkanes, 1-alkenes, and cycloalkanes, again using 
only a single set of parameters for a whole set of homologues. However, 
long-chain n-alcohols were not considered. 

In a follow-up work, this was attained by Haarmann et al. [24] 
employing a hetero-segmented PC-SAFT method. They extended the 
modeling to aqueous solutions containing long-chain self-associating 
components, such as n-alcohols, n-amines, and n-alkyl carboxylic acids. 
For this purpose, they modeled the n-alkylic residue with the parameter 
set of pure n-alkanes, whereas the parameters of the head were sepa
rately determined. In this way, they were able to fully reuse the results 
describing n-alkanes with water [12]. Remarkably, the model captured 
the temperature minimum of the long-chain n-alcohols solubility in the 
aqueous phase and also the decreasing aqueous solubility with 
increasing chain length in a fully predictive manner. 

In a more recent work, Tan et al. [25] further improved the 
description of aqueous systems containing small hydrocarbons by 
allowing cross-association between water and hydrocarbon molecules. 
They argued that the modelʼs failure to describe all equilibrium phases 
simultaneously is caused by the common approach assuming that water 
and hydrocarbon molecules exclusively interact through non-polar van 
der Waals type forces. They referred to independent researches [26–29] 
also indicating induced polar interactions between hydrophobic mole
cules, such as n-alkanes and water. It was also concluded that these polar 

List of symbols 

Roman 
a Molar Helmholtz energy (J mole− 1) 
AARD Average absolute relative deviation (-) 
CN Number of carbon atoms (-) 
cp Isobaric heat capacity (J mole− 1 K− 1) 
gHS

ij Hard-sphere radial distribution function at contact (-) 
h Molar enthalpy (J mole− 1) 
Cij Henry constant of solute i in solvent j (Pa) 
kB Boltzmann constant (J K− 1) 
kij Binary interaction parameter for dispersion energy (-) 
kHB

ij Binary interaction parameter for association energy (-) 
KOW Octanol/water partition coefficient (-) 
lij Binary interaction parameter for segment diameter (-) 
lHB
ij Binary interaction parameter for association volume (-) 
mi Number of segments of component i (-) 
mM− 1

i Number of segments per molar mass (mole g− 1) 
NAssoc

i Number of association sites component I (-) 
ND Number of data points (-) 
NC Number of components (-) 
p Pressure (Pa) 
R Universal gas constant (J mole− 1 K− 1) 
T Temperature (K) 
u Potential energy (J) 
xi Mole fraction component i (-) 
Z Compressibility factor (-) 

Greek 
γi Activity coefficient of component i (-) 
Δ Difference 

ΔAiBj Association strength between groups i and j (Å
3
) 

εAiBj Association energy between groups i and j (J) 
κAiBj Association volume between groups i and j (J) 
ρ Molar density (mole m− 3) 
σ Segment diameter (Å) 
φi Fugacity coefficient of component i (-) 

Subscript 
0i Pure-component i 
i, j Components/groups 

Superscript 
aq Aqueous phase 
assoc Association 
disp Dispersion 
E Excess 
hc Hard chain 
LV Liquid− vapor 
org Organic phase 
res Residual 
SL Solid-liquid 

Abbreviation 
BIP Binary interaction parameter 
CN n-alkane with N carbon atoms 
CNOH n-alcohol with N carbon atoms 
GC Group contribution 
LLE Liquid–liquid equilibrium 
PE Polyethylene 
PC-SAFT Perturbed-Chain Statistical Associating Fluid Theory 
SAFT Statistical Associating Fluid Theory 
SLE Solid–liquid equilibrium 
VLE Vapor–liquid equilibrium  
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interactions are crucial to correctly predict the equilibrium water con
tent in n-alkanes. To account for these interactions, Tan et al. [25] 
employed the framework of induced association proposed by Kleiner 
and Sadowski [30] and showed, that this enables PC-SAFT to describe all 
equilibrium phases in mixtures of water and small alkanes equally well. 

Our future focus is devoted to model aqueous surfactant systems. 
These systems serve as prototypes for aqueous solutions which are 
governed by a delicate balance of hydrophobic and hydrophilic in
teractions. Due to their amphiphilic structure, surfactants feature 
further manifestations of hydrophobicity such as aggregation, liquid 
crystals, or microemulsions [2]. This special behavior makes conven
tional parameterization strategies difficult to apply. It favors the use of 
GC methods since the experimental data of surfactants required for this 
parametrization are contaminated by the spontaneous formation of ag
gregates, making them ill-defined. Moreover, GC methods allow to 
describe an entire surfactant class with a single parameter set, which 
conversely means that well-defined and independent data can be used to 
parametrize the individual groups. However, GC methods rely on the 
premise that the (effective) properties of a molecule can be determined 
from the contributions of the individual functional moieties of that 
compound. Thus, the individual domain-specific interactions must be 
accurately represented, which directly leads to the task of modeling the 
special interactions between hydrophobic groups (forming surfactant 
tails) and water, which was addressed above in detail. 

Towards this goal, in this work we employed the hetero-segmented 
PC-SAFT developed by Haarmann et al. [24,31] for homologous series 
of polar and self-associating long-chain compounds. This work aims to 
further develop this approach and to completely disassemble the mol
ecules into functional groups. We choose CH2, CH3, and CH2OH groups 
for this purpose and will propose a method to explicitly account for the 
hydrophobic effect to improve the description of aqueous systems that 
contain hydrophobic moieties. The model will be applied to 
pure-component properties of n-alkanes and n-alcohols, binary mixtures 
thereof as well as to mixtures of these compounds with water. 

2. Theory 

2.1. Calculation of thermodynamic properties 

In this work, all thermodynamic properties and phase equilibria were 
calculated using PC-SAFT, which is a model for the molar residual of the 
Helmholtz energy ares as a function of molar density ρ, temperature T,
and composition x⇀. Once this is known, any other thermodynamic 
property can be obtained applying textbook thermodynamics [32]. In 
the following we summarize this for the properties considered in this 
work. 

The molar density ρ at given pressure p and temperature was 
calculated by solving the following implicit equation. 

p = ρRT
(

1+ ρ ∂(ares/RT)
∂ρ

)

(1) 

In Eq. (1), R is the universal gas constant. 
Vapor–liquid (VLE) and liquid–liquid (LLE) phase equilibria were 

calculated by applying the isofugacity criteria according to 

(xiφi)
1
p,T, x⇀1

= (xiφi)
j
p,T ,xj

i = 1,…,NC, j = 2,…,NP (2) 

Corresponding to this phase-equilibrium condition, the product of 
the mole fraction of component i with its fugacity coefficient φi must be 
the same in all NP phases. The fugacity coefficient of component i as a 
function of pressure and temperature is obtained by differentiation of 
the residual Helmholtz energy with respect to its mole fraction xi ac
cording to the following equation 

ln(φi) =
ares

RT
+

∂(ares/RT)
∂xi

−
∑NC − 1

j=1
xj

∂(ares/RT)
∂xj

+ Z − 1 − ln(Z) (3) 

In this equation, Z = p/ρRT stands for the compressibility factor. The 
activity coefficient γi is related to the fugacity coefficient through the 
following expression 

γi =
φi

φ0i
(4)  

Thus, the activity coefficient was obtained by relating the fugacity co
efficient of a component in the mixture φi to its pure-component fugacity 
coefficient φ0i at the same temperature and pressure. 

Solid–liquid phase equilibria (SLE) were calculated using the 
following equation. 

ln(xi) + ln(γi) = −
ΔhSL

i

RT
⋅
(

1 −
T

TSL
i

)

−
ΔcSL

p,i

R
⋅
[

ln
(

TSL
i

T

)

−
TSL

i

T
+ 1

]

(5)  

Here, ΔhSL
i is the melting enthalpy, TSL

i is the melting temperature, and 
ΔcSL

p,i is the change in isobaric heat capacity upon melting. Solving this 
equation to the mole fraction xi gives the solubility of this component. 

The excess enthalpy hE was calculated through the following 
expression 

hE

RT
=

hres

RT
−
∑NC

j=1
xj

hres
0j

RT
(6) 

In this relation, hres and hres
0j are the residual enthalpy of the mixture 

and of the pure components j, respectively. The residual enthalpy was 
obtained by differentiation of the residual Helmholtz energy with 
respect to the temperature according to 

hres

RT
= − T

∂(ares/RT)
∂T

+ Z − 1 (7) 

The residual heat capacity cres
p is obtained through a further differ

entiation with respect to the temperature according to 

cp

R
=

ciG
p

R
+

∂(hres/RT)
∂T

(8) 

The isobaric heat capacity in the ideal gas state ciG
p was computed via 

correlation functions, which were readily available for all substances 
considered in this work. 

Another property considered in this work is the octanol/water 
partition coefficient KOW. Assuming the two liquid phases are in equi
librium, this quantity was calculated as follows 

KOW =
γ∞,aq

i

γ∞,org
i

ρorg

ρaq (9) 

γ∞,aq
i /γ∞,org

i is the ratio of the infinite-dilution activity coefficients of 
the solute in the water-rich phase and in the n-octanol-rich phase, 
respectively. The compositions of the two phases were obtained through 
solving Eq. (2). ρorg/ρaq is the ratio of the molar densities of the two 
phases. 

The Henry’s law constant Hij quantifies the equilibrium concentra
tion of a solute i dissolved in a solvent j at a given temperature and 
pressure. This quantity was obtained as follows 

Hij = φ∞
i

(
T, pLV

j

)
pLV

j (10) 

In this equation, φ∞
i (T, pLV

j ) is the infinite-dilution fugacity coeffi
cient of the solute in the liquid at temperature T and vapor pressure of 
the solvent pLV

j . 

2.2. Hetero-segmented PC-SAFT 

PC-SAFT represents a molecule as a chain of hard spheres tangen
tially bounded with each other [13]. The model describes the residual 
Helmholtz energy ares to consist of independent contributions. The ones 
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considered in this work are 

ares = ahc + adisp + aassoc (11) 

The term ahc represents the hard-chain reference system. The second 
term adisp accounts for the dispersive interactions of van der Waals type. 
The third term aassoc accounts for quasi-chemical forces, which are 
typically of hydrogen-bonding type [33]. Several further contributions 
can be included to account for special interactions, for instance 
long-range Coulombic forces. Further information and detailed insight 
into the single contributions for the homo-segmented approach are 
readily available in the literature [13,14,34]. 

The hetero-segmented incarnation of PC-SAFT used in this work is 
based on the procedure proposed by Gross et al. [35] and advanced by 
Haarmann et al. [24,31]. The detailed equations for the 
hetero-segmented approach can be found in the original publications. 
Accordingly, the molecule is subdivided into various groups, each 
constituted by a set of identical but group-specific segments. A compo
nent consisting of only one group corresponds to the homo-segmented 
description. 

Generally, modeling a system in this GC approach requires group 
parameters and information about group multiplicity and connectivity. 
Each group is described by six parameters: the number of segments (mi), 
the segment diameter (σi), the dispersion-energy parameter (ui /kB), the 
number of association sites (NAssoc

i ) for each association type, the 
association-energy parameter (εAiBi/kB) and the association volume 
(κAiBi ). Only two different types of association sites are considered, 
abbreviated with A and B. 

This approach employs combining rules even for pure-component 
calculations to compute the unlike-group potential parameters based 
on the pure-group potential parameters 

The dispersion parameters (uij and σij) for a pair of unlike groups are 
obtained by the modified Berthelot–Lorentz combining rules 

uij =
̅̅̅̅̅̅̅̅uiuj

√ (
1 − kij

)
(12)  

σij =
σi + σj

2
(
1 − lij

)
(13) 

The parameters kij and lij are called binary interaction parameters 
(BIPs). Due to the way they enter the SAFT equations, the two BIPs are 
strongly correlated. Therefore, the lij can be equated to zero without loss 
of generality [36]. Although it is desirable to neglect the kij to maintain a 
predictive character of the modeling, it was shown that for mixtures of 
even simple polar molecules the kij is non-zero and even temperature 
dependent [37]. Eventually, kij also corrects any other shortcomings 
than only the one of adisp, e.g. model imperfections due to imposing the 
one-fluid theory or due to the method to extend PC-SAFT to 
hetero-segmented chains. Throughout this work, the following equation 
was used to correlate the kij as a function of temperature 

kij = kij,0 +
kij,1

T
(14) 

The parameters kij,0 and kij,1 were adapted to experimental data. The 
inverse temperature dependence was motivated by Haslamʼs [37] 
analytical results and accounts for any polar interactions between unlike 
molecules/groups. 

Cross-association between unlike groups is governed by the cross- 
association strength ΔAiBj according to 

ΔAiBj = gHS
ij σ3

ij κAiBj

[

exp
(

εAiBj

kBT

)

− 1
]

(15) 

This relationship approximates the number of molecules within the 
maximum distance at which association can occur by the value of the 
hard-sphere radial distribution function at contact gHS

ij times the asso
ciation volume κAiBj [38]. The association energy εAiBj describes the 
temperature dependence of the association strength. The association 

parameters of unlike groups κAiBj and εAiBj are calculated via the 
combining rules of Wolbach and Sandler [39]. 

εAiBj =
εAiBi + εAjBj

2

(
1 − kHB

ij

)
(16)  

κAiBj =
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

κAiBi κAjBj
√

+ lHB
ij

)( ̅̅̅̅̅̅̅̅σiσj
√

σij

)3

(17) 

The BIPs kHB
ij and lHB

ij serve the same purpose as the kij and are usually 
adapted to experimental data. Commonly, these BIPs are set to zero and 
any deviations so introduced are corrected by the kij (Eq. (14)). On the 
other hand, the kHB

ij and lHB
ij BIPs provide access to generally account for 

solvation phenomena. This was for example used by Kleiner and Sado
wski [30] to model the fact that the presence of a self-associating 
molecule induces cross-association with another non-associating mole
cule, which is called induced association. 

It was shown in various studies, that the incorporation of the sol
vation effects via the induced association increased the accuracy and 
predictive power of PC-SAFT significantly [30,40]. As mentioned in the 
introduction, Tan et al. [25] made use of this approach to account for 
polar interactions between small hydrocarbons and water with prom
ising results. 

3. Modeling hydrophobic interactions 

3.1. Modeling strategy 

Currently, for an n-alkane/water system at a constant temperature, 
only the kij can be adjusted by tuning the dispersive interactions be
tween these molecules. As a result, either the aqueous phase or the 
organic phase is correlated with significant deviations in the conjugated 
phase. This indicates that the complex interactions between water and 
hydrophobic molecules cannot be adequately represented by dispersive 
interactions alone. This observation motivated the development of a 
novel approach to explicitly account for other than dispersive in
teractions. The method introduced in this work is similar to the work of 
Tan et al. [25] with the difference that we aimed for a separate modeling 
of direct contributions due to pair-wise van der Waals interactions on 
the one side and indirect contributions due to the hydrophobic effect on 
the other side. 

We assume that all direct contributions (dispersive as well as polar 
interactions) can be captured by the dispersion term in combination 
with the kij according to Eq. (14) [37]. Our approach to consider the 
hydrophobic effect is based on the desire to retain the current PC-SAFT 
framework. As stated in the introduction, the energetic state of a solu
tion subject to the hydrophobic effect is caused by a complex interplay of 
enthalpic and entropic driving forces, presumably based on the influ
ence of the hydrophobic components on the water structure [3,4,41]. 
Since this cannot be explained by an effective pair potential, there is 
little possibility of modeling this directly with PC-SAFT. 

However, the hydrophobic effect induces apparent attractive forces 
between hydrophobic molecules: so-called hydrophobic interactions [4, 
7,42,43]. As these hydrophobic interactions are known to cause 
so-called hydrophobic association [42,43], the use of the association 
contribution aassoc promises access to account for these solvent-mediated 
interactions. This Helmholtz-energy contribution processes the mono
mer mole fraction as the key property, i.e. the fraction of molecules 
being singly dispersed. Any value less than one results in a negative 
contribution to the residual Helmholtz energy. In the case of hydro
phobic molecules, this expresses the energetic advantage of not being in 
contact with water. Therefore, the task is to model a monomer mole 
fraction of the hydrophobic component. To ensure a well-defined 
generalization to both pure hydrophobic component systems and 
multicomponent mixtures, this model must satisfy an important 
constraint: if no water is present in the mixture, the monomer fraction of 
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the hydrophobic component must be equal to one. A suitable method 
that fulfills this restriction is to impose cross-association between water 
and hydrophobic molecules. To enable cross-association, the 
cross-association strength ΔAiBj between water and the hydrophobic 
component must be modeled. 

For model development and validation of the new approach, we 
performed preliminary studies in the framework of homo-segmented PC- 
SAFT, in which the LLEs of binary n-alkane/water mixtures were 
investigated. At different temperatures, we adapted the dispersive BIP kij 

as well as the normalized association strength ΔAiBj/gHS
ij σ3

ij (instead of 
either kHB

ij or lHB
ij ) between water and the n-alkane to the compositions of 

the two equilibrium phases. That procedure revealed that kij was almost 
perfectly linear with respect to the inverse temperature whereas ΔAiBj 

/gHS
ij σ3

ij was zero at low temperatures and linearly increased after 
passing a temperature of 270 K. This resulted in a progressively higher 
degree of hydrophobic association as the temperature surpasses 270 K. 

Whereas the temperature dependence of the kij is plausible from a 
theoretical point of view (Eq. (14)), the increase of the association 
strength with temperature contrasts the physical concept in which the 
degree of association decreases with temperature (Eq. (15)). This 
discrepancy is explained by applying a physics-based theory to a topic 
for which it was not developed for. On the other hand, the literature 
reports various theoretical works that confirmed that rising tempera
tures favor hydrophobic interactions [42–45]. Lüdemann et al. [42,43] 
studied the behavior of two methane molecules dispersed in water 
through atomistic simulations at different temperatures. They demon
strated the increase of hydrophobic association with temperature and 
that this behavior is initialized in a narrow temperature range of around 
300 K. Furthermore, their results suggest that hydrophobic association 
vanishes for low temperatures. Although our approach to model hy
drophobic interactions is pragmatic, the necessary temperature depen
dence of the cross-association strength aligns well with their results. 

Supported by the findings above, we concluded that our approach 
succeeds in depicting the hydrophobic interactions separately to direct 
contributions due to pair-wise van der Waals interactions. However, we 
modified the expression to calculate the cross-association strength to 
avoid temperature-dependent associative BIPs (lHB

ij or kHB
ij ). We propose 

Eq. (18) for the association strength ΔAiBj between CHX groups and 
water, which is an empirical and simple relations but accurately de
scribes the temperature dependence of the association strength. 

ΔAiBj = gHS
ij σ3

ij lHB
ij log[1+ exp(T /K − 270)] (18) 

This equation computes the cross-association strength with only one 
BIP lHB

ij , named equal to the one used in the conventional framework. The 
transition temperature was fixed at 270 K to counteract overfitting. The 
logarithmic factor is equal to zero for temperatures below 270 K and is 
exactly linear with respect to temperature when above 270 K. 

This methodology is readily applied also in the hetero-segmented PC- 
SAFT by enabling cross-association between a hydrophobic group and 
water according to Eq. (18). For any other functional groups used within 
the hetero-segmented approach, the cross-association strength is 
computed conventionally via Eq. (15). 

3.2. Parameter estimation 

This work first considers the parameterization of CH2 and CH3 
groups as these are the most prominent functional groups in the context 
of hydrophobic interactions. We added CH2OH to the portfolio of 
functional groups to also describe n-alcohols. From these groups, al
kanes and alcohols of any length can be constructed. This allowed us to 
evaluate the model performance for modeling the families of n-alkanes 
and n-alcohols using the same parameters. To describe aqueous mix
tures, also pure-component parameters of water are required. The pa
rameters used in this work were taken from the literature [46]. This 

water model assumes a 4C association scheme, which was found to be 
superior to the 2B scheme for the description of the mutual solubility in 
aqueous mixtures of n-alkanes [47]. This was confirmed by Haarmann 
et al. [12], who achieved good results in modeling the mutual solubil
ities in n-alkane/water mixtures using this parameter set for water. 

Thus, group parameters as well as BIPs have been required. Between 
CH2, CH3, and CH2OH groups only the dispersive BIP kij was used. The 
interactions between water and the functional groups were tuned via the 
BIPs kij, lHB

ij , and kHB
ij . The CH2 group and the CH3 group were assigned a 

single association site of donor type to enable the cross-association with 
water (Section 3.1). The CH2OH group is modeled with the 2B associ
ation scheme. 

The parameterization took place in two steps. First, we adapted the 
parameters for the CH2, CH3, and CH2OH groups and BIPs between these 
groups. Subsequently, we adapted the BIPs between these groups and 
water. Even if the primary goal was to describe aqueous solutions, this 
approach served to give the groups as much physics as possible. 
Simultaneous adaptation of group parameters to the phase behavior 
with water would result in the fact that any deficiencies are compen
sated by the pure-group parameters, which would be at the expense of 
their physical significance and reliability for extrapolation. 

Each parameterization step led to a multi-criteria optimization. The 
target function F was defined by summing up all objectives with equal 
weight with the restriction that each objective must be fulfilled to a 
certain degree. This served as an instrument to avoid overfitting. Each 
individual objective f was defined as follows 

f =
1

ND

∑ND

i=1

⃒
⃒
⃒
⃒
yexp

i − ycalc
i

yexp
i

⃒
⃒
⃒
⃒ (19) 

This expression equals the definition of the Average Absolute Rela
tive Deviation (AARD). In this equation, ND quantifies the number of 
experimental data points for each objective (for example vapor pressure) 
and yj defines the thermodynamic property, either the experimental or 
the calculated value. The target function F was minimized using a 
combination of a global evolutionary-based minimizer and a local 
derivative-free minimizer to obtain the global minimum. 

Whenever possible, we used data correlations instead of experi
mental raw data for parameter fitting. This is advantageous in several 
ways. First, when properly parametrized, these correlations provide 
consistent data not only as a function of temperature but also as a 
function of the carbon length. Second, using smoothed data for fitting 
makes incorporating uncertainties into objective function unnecessary. 

Different regularization strategies were applied. These strategies 
refer to a family of methods to adjust the model capacity to the current 
data set, i.e. how many parameters are really necessary to explain the 
data, to eventually avoid overfitting and improve the generalization 
behavior. [48] 

4. Results and discussion 

4.1. Estimation of group parameters 

The parameters for the CH2, CH3, and CH2OH groups and the BIPs 
between these groups were obtained by adjusting them simultaneously 
to data on vapor pressures and saturated-liquid densities of the homol
ogous series of n-alkanes and n-alcohols. This way, the CHX groups were 
parameterized without the information whether or not this group is part 
of an n-alkane or of an n-alcohol. The experimental data were generated 
using the correlations published by Yaws Handbook of Thermodynamic 
Properties [49]. For regression, we considered n-alkanes/n-alcohols 
with a number of carbon atoms from C4 to C14 in the reduced temper
ature range from 0.5 to 0.9. Short-chain molecules were excluded 
because these representatives fundamentally differ in their electrostatic 
characteristics from the other homologues due to proximity effects [16, 
50–52]. Restriction to molecules of up to 14 carbon atoms served a dual 
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purpose. First, many accurate data are available for these molecules and 
second, as we are interested in extrapolation, the comparison with data 
on long-chain molecules gives a good estimate for the generalization 
behavior. The reduced temperature range from 0.5 to 0.9 covers a broad 
temperature range from 212 K (reduced temperature of 0.5 for n-butane) 
up to 670 K (reduced temperature of 0.9 for n-tetradecanol). 

Due to the GC nature of the model, not only n-alkanes or n-alcohols 
of any length but also n-alkane/n-alcohol mixtures can be modeled 
without requiring additional parameters. We made use of this fact and 
added data on isobaric vapor–liquid-equilibria (VLE) of the n-heptane/ 
n-pentanol mixture to the data set for regression [53]. This provided 
independent information and counteracted overfitting. Furthermore, 
the data on the isobaric VLE give valuable information about the tem
perature dependence of activity coefficients. The obtained parameters 
for the CH2, CH3, and CH2OH groups and the BIPs kij are listed in Ta
bles 1 and 2. These parameters belong to a distinct global optimum and 
no challenge in terms of parameter degeneracy was observed. The reg
ularization strategies (Section 3.2) resulted in temperature-independent 
BIPs. 

Using this parameter set, the model approach fitted the vapor pres
sures and the saturated-liquid densities of both n-alkanes and n-alcohols 
as well as the VLE of the n-heptane/n-pentanol mixture with average 
residuals below 3 %. This is specified by Fig. 1, illustrating the AARD of 
the n-alkanes (a) and n-alcohols (b) as functions of the reduced tem
perature. AARDs were obtained by averaging over all systems at a spe
cific reduced temperature. The vapor pressures of the n-alkane series 
were described slightly better than the ones of the n-alcohols, which may 
be attributed to the model assumption that the degree of association is 
unaffected by the component length, i.e. the model does not account for 
any steric hindrance. No dependence was found for the AARD as a 
function of chain length. Thus, the model described both homologous 
series evenly well. Fig. 1a and b also show the AARDs when applying the 
homo-segmented approach to the same experimental data using pa
rameters from literature ([13] for n-alkanes, [14,55] for n-alcohols). 
Similar results as for the hetero-segmented approach were found but 
with individual parameters for each compound. 

Fig. 1c shows the VLE of the binary n-heptane/n-pentanol mixture 
along with the computations of the hetero-segmented model and homo- 
segmented model. The hetero-segmented model accurately correlates 
the phase behavior with special regard to the azeotropic point. In 
comparison to the homo-segmented approach, the hetero-segmented 
model describes the VLE slightly better, although the model was not 
parameterized to this data alone. The homo-segmented approach was 
fitted using the constant BIP kij,0 which is provided in the Appendix. 

For validation, the parameters obtained in this work were compared 
to existing parameters for the homo-segmented approach [13,14,55]. 
This was done for the parameter combinations m, mσ3, and mu /kB, 
which are known to show well-defined trends for homologous series 
thus combining the parameters physically [40]. In the hetero-segmented 
approach, these parameter combinations were obtained by summing 
over all groups of the component weighted by their multiplicity. Fig. 2a 
shows this comparison for n-alkanes disclosing striking accordance. 
Particularly agreement exists for the combination mσ3, related to the 
hard-core molecular volume often used as a molecular descriptor in 
computational chemistry [56–58]. The agreement in molecular volume 
predictions across these two different incarnations of PC-SAFT suggests 

that the fundamental principles underlying both approaches capture the 
essential features of the fluid behavior in a consistent manner. Addi
tionally, the parameters for the CH2 group resemble the parameters for 
polyethylene (PE) (compare Table 1) manifesting their physical relation 
as a model result. 

Analogously, Fig. 2b illustrates the same comparison for the n-al
cohols, again with reasonable agreement. Again, the combination mσ3 is 
in close relation to the trend defined by the parameter of the homo- 
segmented approach. Likewise, the association parameters of the 
CH2OH group were found to be within the range of the representatives of 
homo-segmented PC-SAFT (not shown). Additionally, the association 
energy of 2676 K agrees with the experimental range of 2500–3000 K 
[59]. 

The model performance was further evaluated comparing pre
dictions with data not used for regression. For this purpose, we chose the 
isobaric heat capacity, as this property is particularly sensitive to the 
energy parameters (dispersion energy, association energy) and is often 
used as a benchmark to test the predictive ability of the thermodynamic 
model [60]. The ideal heat capacities were computed according to 
correlations available in the literature [49]. Fig. 3a (n-alkanes) and 
Fig. 3b (n-alcohols) compare the prediction with experimental data. 

The n-alkanes are described very precisely up to high temperatures 
near the critical temperature. The n-alcohols are also described almost 
quantitatively at lower temperatures with minor deviations at higher 
temperatures. Overall, the quality of the prediction is remarkable and 
suggests that the parameterization correctly describes the balance of 
intermolecular energies between different functional groups. 

The extrapolation capabilities of the group parameters were 
confirmed by comparing the predicted and experimental vapor pres
sures of n-eicosane (C20) and n-eicosanol (C20OH) which are in 
extraordinary agreement over a wide temperature range (Fig. 4). These 
results undoubtedly demonstrate the model’s potential for consistent 
extrapolation, having in mind that the fitting took place considering n- 
alkanes and n-alcohols only up to fourteen carbon atoms. 

4.2. n-alcohol/n-alkane mixtures 

The model allows us to model the phase behavior of any n-alkane/n- 
alcohol mixture using the parameters listed in Tables 1 and 2, which was 
used for validation purposes. Except for the VLE of the n-pentanol/n- 
heptane mixture, these computations were purely predictive, as no other 
data were used for parameter estimation. 

Fig. 5 illustrates the AARD values for n-alkane/n-alcohol VLEs for 
both the hetero-segmented approach and the homo-segmented 
approach. The experimental data for the computation of the AARD 
were taken from the literature [53,67–77]. Whereas the calculations of 
the hetero-segmented approach were purely predictive, a constant BIP 

Table 1 
Group parameters for hetero-segmented PC-SAFT determined in this work. The parameter sets for polyethylene (PE) and water were taken from the literature.  

Group mM− 1
i /molg− 1 σi/Å uik− 1

B /K κAiBi / − εAiBi k− 1
B /K NAssoc

i Ref. 

Water 0.1414 2.105 138.6 0.2912 1718 2:2 [46] 
CH2 0.02679 3.994 259.3 0 0 1:0 this work 
PE 0.02630 4.022 252.0 0 0 0:0 [54] 
CH3 0.05841 3.437 177.5 0 0 1:0 this work 
CH2OH 0.02292 4.066 401.0 5.833⋅10− 4 2676 1:1 this work  

Table 2 
Group interaction parameters for hetero-segmented PC-SAFT determined in this 
work.  

Group 1 Group 2 kij,0/ −

CH2 CH3 − 0.08271 
CH2 CH2OH 0.02018 
CH3 CH2OH 0.1198  
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kij,0 was fitted for the homo-segmented model to each VLE separately 
(provided in the Appendix). This grants the homo-segmented approach 
greater flexibility to regress experimental data (even inaccurate ones) 
compared to the hetero-segmented approach. Taking this into account, 
the results of the new parameterization are very impressive. In direct 
comparison, the two methods perform almost equally well. 

Equipped with BIPs adapted to VLE data, the two approaches were 
then used to predict the SLE in the same systems. The melting properties 
(used within Eq. (5)) and experimental data were taken from Literature 

[75,78–80]. Fig. 6 depicts the AARD values for these predictions. 
Obviously, the hetero-segmented approach outperforms the 
homo-segmented approach without exception, quantified by an average 
AARD less than half the value of the homo-segmented approach. As 
examples, Fig. 7 shows the phase diagrams (VLE and SLE) of the 
n-butanol/n-octane mixture (a) and n-octanol/n-decane mixture (b). 

These results demonstrate the extrapolation capabilities of the 
hetero-segmented approach to binary mixtures over a broad tempera
ture range, consistently predicting thermodynamic data not used for the 

Fig. 1. Average absolute relative deviations for the saturated-liquid density (squares) and vapor pressure (circles) as functions of the reduced temperature a) n- 
alkanes, b) n-alcohols. Filled symbols correspond to the hetero-segmented approach, empty symbols to the homo-segmental approach. c) VLE of the n-pentanol/n- 
heptane system at 0.91 bar. Squares (dew points) and triangles (boiling points) are experimental values [53]. Solid lines are from the hetero-segmented approach, 
dashed lines are from the homo-segmented approach. 

Fig. 2. Segment number m/− (triangles), molecular volume mσ3/Å
3

(squares) and molecular dispersion energy muk− 1
B /K (empty pentagons) as functions of the 

carbon number for n-alkanes (a) and n-alcohols (b). Solid lines correspond to the hetero-segmented parameters. Symbols denote parameters of the homo-segmented 
approach taken from the literature [13,14,55]. 
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parameterization. This trend continues when predicting the excess 
enthalpy, illustrated by Fig. 8 for the n-butanol/n-pentane mixture and 
n-butanol/n-octane mixture. The new parameterization correctly pre
dicts positive values as well as the asymmetry of the excess enthalpy as a 
function of the composition. In comparison, the new parameterization 
again outperforms the homo-segmented approach. 

The above findings demonstrate the performance of the hetero- 
segmented approach to describe the homologous series of n- n-alkanes 
and n-alcohols accurately in the same quality as when applying the 

homo-segmented approach. The new parameterization also performs 
equally well on unseen data and extrapolates accurately. 

4.3. Liquid–liquid equilibria of n-alkanes and n-alcohols with water 

The main focus of this work was modeling the aqueous phase 
behavior subject to the hydrophobic effect. This is directly related to the 
mutual solubilities in binary mixtures of hydrophobic components and 
water. For that purpose, the BIPs kij, lHB

ij and kHB
ij between the CH2, CH3, 

and CH2OH groups on the one hand and water on the other hand were 
adjusted simultaneously to data o LLE of water/n-alkane and water/n- 
alcohol systems (from C5 to C8) in the temperature range from 270 K 

Fig. 3. Saturated-liquid isobaric heat capacities as functions of reduced temperature for n-alkanes (a) and n-alcohols (b). Experimental data [49,61,62] are depicted 
as circles (10 carbon atoms), diamonds (8 carbon atoms), squares (6 carbon atoms), and triangles (4 carbon atoms). Solid lines are predictions from the 
hetero-segmented approach. 

Fig. 4. Pure-component vapor pressures as functions of temperature for n- 
eicosane (C20) and n-eicosanol (C20OH). Experimental data are depicted as 
triangles [63], squares [64], diamonds [65] and hexagons [66]. Solid lines are 
predictions from the hetero-segmented approach. 

Fig. 5. Average absolute relative deviations for VLEs of n-alkane/n-alcohol mixtures. Grey bars are the results using the hetero-segmented approach, white bars are 
the ones from the homo-segmented approach. n-alkanes are abbreviated as CN. n-alcohols are abbreviated as CNOH. 

Fig. 6. Average absolute relative deviations for SLEs of n-alkane/n-alcohol 
mixtures. Grey bars are the results using the hetero-segmented approach, white 
bars are from the homo-segmented approach. The n-alkanes are abbreviated as 
CN. The n-alcohols are abbreviated as CNOH. 
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to 360 K. We adjusted these parameters to the compositions of the two 
phases and to all binary mixtures simultaneously. The systems used for 
regression were selected with regard to the reliability of experimental 
data. While fitting, we fixed the pressure for the calculations equal to 
atmospheric pressure. The data used for regression were generated using 
correlation functions proposed by Ma̧czyński et al. [83], Góral et al. 
[84], and Tsonopoulos [5]. The parameters of the correlations were 
partly readjusted to our temperature range of 270 K to 360 K, using 
newly published data [41,85,86] and with special regard to a consistent 
chain-length dependence. The correlation functions and parameters are 
presented in the Appendix. 

The BIPs for the CH2, CH3, and CH2OH groups with water are listed 

in Table 3. Caused by the regularization strategies (Section 3.2), the 
dispersive BIPs kij,0 as well as the BIPs for the hydrophobic interactions 
(lHB

ij ) are the same for CH2 and CH3 groups. Regarding the dispersive BIPs 
dictating the temperature behavior (kij,1) for the two CHX groups, they 
are both negative so that the attractive interactions between the CHX 
groups and water weaken with temperature. 

According to Section 2.2, the kij,1 correlates polar interactions be
tween the CHX groups and water. It is known that polar interactions 
generally decrease with temperature due to the increase in thermal 
motion [40]. Furthermore, the BIPs kij,1 of CH2 and CH3 groups with 
water follow a 2/3 ratio. This aligns with the ratio of the hydrogen atoms 
in these groups, which are the origin of the induced polar interactions 
with water. This temperature dependence of the dispersive BIP is 
consistent with other works applying the SAFT formalism to aqueous 
systems containing hydrocarbons, which state that kij increases with 
temperature to a high positive value [12,17,25]. Beside these physical 
validations, it is worth noting that the parameters kij,1 and kij,2 lead to a 
well-defined high-temperature limit of the dispersive interaction pa
rameters kij of the CHX groups with water (kij, T→∞ = 0.4315). With 
respect to low temperatures, the interaction parameters kij of the CHX 
groups with water stay reasonable (kij > − 0.1) down to temperatures 
of 200 K. 

The BIP for the hydrophobic interactions (lHB
ij ) was found to be very 

small leading to a cross-association strength order of magnitude smaller 
than the self-association of water. The results were extremely sensitive 
to this parameter. 

Concerning the BIPs for the CH2OH group with water, only two of 
four BIPs were found to be necessary as a result of the regularization 
strategies (Section 3.2). The dispersive BIP kij is positive and constant. 
The cross-association between the CH2OH group and water is corrected 
only via the BIP lHB

ij . 
Using these parameters, the experimental data on mutual solubilities 

were fitted in a temperature interval from 270 K up to 360 K with an 
AARD of less than 6 % on average. This is specified in Fig. 9. The AARD 
was computed according to Eq. (19), using the water mole fraction in the 
organic phase and the hydrocarbon mole fraction in the aqueous phase. 
These results prove the expressiveness and efficiency of the hetero- 
segmented approach, as only six parameters were necessary to corre
late both the organic and the aqueous phases of eight binary systems 
simultaneously and almost quantitatively. Neglecting the hydrophobic 
interactions (lHB

ij = 0) led to a significant increase of the AARD and doing 
so, no parameter set was found that fits the data with an average AARD 
of less than 10 %. Therefore, the proposed method remarkably improves 
the model to the cost of in total only one more parameter (per group, not 
per system). 

Fig. 7. Phase diagrams (SLE and VLE) of (a) n-butanol/n-octane mixture at atmospheric pressure and (b) n-octanol/n-decane mixture at 0.4 bar. V stands for vapor, L 
for liquid, and S + L for the two-phase region in which solid is in equilibrium with saturated liquid. Squares and triangles are dew points and boiling points, 
respectively [69,76]. Circles are solubilities [78,79]. Solid lines are the predictive results from the hetero-segmented approach. Dashed lines were obtained using the 
homo-segmented approach with BIPs fitted to VLE data. 

Fig. 8. Molar excess enthalpies at 298.15 K of the n-butanol/n-pentane mixture 
and n-butanol/n-octane mixture. Experimental data are shown as squares [81] 
(n-butanol/n-pentane) and triangles [82] (n-butanol/n-octane). Solid lines are 
the predictive results using the hetero-segmented approach. Dashed lines were 
obtained using the homo-segmented approach. 

Table 3 
Interaction parameters for hetero-segmented PC-SAFT between the CH2, CH3, 
and CH2OH groups with water determined in this work. kij,0 and kij,1 compute 
the dispersive BIP as a function of temperature (Eq. (14)). lHB

ij and kHB
ij determine 

the cross-association strength.  

Group kij,0/ − kij,1/K lHB
ij / − kHB

ij / −

CH2 0.4315 − 69.13 0.001493a – 
CH3 0.4315 − 101.17 0.001493a – 
CH2OH 0.1333 0 0.01915b 0 

a) Used within a modified expression for the association strength (Eq. (18)). 
b) Used within the conventional framework (Eqs. (15), (16), and (17)). 
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Fig. 10 shows the calculated phase boundaries using both homo- 
segmented and hetero-segmented approaches along with experimental 
data. Fig. 10a shows the results for n-alkane mixtures. Consistent with 
the low AARD, the calculated phases agree very well with the experi
mental data. The temperature behavior was exactly reproduced 
including the minimum in hydrocarbon solubility in the aqueous phase. 
Additionally, the model correctly extrapolates to higher temperatures, 
both in the aqueous and in the organic phase. The chain-length depen
dence was also captured precisely, which will be discussed further 
below. Fig. 10a also shows modeling results with the homo-segmented 
approach, for which the BIPs were taken from the literature [12] and 
provided in the Appendix. These parameters were adapted to the 
aqueous phase using a quadratic polynomial for the temperature 
dependence of the dispersive BIP (kij), separately for each mixture, 
which led to a total number of 12 parameters for the four binary systems, 
compared to four parameters in the new approach. 

Despite the significant difference in the number of adjustable pa
rameters, the two approaches perform equally well for the aqueous 
phase. However, the new approach can now for the first time also 
accurately represent the organic phase, whereas the homo-segmented 
approach exhibits an AARD for the organic phase of more than 15 %. 
Additionally, the inverse temperature dependence of the dispersive BIP 
(kij) ensures well-defined predictions even for high temperatures, 
whereas the quadratic correlations used in the homo-segmented 
approach should only be applied in the given temperature range. 

Fig. 10b shows the results for the n-alcohol mixtures. Analogous to 
the n-alkanes, the solubility of n-alcohols in water is very well 

represented as a function of both chain length and temperature. As 
above, the model accurately extrapolates to higher temperatures. Sig
nificant deviations only occur for the n-butanol system. This system is 
the first one showing a miscibility gap with water. While larger alcohols 
also feature a miscibility gap with water, smaller alcohols are 
completely miscible over the entire temperature range. Despite the de
viations observed in the system with n-butanol, the complete miscibility 
over the entire temperature range of both ethanol and propanol was also 
predicted with our model. 

Regarding the solubility of water in the n-alcohols, visual deviations 
were present both along the temperature and carbon number axes. The 
results from the homo-segmented PC-SAFT approach are also shown, for 
which the BIPs (kij,0, kij,1 and lHB

ij ) were determined in this work using the 
same experimental data as before (provided in the Appendix). Using 
these parameters, the homo-segmented model approach describes the 
aqueous phase equally well for temperatures up to 360 K. For higher 
temperatures, beyond the region used for regression, the solubility is 
consistently underestimated. Remarkably, both approaches fit the 
organic phase almost equally well, even though the homo-segmented 
approach uses a multiple of parameters available compared to the 
hetero-segmented approach. 

Fig. 11 compares the experimental and predicted chain-length de
pendencies at a constant temperature of 298.15 K, extrapolated to sys
tems not used for parameterization. The n-alkane/water mixtures 
(Fig. 11a) are described with high precision. In accordance with the 
experimental data, the model predicts a rigorous exponential decrease in 
the solubility of the hydrophobic component in water. It is reported that 

Fig. 9. Average absolute relative deviations for LLEs of the binary systems n-alkane/water (a) and n-alcohol/water (b) used for parameterization. Grey bars indicate 
the organic phase, white bars indicate the aqueous phase. The dashed lines give the average AARD. 

Fig. 10. Mutual solubilities in (a) n-alkanes/water mixtures and (b) n-alcohols/water mixtures at constant pressure as functions of temperature. Experimental data 
for the n-alkanes [83] and for the n-alcohols [84] are depicted as squares (solubility of the organic compound in water) and triangles (solubility of water in the 
organic phase). The symbolʼs transparency relates to the chain length. Solid lines are calculations using the hetero-segmented approach. Dashed lines are the cor
relations from the homo-segmented approach. 
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this trend will maintain up to n-eicosane [2]. However, due to the 
exponential decrease in solubility, the uncertainties in the experimental 
data prevent any validation for n-alkanes longer than n-tetradecane. In 
contrast, the solubility of water in the organic phase is almost constant, 
which is also correctly predicted by the model. This can be explained by 
the self-association of water in the organic phase. Due to the high 
dilution, one can assume complete dissociation of any hydrogen bonds 
in the organic phase. Because the (partial molar) enthalpy accompanied 
with the dilution is almost constant, only a small dependence on the 
hydrocarbon chain length is expected [5], which is confirmed by the 
experimental data and captured by the model. 

The n-alcohol/water mixtures (Fig. 11b) feature a similar behavior 
regarding the aqueous phase. As above, the predicted solubility of the 
hydrophobic component decreases exponentially in quantitative accor
dance with the experimental data. Similar to the n-alkanes, the same 
arguments hold for the attempt to validate the prediction with the 
experiment for higher n-alcohols. With respect to the organic phase, the 
water solubility decreases as a function of carbon length CN, in contrast 
to the behavior of aqueous systems with n-alkanes. This is due to the fact 
that the water molecules are likely to undergo self- and cross-association 
in the organic phase with the hydroxyl group of the n-alcohol, resulting 
in a complex chain-length dependence and temperature dependence. 
The fact that the new model approach depicted this change in solubility 
dependence in very good accordance with the experimental data, once 
more highlights the physical foundation of the hetero-segmented model. 

4.4. Predicting solvation properties in aqueous systems with n-alkanes or 
n-alcohols 

In the following, our modeling approach will be validated via the 
prediction of new data sets. We will demonstrate that the new model 
approach can predict different types of phase equilibria over the entire 
range of composition including infinite-dilution regions. 

First, we considered VLEs and VLLEs of binary mixtures composed of 
water and an n-alkane or an n-alcohol. Fig. 12 shows the phase diagrams 
for the water/n-octane mixture (a) and water/n-hexanol mixture (b) at 
atmospheric pressure. 

Accordingly, the predictions are very good for the two systems. The 
model correctly predicts the boiling temperature and vapor composi
tion, although these temperatures are beyond the consideration range 
during parameter fitting. We found equally good results for other VLEs 
of aqueous mixtures containing n-alkanes or n-alcohols (not shown). 
This proves the transferability of the parameters over a wide range of 
conditions. 

Another quantity of interest is the activity coefficient at infinite 
dilution in water γ∞,aq

i , often used as a measure for hydrophobicity [8]. 
Fig. 13 compares the model predictions with experimental data for the 
n-alkanes and n-alcohols in water at a temperature of 298.15 K. 

Depicted are experimental data with an uncertainty of less than one 
(in the logarithmic value) [90]. As to be seen, the predictions of ln γ∞,aq

i 
are in quantitative agreement with the experimental data with no need 
for further improvements. The model predicts a strictly linear depen
dence of lnγ∞,aq

i with respect to the carbon number CN for both n-alkanes 

Fig. 11. Mutual solubilities in (a) n-alkanes/water mixtures and (b) n-alcohols/water mixtures at constant pressure and constant temperature of 298.15 K as 
functions of chain length. a) solubilities of the n-alkanes in water depicted as squares [83] and circles [87]. The solubility of water in the n-alkanes as triangles [83], 
diamonds [41], and stars [85]. b) solubilities of n-alcohols in water depicted as squares and the solubility of water in the organic phase as triangles [77]. Solid lines 
are calculations with the hetero-segmented approach. 

Fig. 12. Phase diagrams (LLE and VLE) of (a) water/n-octane and (b) water/n-hexanol at atmospheric pressure. Squares and triangles are dew points and boiling 
points, respectively [88,89]. Circles are solubilities [83,84]. Solid lines are results using the hetero-segmented approach. 
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and n-alcohols, which is consistent with a large number of works dedi
cated to this topic [8,91,92]. 

Yet, another quantity that describes the infinite-dilution regime is 
the Henry constant. Fig. 14 presents predicted and experimental values 
for n-alkanes and n-alcohols in water as functions of carbon number at a 
temperature of 298.15 K. As can be seen, the new modeling approach is 
in quantitative agreement with the experimental data, for both the n- 
alkanes and n-alcohols. As expressed by the data, the n-alkanes are or
ders of magnitude more volatile than the n-alcohols, reflecting their 
aversion to be dispersed in water. Contrary, the n-alcohols exhibit small 
Henry constants, testifying the strong interactions through cross- 
association. Impressively, this is captured by our GC model in a quan
titative and fully predictive manner. Again, both the n-alkanes and the n- 
alcohols feature a linear dependence of this property with respect to the 
carbon number. 

Eventually, the model performance was validated using octanol/ 
water partition coefficients KOW, as they are the result of complex 
intermolecular interactions [93]. Furthermore, these data enabled us to 
assess the model performance for multicomponent mixtures. Fig. 15 
shows the comparison of experimental and predicted partition co
efficients KOW for the families of n-alkanes and n-alcohols as functions of 
chain length at a temperature of 298.15 K. 

Again, very good agreement with the experimental data is noted. The 
prediction shows strict linearity and parallelism, consistent with the 
literature and often exploited for empirical correlations [94–96]. De
teriorations are present for the longer n-alkanes. However, these data 
come with high uncertainty due to the uncertainty of measuring 
extremely low solubilities, which is indicated by the large error bars. 

Since the infinite-dilution activity coefficient of a hydrophobic compo
nent is known to behave linearly with respect to the carbon number 
(compare Eq. (9) and Fig. 13)), there is no reason that the partition 
coefficient should not be linear with respect to the carbon number. 
Therefore, we can conclude that the model is self-consistent and the 
approach to describe the hydrophobic interactions generalizes for 
multicomponent systems. 

5. Conclusion 

This work extended the parameterization of a hetero-segmented GC 
approach based on the PC-SAFT framework with special focus on 
aqueous mixtures subject to the hydrophobic effect. The modeling 
approach is based on defining distinct functional groups to describe n- 
alkanes and n-alcohols. For this purpose, we parameterized the CH2, 
CH3, and CH2OH groups. 

The pure-group parameters and group interaction parameters were 
determined by fitting vapor pressures and saturated-liquid densities of 
the n-alkanes and n-alcohols. Additional equilibrium data of the n- 
heptane/n-pentanol mixture completed the data set used for regression. 
The so-obtained group parameters allow describing the experimental 
data with an average relative deviation below 2 % and a maximum 
relative deviation below 5 %. The modeling approach was then vali
dated by predicting properties not used for regression (pure-component 
properties and VLE/ SLE data of n-alkane/n-alcohol mixtures) with 
excellent results. In terms of extrapolation capabilities and parameter 
efficiency, the hetero-segmented approach outperforms the well- 
established homo-segmented approach of PC-SAFT. 

Based on this parametrization, this work established a novel 
approach to account for the hydrophobic effect, which improves the 
description of aqueous mixtures containing hydrophobic molecules. The 
interaction parameters between CH2, CH3, and CH2OH groups on the 
one hand and water on the other hand were adapted to data on mutual 
solubilities in n-alkane/water mixtures and in n-alcohol/water mixtures. 
For all binary mixtures, the concentrations in the two phases were 
described with an average relative deviation below 6 %. In particular, 
the solubility minimum of the hydrophobic component in water as a 
function of temperature was described in excellent agreement with the 
experimental data. Moreover, the new approach was able to consistently 
and accurately predict thermodynamic properties such as VLEs and 
infinite-dilution properties over a wide range of conditions. 

In comparison with the literature, the new modeling approach 
highlights itself by simultaneously and quantitatively describing all 
phases of aqueous solutions containing n-alkanes and n-alcohols equally 
well. It is worth noting, that only binary interaction parameters were 
fitted to obtain these results, while (in contrast to previous works in 

Fig. 13. Activity coefficients of n-alkanes and n-alcohols at infinite dilution in 
water as a function of carbon number at 298.15 K. n-alkanes are represented as 
squares [83] and triangles [87]. n-alcohols are represented by circles [90]. 
Solid lines are predictions using the hetero-segmented approach. 

Fig. 14. Henry constants for the n-alkanes and n-alcohols in water as functions 
of carbon number at 298.15 K. Squares denote data for n-alkanes and circles 
denote n-alcohols [49]. Solid lines are the predictions using the new 
modeling approach. 

Fig. 15. Octanol/water partition coefficients for the n-alkanes and n-alcohols 
as functions of carbon number at 298.15 K. Squares for the n-alkanes and circles 
for the n-alcohols. The experimental data are from ref [93]. Solid lines are 
predictions using the hetero-segmented approach. 
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literature) the parameters for the different groups, including water, were 
determined by fitting pure-component data only. This was only possible 
as hydrophobic interactions were adequately considered by the pro
posed modeling approach. 

Concluding, the new modeling approach proofed its capability in 
capturing the complex phase behavior of aqueous solutions subject to 
the hydrophobic effect. This particularly qualifies this modeling 
approach to describe the behavior of even more complex molecules in 
aqueous environment as will be shown in the second part of this paper 
series. 
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Appendix 

The data on LLE of binary water/n-alkane and water/n-alcohol systems were generated using correlation functions proposed by Ma̧czyński et al. 
[83], Góral et al. [84] and Tsonopoulos [5]. They are defined as follows 

lnxaq
alkane/alcohol = a1 + b1

[c1

T
− ln

c1

T
− 1

]
+ d1exp

[

e1

(

1 −
T
f1

)]

(20)  

lnxorg
water = a2 + b2lnT +

c2

T
(21) 

The aqueous solubility of the n-alkane or n-alcohol is given as xaq
alkane/alcohol. x

org
water is the solubility of water in the organic phase. The parameters for 

Eq. (20) and Eq. (21) are given in Tables 4 and 5, respectively. These parameters were either adapted from literature or determined within this work 
using available solubility data [41,83–86].  

Table 4 
Parameters used for correlating solubility data of the n-alkane/n-alcohol in the aqueous phase in n-alkane/water and n-alcohols/water mixtures using Eq. (20).  

Component a1/ − b1/ − c1/K d1/ − e1/ − f1/K Ref. 
n-pentane − 11.482 38.886 311.88 0 0 0 this work 
n-hexane − 13.028 47.307 310.60 0 0 0 this work 
n-heptane − 14.574 55.728 309.32 0 0 0 this work 
n-octane − 16.120 64.149 308.03 0 0 0 this work 
n-pentanol − 5.5800 29.700 330.00 1.2990 − 20.000 459.80 [77] 
n-hexanol − 6.9400 32.900 319.30 0.71300 − 20.000 490.50 [77] 
n-heptanol − 8.3100 37.100 311.10 0.44000 − 40.000 517.70 [77] 
n-octanol − 9.6700 41.300 304.50 1.2390 − 50.000 545.00 [77]   

Table 5 
Parameters used for correlating solubility data of water in the organic phase in n-alkane/water and n-alcohols/water 
mixtures using Eq. (21).  

Component a2/ − b2/ − c2/K Ref. 
n-pentane 7.1523 0 − 4430.7 this work 
n-hexane 6.8542 0 − 4328.2 this work 
n-heptane 6.5561 0 − 4225.6 this work 
n-octane 6.2580 0 − 4123.1 this work 
n-pentanol − 39.875 5.8961 1563.7 this work 
n-hexanol − 39.997 5.8839 1575.4 this work 
n-heptanol − 40.051 5.8717 1587.0 this work 
n-octanol − 40.078 5.8595 1598.7 this work  

The dispersive BIPs between n-alkanes and n-alcohols for homo-segmented PC-SAFT determined in this work are listed in Table 6. The BIP for n- 
alkanes and n-alcohols with water used in the homo-segmented approach are listed in Table 7.  
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Table 6 
Interaction parameters for homo-segmented PC-SAFT between the n-al
kanes and n-alcohols determined in this work.  

Component 1 Component 2 kij,0/ −

n-butanol n-pentane 0.006778 
n-butanol n-hexane 0.01611 
n-butanol n-octane 0.02188 
n-butanol n-decane 0.01511 
n-pentanol n-hexane 0.01484 
n-pentanol n-heptane 0.01482 
n-hexanol n-hexane 0.002975 
n-hexanol n-heptane 0.01012 
n-octanol n-decane 0.01654 
n-pentanol n-pentane 0.005504 
n-octanol n-octane 0.01248 
n-octanol n-dodecane 0.01788 
n-octanol n-undecane 0.01721   

Table 7 
Interaction parameters for homo-segmented PC-SAFT between the n-alkanes and n-alcohols with water. kij,0, kij,1, kij,2 and kij,3 compute the dispersive BIP kij as a 
function of temperature (kij = kij,0 + kij,1/T + kij,2 T + kij,2 T2). lHB

ij determines the cross-association strength (compare Eqs. (15), (16), and (17)).  

Component kij,0/ − kij,1/K kij,2/10− 3K− 1 kij,3/10− 6K− 2 lHB
ij /10− 3 Ref. 

n-pentane − 0.3054 0 2.419 − 2.809 0 [12] 
n-hexane − 0.3119 0 2.493 − 2.910 0 [12] 
n-heptane − 0.3196 0 2.549 − 2.993 0 [12] 
n-octane − 0.3291 0 2.641 − 3.113 0 [12] 
n-butanol 0.2660 − 43.82 0 0 28.06 this work 
n-pentanol 0.2288 − 35.91 0 0 23.50 this work 
n-hexanol 0.2691 − 39.39 0 0 18.09 this work 
n-heptanol 0.2534 − 37.00 0 0 10.67 this work 
n-octanol 0.2802 − 39.31 0 0 15.71 this work 
n-nonanol 0.2892 − 39.78 0 0 13.85 this work  
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