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 Abstract 

A differential scanning calorimetric technique has been used to obtain solid-liquid 

equilibrium temperatures for the mixtures naphthalene or biphenyl + 1-tetradecanol, or + 1-

hexadecanol. All the systems show a simple eutectic point, whose final composition was 

determined by means of the Tamman’s plots using the needed values of the eutectic heat and of 

the heat of melting, which are also reported. DISQUAC interaction parameters for the 

OH/aromatic contacts in the selected systems are given. The present experimental SLE phase 

diagrams are similarly described by DISQUAC and UNIFAC (Dortmund) models. However, 

the comparison of DISQUAC and UNIFAC results for systems involving naphthalene and 

shorter 1-alkanols (methanol-1-octanol) reveals that the temperature dependence of the 

interaction parameters is more suitable in DISQUAC. The systems are also investigated in terms 

of the concentration-concentration structure factor. It is shown that the positive deviations from 

the Raoult’s law of the studied solutions become weaker when the homocoordination decreases.  
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1. Introduction 

Solid-liquid equilibria (SLE) measurements are of great relevance for industrial design 

and development based on melting crystallization [1,2,3,4]. SLE data have also gained interest 

due to their applications in the field of the accumulation and transference of thermal energy. 

Such applications are based on the heat absorbed and released during a physical state change 

(typically, solid-liquid transitions).  Thus, phase change materials (PCMs) are very efficient heat 

accumulators since they show the mentioned transitions with large latent heats and a great 

ability to stabilize the temperature in a narrow range [5,6]. The latter can be attained by means 

of the creation of mixtures at the eutectic composition. The PCM enclosed in a matrix and 

suspended in a liquid material can also serve as a high-performance heat-transfer fluid with heat 

capacity increased by the latent heat of PCM. Another application of the SLE data is the 

investigation and determination of suitable deep eutectic solutions (DESs) [7,8], which are 

mixtures of two or three components composed of a certain proportion of hydrogen bond 

acceptors and hydrogen bond donors. DESs may replace successfully ionic liquids (ILs), due to 

they have low vapor pressure, stable chemical properties, low melting point and no combustion 

support. In addition, compared with ILs, DESs have other advantages such as simple synthesis, 

low toxicity and low price. They can be used, for example, for the extraction of  metal ions from 

spent batteries [9,10]. 

From the experimental point of view, in this work we have determined by differential 

scanning calorimetry (DSC) the SLE curves of the eutectic mixtures naphthalene, or biphenyl + 

1-tetradecanol, or + 1-hexadecanol. SLE data, obtained by a synthetic method, for naphthalene 

+ 1-alkanol mixtures [11,12] and for biphenyl + 1-octadecanol, or + 1-icosanol systems [13], 

determined by DSC, are available in the literature. SLE data for solutions containing alkanols 

with a large number of C atoms are relevant in fat, cosmetic and oil technology. This type of 1-

alkanols have also been studied as PCMs [14]. On the other hand, biphenyl and naphthalene are 

both polycyclic aromatic hydrocarbons (PAHs) built by blocks of benzene. The investigation of 

solutions with these compounds is needed for a better understanding of aromatic-aromatic 

interactions, commonly encountered in very complex systems [15]. Due to its stability and 

inertness, biphenyl is employed as heat-storage material [16], and the eutectic mixture diphenyl 

ether + biphenyl is used as heat transfer agent [17]. In addition, PAH molecules can be found in 

many materials, such as coal heavy petroleum products or lubricants, and in many processes 

related to chemical transformations of crude oil or incomplete combustion of hydrocarbon fuels. 

The study of PAH mixtures is also useful to achieve a suitable description of heavy petroleum 

fractions, needed to avoid flocculation and deposition of asphaltenes [18,19], a crucial problem 

during the exploitation, transport and storage of crude oil.  
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 The current SLE measurements have been correlated using the expressions for activity 

coefficients derived within the Wilson [20] and NRTL [21] models. In order to investigate the 

ability of group contribution methods to describe SLE phase diagrams of this type of systems, 

the UNIFAC [22] and DISQUAC [23,24] models have also been applied, and their results 

analysed by considering the different combinatorial term and temperature dependence of the 

interaction parameters of each model. Along UNIFAC calculations, the mentioned parameters 

were taken from the literature [25]. Two studies using DISQUAC on naphthalene + 1-alkanol 

(up to 1-octanol) mixtures [26] and on biphenyl + 1-octadecanol or + icosanol systems [13] 

have been previously provided. Such studies were the continuation of an initial work on the 

characterization in terms of DISQUAC of binary systems formed by benzene and long chain 1-

alkanols using SLE data [27].  The present measurements allow a more accurate determination 

of the DISQUAC interaction parameters for OH/aromatic contacts in the selected systems. On 

the other hand, they also facilitate to investigate how deviations from the Raoult’s law change 

when the 1-alkanol size increases in mixtures with a given aromatic compound, or when, in 

solutions with a given 1-alkanol, the aromatic surface increases, i.e., when, e.g., benzene is 

replaced by naphthalene. These matters are investigated not only on the basis of the SLE data, 

but also through the application of the formalism of the  concentration-concentration structure 

factor, 
CC(0)S  [28,29], a method concerned with the study of fluctuations in the number of 

molecules in a given binary mixture regardless of the components, the fluctuations in the mole 

fraction and the cross fluctuations. In this work,  
CC(0)S is determined using DISQUAC. 

 

2. Experimental 

 2.1 Materials 

All the compounds were used as received, without further purification. Table 1 shows 

their source and purity, determined by gas-liquid chromatography by the manufacturer.  

TABLE 1 goes here 

Table 2 lists their physical properties measured in this work: mT , melting temperature 

and mH molar enthalpy of fusion. Our values are in good agreement with experimental results 

from the literature. Values of the change of the molar heat capacity during the melting process, 

mpC  ,  for biphenyl, 1-tetradecanol and 1-hexadecanol are also included in Table 2.  

TABLE 2 goes here 

    2.2  Apparatus and procedure  

The samples were prepared using an analytical balance Sartorius NSU125p (weighing 

accuracy ±10-8 kg). Mole fractions were calculated on the basis of the Relative Atomic Mass 

Table of 2015 issued by the Commission on Isotopic Abundances and Atomic Weights 
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(IUPAC)] [30]. The mixing was carried out by placing the system components in a closed glass 

flask, and heated them, under continuous stirring, up to 20 K above the highest melting 

temperature of the involved compounds so that a homogeneous liquid mixture was obtained. 

The system was hold at that temperature during at least 10 minutes. This method is useful to 

eliminate thermal memory. Then, the sample was rapidly cooled to crystallization and a small 

amount, about 10-15 mg, was inserted and hermetically crimped into a Tzero aluminium pan. 

The magnitudes 
mT  and 

mH  were determined using a DSC TA Instrument, model Q2000, 

equipped with a refrigerated cooling system RSC90 which allows operations from T = (183.15 

to 673.15) K. All the measurements were performed under a nitrogen atmosphere with a 

volumetric flow rate of 50 cm3 min-1 at a constant heating rate of 0.5 K min-1. The equipment 

was calibrated following the procedures indicated by the manufacturer using 99.99% pure 

indium (
mT = 429.7485 K; 

mH = 3.281 kJ mol-1 [31]). For the systems under consideration, at a 

given composition, the corresponding thermograms show two peaks (Figure S1, supplementary 

material). One of them is more or less independent of the molar fraction and corresponds to the 

eutectic temperature. The other one occurs at the solid-liquid equilibrium temperature. The molar 

enthalpies of the transitions (fusion/eutectic), of the pure compounds and of the mixtures, can be 

determined as the area limited by the heat flow curve and the baseline built between the points 

where this transition occurs. It is to be noted that transition temperatures (
trT ), close to the 

melting point, have been reported for 1-tetradecanol (
trT = 311 K [32], mT = 310.75 K (this 

work)) and for 1-hexadecanol (
trT = 321.1 K [33] or 322.1 [34]; 

mT = 321.8 K (this work)). In 

the present case, these transitions are overlapped with the melting process as it is indicated by 

the peaks of pure 1-alkanols, which are wider than those of biphenyl or naphthalene (Figure S1).  

The estimated uncertainties for mole fraction and temperature measurements are 0.0005 and 

0.3 K, respectively. The relative uncertainty of the enthalpy values is estimated to be 0.03. 

 2.3  Experimental results 

Table 3 contains our experimental solid-liquid equilibria temperatures, SLET  vs. the 

mole fraction of the involved PAH (see Figures 1,2,3,4). All the systems show a simple eutectic 

point.  No data have been encountered in the literature for comparison. Nevertheless, it must be 

mentioned that both the composition and temperature of the eutectic points of biphenyl + 1-

alkanol mixtures increase with the alkanol size (Figure S2). For example, in the case of the 

eutectic temperature, we have: 307.2 K (1-tetradecanol), 316.8 (1-hexadecanol) (this work); 

321.5 [13], 323.0 [35] (1-octadecanol), 328.7 (1-icosanol [13]). The equation of the solid-

equilibrium curve of a pure solid component i [36]: 

   i i i i iln ( / ) 1/ 1/ ( / ) ln( / ) ( / ) 1m m Pm m mix H R T T C R T T T T− =  − −  + − + iln         (1)  
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TABLE 3 goes here        

In this equation, xi is the mole fraction and i the activity coefficient of the component i in the 

solvent mixture, at temperature T. The physical constants, needed for calculations, are listed in  

 

 
 

Figure 1  SLE phase diagram for the naphthalene(1) + 1-tetradecanol(2) mixture. Points, experimental results 

(this work). Lines, results from the application of different models: DISQUAC (DQ), UNIFAC and Ideal 

Solubility Model (IDEAL). The eutectic temperature, 
euT , is also indicated. 

 

 
 

Figure 2  SLE phase diagram for the naphthalene(1) + 1-hexadecanol(2) mixture. Points, experimental results 

(this work). Lines, results from the application of different models: DISQUAC (DQ), UNIFAC and Ideal 

Solubility Model (IDEAL). The eutectic temperature, euT , is also indicated. 
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Figure 3 SLE phase diagram for the biphenyl(1) + 1-tetradecanol(2) mixture. Points, experimental results 

(this work). Lines, results from the application of different models: DISQUAC (DQ), UNIFAC, and Ideal 

Solubility Model (IDEAL). The eutectic temperature, 
euT , is also indicated 

 

 

 
 

Figure 4  SLE phase diagram for the biphenyl(1) + 1-hexadecanol(2) mixture. Points, experimental results 

(this work). Lines, results from the application of different models: DISQUAC (DQ), UNIFAC,  and Ideal 

Solubility Model (IDEAL). The eutectic temperature, euT , is also indicated 
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Table 2.  Values of i obtained from equation (1) are shown in Table 3 (see also Figure S3). The 

eutectic heats (
euH ) and the heats of melting (

mH ) are collected in Table 4. These values  

TABLE 4 goes here 

have been used to determine the final composition of the eutectic points (Table 3) on the basis of 

the Tamman’s plots [37,38,39] (Figures 5-6). In view of these results, it seems that the present 

eutectic mixtures may be potential PCMs. 

 
 

 Figure 5a     Figure 5b 

 

Figure 5 Tamman’s plots for the mixtures naphthalene(1) + 1-tetradecanol(2)  (Figure 5a), or + 1-

hexadecanol(2) (Figure 5b) 

 

Figure 6a     Figure 6b 

Figure 6 Tamman’s plots for the mixtures biphenyl(1) + 1-tetradecanol(2) (Figure 6a), or + 1-hexadecanol(2) 

(Figure 6b) 
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3.  Models 

 3.1 Correlation equations 

 The Wilson equation [20] and the NRTL model [21], both based on the local 

composition concept, have been applied to correlate the (x1,T) data.  For a binary mixture, the 

Wilson equation for the molar excess Gibbs energy, 
E

mG , is: 

 

E

m 1 1 2 12 2 2 1 21/ ln( ) ln( )G RT x x x x x x= − +  − +      (2) 

 

 where  
mj ij ii

ij

mi

exp( )
V

V RT

 −
 = −  (i,j =1,2), being 

miV  the molar volume of component i  

[40,41] and ( ij ii − ) the interaction parameters to be determined. The NRTL equation for 
E

mG  

is: 

 

E 21 21 12 12
m 1 2

1 2 21 2 1 21

/
G G

G RT x x
x x G x x G

  
= + 

+ + 
     (3) 

 

here, exp( )ij ij ijG  = − with 
ij jj

ij

g g

RT


−
= . Along calculations, the value ij ji = = 0.47 has 

been used in order to take into account the non-randomness of the mixture.  The interaction 

parameters ( ij jjg g− ) are adjusted to the experimental data.  

3.2 DISQUAC 

Some relevant features of the model are shortly summarized. (i)  DISQUAC is based on 

the rigid lattice theory developed by Guggenheim [42]. (ii) The total molecular volumes, ri, 

surfaces, qi, and the molecular surface fractions, i, of the mixture components are calculated 

additively using the group volumes RG and surfaces QG recommended by Bondi [43]. The 

volume RCH4 and surface QCH4   of methane are taken arbitrarily as volume and surface units 

[44]. The geometrical parameters for the groups considered along the work can be found in the 

literature [13,26]. (iii) The molar excess functions 
E

mG  and  
E

mH  (enthalpy) are determined by 

adding two contributions: a dispersive (DIS) term, related to the dispersive interactions; and a 

quasichemical (QUAC) term which arises from the anisotropy of the field forces created by the 

solution molecules.  For 
E

mG  a combinatorial term, 
E,COMB

mG , represented  by the Flory-Huggins 

equation [44,45] must be included. Thus, 
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E E,COMB E,DIS E,QUAC

m m m mG G G G= + +       (4) 

 
E E,DIS E,QUAC

m m mH H H= +        (5) 

 

For a binary mixture ( i j 1,2 = ), the combinatorial  contribution to the activity coefficients 

are  determined from the expression: 

 

COMB i i
i j j

i i

ln ln x
x x

 
 = − +        (6) 

being i  the volume fraction, i i
i

j j

x r

x r
 =


. (iv) It is assumed that the interaction parameters 

are dependent on the molecular structure; (v) For all the polar contacts, the same coordination 

number (z = 4) is used. This is one of the more important shortcomings of the model, partially 

removed considering structure dependent interaction parameters. (vi) It is also assumed that 

there is no volume change upon mixing, i.e., the molar excess molar volume,
E

mV ,  is 0. 

The equations used to calculate the DIS and QUAC contributions to 
E

mG and 
E

mH can be 

found elsewhere [24,46]. The temperature dependence of the interaction parameters is expressed 

in terms of the DIS and QUAC interchange coefficients [24,46],  
DIS QUAC

st,l st,l;C C  where st and l = 

1 (Gibbs energy;
DIS/QUAC DIS/QUAC

st,1 st 0 0( ) /C g T RT= ); l = 2 (excess enthalpy; 

DIS/QUAC DIS/QUAC

st,2 st 0 0( ) /C h T RT= )), l = 3 (heat capacity; 
DIS/QUAC DIS/QUAC

st,3 pst 0( ) /C c T R= )). To = 

298.15 K is the scaling temperature. The corresponding equations are: 

 

DIS/QUAC
DIS/QUAC DIS/QUAC DIS/QUACst 0 0 0
st,1 st,2 st,31 ln( ) 1

g T T T
C C C

RT T T T

   
= + − + − +      

 (7) 

DIS/QUAC
DIS/QUAC DIS/QUACst o o
st,2 st,3 1

h T T
C C

RT T T

 
= − − 

 
     (8) 

DIS/QUAC

pst DIS/QUAC

st,3

c
C

R
=         (9) 

3.3  Modified UNIFAC (Dortmund version) 

This version of UNIFAC [22] differs from the original UNIFAC [47] by the 

combinatorial term and the temperature dependence of the group interaction parameters nm .  

This dependence is as follows: 
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2

nm nm nm
nm exp [ ]

a b T c T

T


+ +
= −       (10) 

 

where (
nm nm nm, ,a b c ) are the interaction parameters. A similar expression is valid for 

mn  The 

equations used to calculate 
E

mG  and 
E

mH  are obtained from the well-known fundamental 

equation for i : 

 

 
COMB RES

i i iln ln ln  = +        (11) 

 

where 
COMB

iln   and 
RES

iln  represent the combinatorial and residual term, respectively.  

The expression for the combinatorial part is: 

 

COMB ' ' i i
i i i i

i i

ln 1 ln 5 (1 ln )q
 

  
 

= − + − − +       (12) 

in this equation, 

3/ 4
' i
i 3/4

j j

r

x r
 =


 and i i

i

1 1 2 2

x q

x q x q
 =

+
is the surface fraction. 

 

For the residual part, the needed equations can be found elsewhere [46]. In UNIFAC 

(Dortmund), two main groups, OH and CH3OH, are defined for predicting thermodynamic 

properties of mixtures with alkanols. The main group OH (Nº 5) is subdivided in three 

subgroups: OH(p), OH(s) and OH(t) for the representation of primary, secondary and tertiary 

alkanols, respectively.  The CH3OH group (Nº 6) is a specific group for methanol solutions. The 

aromatic molecules considered in this work are characterized by the main group ACH (Nº 3), 

which is subdivided in two subgroups, ACH and AC. The subgroups within the same main 

group have different geometrical parameters, and identical group energy-interaction parameters. 

It must be mentioned that the geometrical parameters, the relative van der Waals volumes and 

the relative van der Waals surfaces are not calculated from molecular parameters like in the 

original  UNIFAC, but fitted together with the interaction parameters to the experimental values 

of the thermodynamic properties considered. The geometrical and interaction parameters were 

taken from the literature and used without modifications [25]. 

3.4 The concentration-concentration structure factor formalism 

For binary systems, the CC(0)S  function can be determined from the expression 

[28,29]: 
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1 2
CC 2 E

1 2 m

2

1 ,

(0)

1

P T

x x
S

x x G

RT x

=
 

+  
 

       (13)  

 

In the case of an ideal system, 
E,id

mG  = 0; and 
id

CC (0)S  = x1x2. Stability conditions require that 

CC(0)S  > 0. Thus, if a mixture is close to phase separation, 
CC(0)S  must be large and positive, 

the dominant trend is then the separation between components (homocoordination), and SCC(0) 

> x1x2. If compound formation between components is dominant (heterocoordination), 
CC(0)S  

must be very low and 0 < SCC(0) < x1x2 . Additional details are available in reference [28].  

 

 4.  Determination of adjustable parameters   

 4.1 Wilson and NRTL parameters 

The ( ij ii − ) and  ( ij jjg g− ) parameters were obtained through a Marquardt algorithm 

[48] which minimizes the function: 

SLE SLE,exp SLE,calc

1
( ) /T K T T

N
 = −       (14) 

where N stands for the number of experimental points. Values of the parameters are listed in 

Table 5. 

TABLE 5 goes here 

4.2 DISQUAC interaction parameters 

In terms of DISQUAC, the mixtures under study are regarded as possessing three 

surfaces: (i) type a, aliphatic, (CH3, CH2, in n-alkanes, or 1-alkanols); (ii) type b, aromatic in 

biphenyl or naphthalene; type h, OH in 1-alkanols). Therefore, the systems are characterized by 

the contacts: (a,b), (a,h) and (b,h). The interaction parameters for the (a,b) contacts are purely 

dispersive and have been determined from thermodynamic data for naphthalene or biphenyl + n-

alkane systems [26,49]. The DIS

ah,lC  and QUAC

ah,lC (l =1,2,3) coefficients are also known from the 

corresponding investigation of 1-alkanol + n-alkane systems [50,51]. Our previous 

investigations on 1-alkanol + naphthalene, or + biphenyl systems [13,26] show that the QUAC 

interaction parameters for the (b,h) contacts are the same as those given for 1-alkanol + 

benzene, or + toluene systems [27]. Here, we have applied the same rule and, under the 

assumption that the DIS

bh,lC  (l =2,3) parameters are the same as in systems with benzene, we have 

determined the corresponding DIS

bh,lC   value (Table 6), following the general procedure explained 

in detail elsewhere [24,46].  

TABLE 6 goes here 
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5. Theoretical results 

A comparison between SLE calculations using DISQUAC and UNIFAC models with 

experimental values is shown in Tables 7 and 8 (Figures. 1,2,3,4), which also include results 

from the Ideal Solubility Model. For the sake of clarity, relative deviations for the equilibrium 

temperature (TSLE), defined as: 

  

SLE

2

SLE,exp SLE,calc

S

2

LE,

1

x

/

p

1
( )

  − 
=   

    

r

e

T T
T

N T
     (15) 

  

are given in Table 7, together with the corresponding mean absolute deviation (equation 14). 

The coordinates of the eutectic points, obtained from the different models applied, are listed in 

Table 8. UNIFAC calculations remain unchanged when a different set of interaction parameters 

[52] is used. A short comparison between experimental results for 
CC(0)S  and DISQUAC 

values is presented in Figures 7 and 8.   

TABLES 7 and 8 goes here 

  

Figure 7 CC(0)S  of the naphthalene(1) (upper curves) or benzene(1)  (lower curves) + cyclohexane(2) 

mixtures at 413.15 K. Dashed lines, experimental values [68,69]. Solid lines, DISQUAC calculations. 

Points, results for the ideal system 
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Figure 8 
CC(0)S  of organic compound(1) + 1-alkanol(2) mixtures at temperature T. Lines, DISQUAC 

calculations. (1): heptane(1) + methanol(2) at 373.15 K, (2): benzene(1) + methanol(2) at 413.15 K; (3) 

benzene(1) + 1-hexadecanol(2) at 413.15 K. (4): naphthalene(1) + methanol(2) at 413.15 K. (5): 

naphthalene(1) + 1-hexadecanol(2) at 413.15 K. Full points, experimental results for benzene(1) + 

methanol(2) systems [70]: (■), T = 373.15 K; (●), T = 413.15 K. Open symbols, results for the ideal 

mixture 

 

The model is a reliable tool for this type of calculations. For naphthalene + 1-alkanol mixtures, 

Figure 9 shows the maxima values of 
CC(0)S determined using DISQUAC. 

 

Figure 9 CC(0)S and 100 ( )r T (deviation) values for naphthalene(1) + 1-alkanol(2) mixtures   

vs. n, the number of carbon atoms of the 1-alkanol: (●),  maxima of the CC(0)S  curves at 

413.15 K  (this work); (■), (100 ( )r T ) (Table 7]. Lines are for the aid of the eye.  Dashed line, 

CC(0)S results for the ideal model 
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6.  Discussion 

Below, n stands for the number of C atoms in the 1-alkanol. 

Firstly, we note that this type of systems is mainly characterized by positive deviations 

from Raoult’s law (Table 3, Figure S3). For mixtures containing naphthalene, 
SLE

( )r T  values 

provided by the Ideal Solubility Model decrease when n  increases (Table 7). Thus, we have for 

the mixture with  n = 1, 
SLE

( )r T = 0.17, 
SLE

( )T = 45 K, and for the solution with  n = 16,  

SLE
( )r T = 0.018, 

SLE
( )T = 4.3 K. Similarly, for biphenyl systems, 

SLE
( )r T = 0.030, 

SLE
( )T = 

7.3  K (n = 14, this work) and 
SLE

( )r T = 0.012, 
SLE

( )T = 3.1 K [13] (n = 20).  This may be due 

to: (i) lower self-association of the longer 1-alkanols and/or (ii) size effects. These ones can be 

examined calculating the  
E,COMB

mG  contribution using, e.g.,  the Flory-Huggins term. At 373.15 

K, results are −568 J mol-1
 (n = 1) and −266 J mol-1

 (n = 16). This indicates that size effects are 

more relevant in the methanol mixture, and that the larger positive deviations from the Raoult’s 

law of this system can be then ascribed to the larger self-association of methanol. The maxima 

values of 
CC(0)S  (Figure 9) also decrease when n increases, and this confirms that deviations 

from the ideal behaviour decrease when homocoordination becomes weaker. 

Next, we analyse 
CC(0)S  results. In the case of mixtures with cyclohexane (T = 413.15 

K), 
CC(0)S (naphthalene) > 

CC(0)S (benzene) (Figure 7), i.e., homocoordination is higher in the 

system with naphthalene. For the heptane + methanol mixture at 373.15 K, the 
CC(0)S  curve 

shows a large maximum and it is skewed at higher mole fractions of the alcohol (Figure 8). The 

former is a consequence of the proximity of the upper critical solution temperature (324.5 K 

[53]). The asymmetry of the curve merely shows the large self-association of methanol. At the 

same temperature, the 
CC(0)S  curve of the benzene + methanol mixture shows a lower 

maximum, since aromatic compounds are better breakers than alkanes of the alcohol network. 

Note that benzene and methanol are completely miscible at 298.15 K. For this system, CC(0)S  

decreases when the temperature is increased as the corresponding results at 413.15 K reveal 

(Figure 8). This is the normal behaviour since homocoordination decreases when T increases. 

The replacement of methanol by 1-hexadecanol leads to lower CC(0)S  results, which is 

consistent with the lower self-association of this alkanol. At 413.15 K, with regards to mixtures 

including naphthalene two statements can be given: i) for methanol 

mixtures, CC(0)S (naphthalene) > CC(0)S (benzene)  and the naphthalene curve is more shifted 

to higher molar fractions of methanol. This seems to indicate that naphthalene is a poorer 
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breaker of the methanol self-association. (ii) For the naphthalene + 1-hexadecanol system, the 

CC(0)S curve is skewed to higher mole fractions of the aromatic compound, which reveals that, 

in the mentioned region, interactions between naphthalene molecules are more relevant.  At 

413.15 K, the maxima values of 
CC(0)S for mixtures with biphenyl are: 0.42 (n = 14) and 0.26  

(n = 16), which are close to those of the corresponding solutions with naphthalene: 0.30 and 

0.25, respectively.  Thus, for this type of systems, the model predicts no meaningful difference 

regarding their homocoordination.  

6.1 Comparison between DISQUAC and UNIFAC results 

 For the systems measured in this work, both models provide rather similar results 

(Tables 7 and 8), although DISQUAC gives a slightly better overall description of the SLE 

curves (Figures 1-4).   In order to attain a better understanding of the theoretical results, we have 

also considered the systems naphthalene + methanol, or + 1-butanol, or + 1-hexanol, or + 1-

octanol, and  proceeded as follows. Firstly, we have examined the impact of the combinatorial 

term on the mentioned results. At this end, we have conducted calculations, for the selected 

mixtures, neglecting the interactional contribution to the activity coefficients. i.e., we have 

assumed that activity coefficients are merely described by equations (6) or (12). In such a case, 

we note that that the differences between experimental and theoretical results are lower when 

equation (12) is employed, that is, size effects are better represented  by equation (12), while the 

Flory-Huggins term overestimates such effects (Table 7). The observed differences between 

DISQUAC and UNIFAC results may be then due to: i) a better temperature dependence of the 

interaction parameters in the case of DISQUAC; (ii) it is assumed that the DISQUAC 

interaction parameters depend on the molecular structure. The latter may explain the better 

results obtained for the solutions with 1-butanol, 1-hexanol, or 1-octanol. However, SLE data of 

the naphthalene + methanol mixture are also  better described by DISQUAC (Table 7). This is 

remarkable due to: (a) the range of measured temperatures is rather wide: (274-353.37) K; (b) 

methanol is a main group within UNIFAC.  This seems to indicate that the temperature 

dependence of the DISQUAC interactions parameters is more suitable. We remark that results 

from the Ideal Solubility Model for systems including the shorter 1-alkanols are much poorer, 

which clearly shows the large non-ideality of such solutions (Table 7). 

Finally, we have compared DISQUAC and UNIFAC results on excess molar enthalpies, 

E

mH  , with the corresponding experimental value for the mixture naphthalene + n-C28 at  391.75 

K and equimolar composition: 1220 (DISQUAC); 1414 (UNIFAC), 1206 (experimental result 

[54], all values in J mol-1). This suggests that, probably, a new main group should be defined for 

a better estimation of the thermodynamic properties of solutions including PAHs. 
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7.  Conclusions 

SLE data have been reported for the eutectic mixtures naphthalene or biphenyl + 1-

tetradecanol, or + 1-hexadecanol. The systems show decreasing positive deviations from the 

Raoults’s law when the alcohol size increases, i.e., when homocoordination becomes weaker. 

DISQUAC and UNIFAC describe similarly the phase diagrams of the measured mixtures. The 

comparison of theoretical results from both models for naphthalene + 1-alkanol mixtures shows 

that the temperature dependence of the interaction parameters is more suitable in DISQUAC. 
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TABLE 1 

Sample description 

Chemical CAS number Ma /g mol-1 Source Purityb 

biphenyl 92-52-4 154.2078 Sigma-Aldrich > 0.999 

naphthalene 91-20-3 128.1705 Sigma-Aldrich > 0.999 

1-tetradecanol 112-72-1 214.3930 Merck > 0.993 

1-hexadecanol 36653-82-4 242.440 Sigma-Aldrich > 0.999 

aMolar mass; bin mole fraction, by gas chromatography provided by the supplier 
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TABLE 2 

Physical propertiesa of pure compounds at 0.1 MPa: melting temperature,
mT , enthalpy of 

fusion, 
mH ; mpC , heat capacity change at the melting point. 

compound Tm /K 
mH / kJ mol-1 mpC /J mol-1 K-1 

 this work literature this work literature  

biphenyl 342.2 342.10 [16] 18.9 18.54 [16] 36.3 [55] 

  342.098 [56]  18.57 [56]  

  342.08 [57]  18.6 [57]  

  343.5[58]  19.3[58]  

naphthalene 353.4 353.37 [59] 19.3 18.99 [59]  

  354.69 [60]  19.55 [60]  

  353.4[61]  19.1 [61,62]  

  353.5 [62]    

1-tetradecanol 310.8 311.39 [63] 49.2 47.60 [63] 122 [32] 

  309.55 [64]  51.17 [64]  

  311.00 [32]  49.51 [32]  

  309.8 [65]  47.81 [65]  

  311 [66]  39.75 [66]  

1-hexadecanol 321.8 322.225 [67] 55.8 57.743 [67] 137.3 [67] 

    58.38 [29]  

  322 [66]  57.74 [66]  

    56.4 [63]  

  322.2 [32]  58.38 [32]  

aThe standard uncertainty for pressure is ( )u P = 0.2 kPa; the combined expanded uncertainty 

(0.95 level of confidence) for temperatures is c m( )U T =  0.6 K and the relative combined 

expanded uncertainty (0.95 level of confidence) for melting enthalpies is  rc m( )U H = 0.06 

 



 

25 

 

TABLE 3 

Solid-liquid equilibrium temperatures, TSLE, and activity coefficients, exp

i , for 

naphthalene(1) or biphenyl(1) + 1-tetradecanol(2) or + 1-hexadecanol(2) mixtures at 0.1 

MPaa 

1x  TSLE/K solid phaseb exp

1
d exp

2
d 

naphthalene(1) + 1-tetradecanol(2) 

0.0000 310.8 Alkanol(cr,II)  1.000 

0.0537 308.9 Alkanol(cr,II)  0.946 

0.1070 308.8 Alkanol(cr,II)  0.995 

0.208c 306.8    

0.3120 317.2 Naphthalene (cr,I) 1.519  

0.3987 323.8 Naphthalene (cr,I) 1.378  

0.4924 329.9 Naphthalene (cr,I) 1.274  

0.6002 334.5 Naphthalene (cr,I) 1.150  

0.6979 339.9 Naphthalene (cr,I) 1.104  

0.7997 344.6 Naphthalene (cr,I) 1.058  

0.8999 348.0 Naphthalene (cr,I) 1.004  

1.0000 353.4 Naphthalene (cr,I) 1.000  

naphthalene(1) + 1-hexadecanol(2) 

0.0000 321.8 Alkanol(cr,II)  1.000 

0.0511 320.0 Alkanol(cr,II)  0.936 

0.1040 319.9 Alkanol(cr,II)  0.985 

0.1579 319.5 Alkanol(cr,II)  1.022 

0.2043 318.8 Alkanol(cr,II)  1.034 

0.271c 316.5    

0.3044 322.4 Naphthalene (cr,I) 1.752  

0.3990 326.6 Naphthalene (cr,I) 1.465  

0.5022 331.3 Naphthalene (cr,I) 1.288  

0.5999 334.8 Naphthalene (cr,I) 1.160  

0.6998 339.3 Naphthalene (cr,I) 1.088  

0.8013 344.4 Naphthalene (cr,I) 1.053  

0.9010 348.5 Naphthalene (cr,I) 1.013  

1.0000 353.4 Naphthalene (cr,I) 1.000  
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TABLE 3 (continued) 

biphenyl(1) + 1-tetradecanol(2) 

0.0000 310.8 Alkanol(cr,II)  1.000 

0.0513 309.3 Alkanol(cr,II)  0.962 

0.1009 308.9 Alkanol(cr,II)  0.990 

0.201c 307.2    

0.3017 315.5 Biphenyl (cr,I) 1.885  

0.4008 320.9 Biphenyl (cr,I) 1.602  

0.5045 327.6 Biphenyl (cr,I) 1.472  

0.5969 329.8 Biphenyl (cr,I) 1.303  

0.6959 332.8 Biphenyl (cr,I) 1.189  

0.7987 335.4 Biphenyl (cr,I) 1.093  

0.8967 337.6 Biphenyl (cr,I) 1.018  

1.0000 342.2 Biphenyl (cr,I) 1.000  

biphenyl(1) + 1-hexadecanol(2) 

0.0000 321.8 Alkanol(cr,II)  1.000 

0.0519 320.8 Alkanol(cr,II)  0.987 

0.0990 320.2 Alkanol(cr,II)  0.999 

0.1521 319.7 Alkanol(cr,II)  1.026 

0.1982 318.9 Alkanol(cr,II)  1.032 

0.267c 316.8    

0.4031 322.4 Biphenyl (cr,I) 1.647  

0.5012 324.9 Biphenyl (cr,I) 1.400  

0.6052 329.6 Biphenyl (cr,I) 1.282  

0.6994 332.5 Biphenyl (cr,I) 1.176  

0.7873 334.8 Biphenyl (cr,I) 1.097  

0.8950 337.7 Biphenyl (cr,I) 1.022  

1.0000 342.2 Biphenyl (cr,I) 1.000  

astandard uncertainties are: ( )u P = 0.2 kPa; 1( )u x =  0.0005,  and   the  combined expanded 

uncertainty  (0.95 level of confidence) for temperature is c ( )U T =  0.6 K; b(cr) describes a 

single solid phase; (cr,I) represents the solid phases I of  naphthalene or biphenyl, and (cr,II) 

describes the solid phases of the considered 1-alkanols;  c composition of the eutectic point 

determined from Tamman’s plot (see Table 4 and Figures 5-6); dvalues determined using 

equation (1) with physical constants listed in Table 2. 
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TABLE 4 

Heat of melting, 
mH and eutectic heat, 

euH , for naphthalene(1) or biphenyl(1) + 1-

tetradecanol(2) or + 1-hexadecanol(2) mixtures at 0.1 MPa.a 

1x  
euH / kJ mol-1 

mH / kJ mol-1 

naphthalene(1) + 1-tetradecanol(2) 

0.0000  49.2 

0.0537 10.2 36.5 

0.1070 24.4 19.9 

0.2080 41.6 0.0 

0.3120 36.3 0.6 

0.3987 31.3 3.0 

0.4924 27.0 5.0 

0.6002 22.0 7.4 

0.6979 16.2 10.8 

0.7997 10.4 14.2 

0.8999 3.1 16.7 

1.0000  19.3 

naphthalene(1) + 1-hexadecanol(2) 

0.0000  55.8 

0.0511 6.3 47.0 

0.1040 15.3 36.2 

0.1579 27.6 23.0 

0.2043 37.4 11.0 

0.2705 48.5 0 

0.3044 44.7 0.1 

0.3990 40.5 0.3 

0.5022 34.0 4.8 

0.5999 27.3 7.9 

0.6998 20.4 10.8 

0.8013 12.9 14.0 

0.9010 6.4 16.3 

1.0000  19.3 

Biphenyl(1) + 1-tetradecanol(2) 

0.0000  49.2 
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TABLE 4 (continued) 

0.0513 11.5 35.7 

0.1009 20.8 25.8 

0.2010 42.4 0 

0.3017 38.6 1.7 

0.4008 31.1 2.9 

0.5045 24.4 6.8 

0.5969 20.4 8.1 

0.6959 15.7 11.4 

0.7987 10.3 14.4 

0.8967 5.5 16.4 

1.0000  18.9 

biphenyl(1) + 1-hexadecanol(2) 

0.0000  55.8 

0.0519 7.0 46.6 

0.0990 15.6 37.6 

0.1521 27.3 22.8 

0.1982 39.0 10.4 

0.2670 50.3 0 

0.4031 42.1 0.6 

0.5012 33.3 2.2 

0.6052 26.0 5. 

0.6994 19.6 7.95 

0.7873 13.9 11.3 

0.8950 6.5 14.8 

1.0000  18.9 

astandard uncertainties are: ( )u P = 0.2 kPa; 1( )u x =  0.0005 and   the  combined expanded 

uncertainty  (0.95 level of confidence) for enthalpy is  rc m( )U H = 0.06 
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TABLE 5 

Adjustable parameters of the Wilsona, ( ij ii − ), and NRTLb,  ( ij jjg g− ), equations. 

(
12 11 − )/ 

J mol-1 

(
21 22 − )/ 

J mol-1 

(
12 22g g− )/ 

J mol-1 

(
21 11g g− ) 

J mol-1 

     ( )T c/K                ( )r T d 

    Wilson NRTL Wilson NRTL 

naphthalene(1) + 1-tetradecanol(2) 

5800 −1700 −1800 600 0.71 0.75 0.003 0.003 

naphthalene(1) + 1-hexadecanol(2) 

6400 −1500 −1200 2500 0.32 0.30 0.001 0.0001 

biphenyl(1) + 1-tetradecanol(2) 

3900 700 −1900 1700 1.20 1.73 0.005 0.008 

biphenyl(1) + 1-hexadecanol(2) 

8700 −400 −1800 2700 0.94 1.09 0.003 0.005 

a equation (2); bequation (3); cequation (14); dequation (15)  

 

TABLE 6 

Dispersive, 
DIS

bh,lC  ,   and quasichemical, 
QUAC

bh,lC ,   interchange coefficients, (l = 1, Gibbs energy; 

l = 2, enthalpy; l = 3, heat capacity), for (b,h) contactsa in naphthalene, or biphenyl + 1-alkanol 

mixtures. 

1-alkanol DIS

bh,1C  
DIS

bh,2C  
DIS

bh,3C  
QUAC

bh,1C  
QUAC

bh,2C  
QUAC

bh,3C  

naphthalene 

1-tetradecanol 22.5 0.25b −39b 8.9 16.7 21.2 

1-hexadecanol 27.5 1.4b −39b 8.9 16.7 21.2 

biphenyl 

1-tetradecanol 24 0.25b −39b 8.9 16.7 21.2 

1-hexadecanol 29 1.4b −39b 8.9 16.7 21.2 

aType b, aromatic in polycyclic aromatic molecules; type h, OH in 1-alkanols; bestimated values 
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TABLE 7 

Differences between experimental and theoretical SLE results, 
SLE( )T  (equation 14) and 

SLE( )r T  (equation 15) for PAH + 1-alkanol mixtures obtained from the application of different 

models  

deviation N IDEAL EQ. (6) EQ. (12) DQa UNIFACb 

naphthalene + methanolc 

SLE( )T /K 15 45 68 49.4 1.5 7.6 

SLE( )r T  15 0.17 0.22 0.19 0.005 0.036 

naphthalene + 1-butanold 

SLE( )T /K 12 46 47 40 0.6 8.8 

SLE( )r T  12 0.15 0.16 0.10 0.002 0.032 

naphthalene + 1-hexanold 

SLE( )T /K 11 34 34 30 0.6 9.6 

SLE( )r T  11 0.11 0.11 0.10 0.002 0.034 

naphthalene + 1-octanold 

SLE( )T /K 18 27 27 24 0.5 9.9 

SLE( )r T  18 0.089 0.091 0.079 0.002 0.035 

naphthalene + 1-tetradecanole 

SLE( )T /K 9 5.8 7.1 6.2 1.2 3.5 

SLE( )r T  9 0.023 0.028 0.026 0.005 0.013 

naphthalene + 1-hexadecanole 

SLE( )T /K 11 4.2 7.7 6.5 1.8 1.8 

SLE( )r T  11 0.018 0.023 0.020 0.008 0.007 

biphenyl + 1-tetradecanole 

SLE( )T /K 9 7.3 8.4 7.4 0.72 1.7 

SLE( )r T  9 0.030 0.035 0.031 0.003 0.007 

biphenyl + 1-hexadecanole 

SLE( )T /K 10 4.8 5.4 4.8 0.77 1.1 

SLE( )r T  10 0.020 0.023 0.021 0.003 0.004 

aresults obtained using parameters listed in Table 6 and from [26]; bresults determined using 

interaction parameters from the literature [25]; c[12]; d[11]; ethis work 
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TABLE 8 

Eutectic points for polycyclic aromatic compound(1) + 1-alkanol(2) mixtures. Comparison of 

experimental (Exp.) results from Wilson and NRTL equations or from the application of  

DISQUAC (DQ) and UNIFAC models. 

 Exp. IDEAL Wilsona NRTLa DQb UNIFACb 

naphthalene + 1-tetradecanol 

1eux  0.208 0.344 0.167 0.177 0.250 0.172 

euT /K 306.8 304.0 307.2 307.1 306.3 308.2 

naphthalene + 1-hexadecanol 

1eux  0.271 0.432 0.229 0.235 0.327 0.266 

euT /K 316.5 313.2 317.8 318.2 316.1 317.9 

biphenyl + 1-tetradecanol 

1eux  0.201 0.415 0.217 0.174 0.252 0.184 

euT /K 307.2 302.2 309.8 307.4 306.6 308.5 

biphenyl + 1-hexadecanol 

1eux  0.267 0.512 0.248 0.263 0.360 0.298 

euT /K 316.8 311.0 317.7 317.3 315.8 317.6 

aresults obtained using parameters listed in Table 5; bresults obtained using interaction 

parameters from Table 6; cresults determined using interaction parameters from the literature 

[25] 

 

 

 

 


