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A B S T R A C T   

Although physicochemical properties are essential for production and equipment design in oil and gas industries, 
there is still a lack of data for some systems because of hazardous temperature and pressure conditions. This work 
provides a volumetric behavior study of three different mixtures composed of nonylphenol ethoxylated nonionic 
surfactant (IGEPAL CO-520, CO-630, and CO-720) + methanol in the entire mole fraction composition range for 
temperatures from 313.15 K to 413.15 K and pressures up to 100.0 MPa. These systems behave as a regular 
liquid, with a volume contraction predominance. It was observed that for high methanol molar content, there is 
an increase in the cohesive forces because of the ethoxylated chain increases in oxyethylene units. Nevertheless, 
it was observed that the hydrogen bonds between ether oxygens and hydroxyl hydrogens decrease by increasing 
temperature, as given by internal pressure data and PC-SAFT modeling. Besides, a new set of parameters for the 
PC-SAFT equation of state is provided to calculate volumetric and second-order derivative properties.   

1. Introduction 

Surfactants have a wide range of applications because of their main 
characteristic: a hydrophobic tail and a hydrophilic head (i.e., an 
amphiphilic compound). There are two main classes of surfactants: ionic 
and nonionic. Ionic surfactants have a polar head from an ion (cation or 
anion). Otherwise, a nonionic surfactant has a polar head originating 
from a highly associative group (e.g., hydroxyl or amines) [1,2]. Typi
cally, the nonionic surfactant class is of great industrial interest because 
of its association with the so-called green chemistry related to faster 
biodegradability. For instance, the nonylphenol ethoxylated surfactants 
are especially interesting because of their lower toxicity due to the size 
of the polyethoxylated chain [3]. 

The upstream sector is surrounded by hazardous conditions with 
high pressure and temperature in deepwater reservoirs [4–6]. For this 
reason, surfactants are often injected to lower the interfacial tension in 
reservoir rocks [7] in an enhanced oil recovery (EOR) process, e.g., the 
injection of surfactant foams. Furthermore, surfactants are also 
employed as demulsifying agents [8] injected in oil production wells to 

maintain the flow. 
Moreover, the surfactant cloud point is strictly related to tempera

ture [9–13]. For this reason, short-chain alcohol is usually applied as a 
co-surfactant once it directly impacts the surfactant’s phase behavior, 
expanding the monophasic region. For instance, methanol gives good 
results for such purposes [10,14]. Indeed, the mixtures of nonionic 
surfactant + alcohol have their scope of application for stabilized foams 
[15]. 

The alkylphenol ethoxylated surfactant (IGEPAL CO-520, CO-630, 
and CO-720) + methanol systems could lead to a high degree of asso
ciative interactions [16] being responsible for inaccurate process design, 
especially at high pressure and high temperature (HPHT) applications. 
Paiva et al. [16,17] studied the volumetric properties of nonylphenol 
ethoxylated nonionic surfactant (IGEPAL CO-520, CO-630, and CO-720) 
+ ethanol [16] and toluene [17] systems at atmospheric pressure. 
However, to our knowledge, there is no experimental data for those 
systems at HPHT operational conditions. 

For high associative systems, the statistical association fluid theory 
(SAFT) developed by Chapman et al. [18] and the equation of state 
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derived from that theory, the perturbed chain SAFT (PC-SAFT) [19] are 
widely used for volumetric properties prediction [20–27]. 

This work is part of a larger project called HyPresProper (High- 
Pressure Property), whose main objective is to study volumetric data 
and derived properties for systems with industrial interests. Here, pure 
methanol, pure IGEPAL (CO-520, CO-630, and CO-720), and their bi
nary mixtures liquid volumetric behavior were experimentally deter
mined over the entire methanol molar composition range for a 
temperature range of 313.0 K to 413.0 K and pressures up to 100 MPa. 
The data were correlated with the Tamman-Tait equation, and the 
following derivative properties were determined: isothermal compress
ibility, isobaric expansivity, and internal pressure. From these data, a 
new set of PC-SAFT parameters was obtained. Additionally, nonylphenol 
ethoxylated nonionic surfactant (IGEPAL CO-520, CO-630, and CO-720) 
derivative properties were estimated through PC-SAFT equation 
derivatives. 

2. Materials and methods 

2.1. Materials 

Table 1 gives chemical information for all three non-ionic surfactants 
(IGEPAL CO-520, CO-630, and CO-720) and the methanol used in this 
work. Moreover, all chemicals were used without any further purifica
tion processes. 

2.2. Experiments 

2.2.1. Mixture preparation 
The nonylphenol ethoxylated nonionic surfactant (IGEPAL CO-520, 

CO-630, and CO-720) + methanol mixtures were gravimetrically pre
pared at atmospheric pressure using a sealed tube test to prevent any 
methanol vaporization after weighting, performed using an electronic 

digital scale (Shimadzu, model AY220) with an accuracy of ± 0.0001 g. 
These mixtures were homogenized using a vortex mixer. After that, all 
sample tubes were immersed in an ultrasonic bath (Elmasonic S 60H) to 
prevent bubble formation. The combined uncertainty on the composi
tion was estimated to be lower than 0.71%. 

2.2.2. Density measurements 
Density measurements were performed in a vibrating U-tube 

densimeter (DMA HPM by Vinci Technologies), the calibration proced
ure of which is detailed elsewhere [28,29]. Briefly, the DMA U-tube 
densimeter was calibrated using deionized water (resistivity of 18.2 ±
0.2 MΩ⋅cm at 298.15 K) and nitrogen (White Martins/Brazil, nominal 
purity of 99.996 %). Afterward, the validation procedure was accom
plished using toluene (Sigma Aldrich/USA, nominal purity 99.5%). The 
density calibration standard deviation was 0.58 kg⋅m− 3. The validation 
procedure showed an average variation of 0.07%. The apparatus was 
also validated with high-density liquids such as ionic liquids, with 
densities up to 1230.3 kg⋅m− 3 [30,31]. The operating limits of the 
densimeter setup are 100.00 MPa and 473.15 K. 

The pressure system was controlled using a syringe pump (Teledyne 
ISCO, with a standard uncertainty of ± 0.7 MPa), and the temperature 
was controlled using a circulating liquid bath (Julabo FP50/Germany), 
with an uncertainty of ± 0.01 K. The mixture was transferred to the 
densimeter using a high-pressure floating piston cell by Vinci Technol
ogies. 

The expanded uncertainty on density measurements (U(ρ)) was 
calculated considering different uncertainty sources, such as pressure, 
temperature, standard deviation in calibration, and average deviation 
with the calibration fluid [28,29]. The maximum value for U(ρ) was 1.7 
kg⋅m− 3, with 95 % confidence (k = 2). The calculation procedure is 
described in the Supplementary Material file. 

2.2.3. Density correlation 
Density data was correlated with the Tammann-Tait equation [32, 

33], which is widely used to correlate high-pressure density data for 
associating compounds [30,31,34], as given below: 

ρ(T, P) =
ρo(T)

1 − C⋅ln
(

B(T)+ P
B(T)+ Pref

) (1)  

ρo(T) = ao + a1⋅T + a2⋅T2 (2)  

B(T) = b0 + b1⋅T + b2⋅T2 (3)  

where ρo is the temperature-dependent polynomial for the reference 
pressure (Pref = 10MPa); a0, a1, and a2 are fitting parameters for the 
density at the reference pressure; and, b0, b1, b2, and C are fitting pa

Table 1 
General Information [CAS number, Chemical Formula, Mole Fraction Purity, 
Polymerization Degree Range (n), and Average Molecular Weight] of All 
Chemical Compounds Used in This Paper.  

chemical 
compound 

CAS number chemical formula purity Na molecular 
weight, g/ 
mol 

Methanol 67–56–1 CH3OH 0.998 – 32.04 
IGEPAL 

CO-520 
68,412–54–4 (C4H4O)nC15H24O 0.999 ~5 441.00a 

IGEPAL 
CO-630 

68,412–54–4 (C4H4O)nC15H24O 0.999 9 – 
10 

617.00a 

IGEPAL 
CO-720 

68,412–54–4 (C4H4O)nC15H24O 0.999 10.5 
– 12 

749.00a  

a Values reported by Sigma-Aldrich 

Fig. 1. (a) Pure methanol density measured (blue -) and Tammann-Tait calculation (orange -) in this work (TW), both data compared with NIST database at different 
temperatures, and (b) measured methanol density in this work (blue -) compared with literature data: Xiang and coworkers [49] (orange -) and Abdulagatov and 
coworkers [50] (grey -). Shapes in (a) are for temperatures: 313.15 K (○), 333.15 K (□), 353.15 K (Δ), 373.15 (◊), 393.15 K (x), 413.15 K (+). Orange shapes in (b) 
are 320.0 K (○), 340.0 K (□), 360.0 K (Δ), 380.0 (◊), 400.0 (x), 420.0 K (+). Grey shapes in (b) are 323.15 K (○), 348.15 K (Δ), 373.15 K (◊), and 398.15 (x). 
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rameters for the whole dataset. Derived properties obtained from the 
Tammann-Tait equation, such as isobaric expansivity (αP) and 
isothermal compressibility (kT), have a dependency on the reference 
pressure [35]. Therefore, the reference pressure was the minimum 
pressure that density was measured (Pref = 10 MPa), which was limited 
by methanol volatility in the conditions studied in this work; once above 
333.15 K, the system was not in the monophasic region for the 
commonly used atmospheric pressure, and density measurements were 
not viable. This reference value was used only due to experimental 
constraints, and to validate the calculations performed in this work 
using the Tammann-Tait equation, the derivative properties obtained 
were compared with data available for methanol [36], resulting in an 
average absolute deviation (%AARD) of 1.78% for kT and 5.95% for αP 
[full shapes in Figs. 3(b) and 4 (b)]. 

The derived properties were estimated through the analytical de
rivative of the Tammann-Tait equation using the fitted parameters after 
their definitions [37], resulting in the expressions: 

kT = −

(
1
ρ

)

⋅
(

∂ρ
∂P

)

T
=

C
(

1 − C⋅ln
(

B(T)+P
B(T)+Pref

))

⋅(B(T) + P)
(4)  

αP =

(
1
ρ

)

⋅
(

∂ρ
∂T

)

P

= −
a1 + 2⋅a2⋅T
ρ
(
T,Pref

) −
C⋅
(
Pref − P

)

(B(T) + P)⋅
(
B(T) + Pref

)⋅
b1 + 2⋅b2⋅T

[

1 − C⋅ln
(

b(T)+P
b(T)+Pref

)] (5)  

Pi =

(
∂U
∂V

)

T
= T

(
∂P
∂T

)

V
− P = T

αP

κT
− P (6) 

The isobaric expansivity and isothermal compressibility are critical 
parameters for better understanding the pressure and temperature ef
fects on the associating systems’ volumetric behavior. Also, the internal 
pressure indicates the nature of intermolecular interactions, increasing 
when hydrophobic interactions (repulsive forces) are predominant [38]. 
The Tammann-Tait parameters were fitted using the 
Levenberg-Marquardt algorithm [39], minimizing the absolute average 
deviation in Eq. (13). The expanded uncertainties (k = 2) in the derived 
properties were estimated to be: U(αP) = 0.001 K− 1, U(κT) = 4.2 x 10− 6 

MPa− 1, and U(Pi) = 0.2 MPa. 
Excess molar volume (VE) was also calculated to correlate the 

methanol composition with the system association degree, as given 
below: 

Table 2 
Tammann-Tait equation adjustable parameters were regressed for pure IGEPAL, pure methanol, and its mixtures studied in this work.   

Mixtures 

Parameters IGE IGE 80 – MetOH 20 IGE 60 – MetOH 40 IGE 40 – MetOH 60 IGE 20 – MetOH 80 MetOH  

IGEPAL CO – 520 
a0(kg⋅m− 3) 1274.8 1259.0 1235.8 1225.2 1162.4 884.02 
a1(kg⋅m− 3⋅K− 1) − 0.8276 − 0.7468 − 0.6135 − 0.6657 − 0.4640 0.2112 
a2(kg⋅m− 3⋅K− 2) 1.35E-04 9.82E-06 − 2.09E-04 − 1.46E-04 − 4.94E-04 − 1.71E-03 
b0(MPa) 546.67 515.70 490.24 504.79 458.36 316.70 
b1(MPa⋅K− 1) − 1.6446 − 1.4930 − 1.3435 − 1.504 − 1.346 − 1.012 
b2(MPa⋅K− 2) 1.35E-03 1.15E-03 9.20E-04 1.17E-03 9.85E-04 7.51E-04 
C 0.0872 0.0864 0.0858 0.0870 0.0879 0.0991 
a%AARD (%) 

3.66E-03 4.66E-03 4.05E-03 3.77E-03 3.53E-03 2.66E-02 

bSD (kg⋅m− 3)
6.88E-03 8.09E-03 6.53E-03 9.12E-03 5.18E-03 3.37E-02  

IGEPAL CO – 630 
a0(kg⋅m− 3) 1306.52 1288.3 1272.9 1264.7 1211.20  
a1(kg⋅m− 3⋅K− 1) − 0.8803 − 0.7843 − 0.7426 − 0.7457 − 0.5841  
a2(kg⋅m− 3⋅K− 2) 1.85E-04 3.44E-05 − 9.82E-06 − 2.72E-05 − 3.02E-04  
b0(MPa) 574.34 566.90 475.91 524.00 486.15  
b1(MPa⋅K− 1) − 1.7526 − 1.7065 − 1.2732 − 1.5414 − 1.4360  
b2(MPa⋅K− 2) 1.48E-03 1.39E-03 8.57E-04 1.20E-03 1.09E-03  
C 0.0884 0.08715 0.0871 0.0879 0.0880  
a%AARD (%) 

8.04E-03 3.81E-03 5.98E-03 3.65E-03 4.00E-03  

bSD (kg⋅m− 3)
1.46E-02 6.83E-03 1.09E-02 5.93E-03 6.41E-03   

IGEPAL CO – 720 
a0(kg⋅m− 3) 1313.20 1309.10 1304.40 1269.80 1230.80  
a1(kg⋅m− 3⋅K− 1) − 0.8745 − 0.8671 − 0.8441 − 0.7177 − 0.6134  
a2(kg⋅m− 3⋅K− 2) 1.79E-04 1.69E-04 1.16E-04 − 6.38E-05 − 2.67E-04  
b0(MPa) 599.73 5.81E+02 599.09 529.41 528.76  
b1(MPa⋅K− 1) − 1.8449 − 1.7922 − 1.8561 − 1.5601 − 1.5853  
b2(MPa⋅K− 2) 1.58E-03 1.54E-03 1.59E-03 1.23E-03 1.24E-03  
C 0.0892 0.08741 0.0886 0.0875 0.0896  
a%AARD (%) 

3.57E-03 3.44E-03 4.36E-03 2.67E-03 3.56E-03  

bSD (kg⋅m− 3)
6.26E-03 5.86E-03 7.03E-03 1.03E-02 5.78E-03   

a %AARD =
100
Ndata

∗
∑Ndata

i− 1

⃒
⃒
⃒
⃒
ρcalc

i − ρexp
i

ρexp
i

⃒
⃒
⃒
⃒.

b SD =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i(ρcalc
i − ρexp

i )
2

√

Ndata
. U(ρ) = 1.7 kg/m3.
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VE =
∑n

i=1
xiMWi

(
1
ρ −

1
ρi

)

(7)  

where ρ is the density measured experimentally, and ρi is the density of 
the pure compounds in the same conditions; xi is the molar fraction of 
methanol and MWi is the molecular weight of the i-compound in the 
system. The expanded uncertainty in the excess molar volume U(VE)was 
estimated to be 0.006 cm3⋅mol− 1. The Supplementary Material file de
picts the uncertainty calculation procedure. 

2.2.4. PC-SAFT modelling 
The equation proposed by Gross and Sadowski [19] is based on the 

statistical associating fluid theory (SAFT) [18], which considers a 
hard-chain reference fluid composed of hard spheres and can be 
described in terms of the molar residual Helmholtz energy (ares) by three 
contributions as the following equation: 

ares = adisp + aassoc + aHC (8) 

The contributions of Eq. (8) are: dispersive (adisp), which is based on a 
modified square-well potential for dispersive interactions, the hard- 
chain term (aHC), and the association term (aassoc). 

The complete description of the PC-SAFT equation can be found 
elsewhere [18,19]. The PC-SAFT equation needs five pure component 
parameters for non-associating system description, as given: m – the 
segment parameter, which states the number of segments in a chain for 
non-associating molecules; σ is the temperature-independent segment 
diameter, and ε/k which is the depth of the potential from the 
square-well potential stating for the segment dispersion energy. For 
associating molecules, two extra parameters are necessary for a com
plete description: the energy of association between two sites (ϵAB /k) 
and the association volume (κAB). Additionally, it is also necessary to 
describe the associating sites. Methanol was described as a 2B, following 
the criteria defined by Huang and Radosz [40]. The three nonionic 
surfactants studied here were also modeled as a 2B, following analogous 
systems studied by Khoshsima & Shahriari [20] with a significant 
number of ether oxygen, the association energy of the interaction ether 
O – hydroxyl H is low [41]. The PC-SAFT properties prediction for 
nonionic surfactant mixtures was successfully implemented elsewhere 

[20,24,27]. The Berthelot-Lorentz combining rule was utilized for 
mixtures, allowing one binary interaction parameter (kij) to correct 
dispersive interactions [22]. The Wolbach and Sandler [42] combining 
rules were implemented for cross-association. 

The methanol PC-SAFT parameters were obtained elsewhere [22]. 
The minimization of the following objective function was used to obtain 
the pure component parameters for the three nonionic surfactants: 

OF =
∑NP

i=1

(ρcalc − ρexp

ρexp

)2

+
∑NP

i=1

(
Pcalc − Pexp

Pexp

)2

(9)  

where ρ is the monophasic liquid density, the subscript calc is for data 
obtained through the PC-SAFT equation and exp is for experimental 
values. Usually, the objective function is implemented with vapor 
pressure and monophasic liquid density minimization. However, com
pounds with low vapor pressures have limitations for this procedure, 
and the work of Pakravesh and co-workers [43] proposes the intro
duction of the system’s pressure minimization from PρT data. Never
theless, the density data is widely applied in the literature [44–47]. The 
pressure calculation is written as a first-order derivative of the Helm
holtz energy, as follows: 

P = PIDEAL + ρ2
(

∂Ares

∂ρ

)

(10)  

where PIDEAL is the pressure of the ideal gas reference state. This term 
was mainly added to the objective function because of the higher de
viations from experimental data [43]. Density data was calculated 
following the algorithm defined in the original work of the equation 
[19]. 

The PC-SAFT parameters were compared with the second-order de
rivative of the Helmholtz residual energy applied in calculating the 
isobaric expansivity (αP) and isothermal compressibility (κT) co
efficients. Tamman-Tait results were used as the standard values for the 
computation of the deviation presented in Eq. (13). The following 
equations were used as a function of the pressure derivative for the 
calculation of the mentioned properties: 

Fig. 2. Excess molar volume (VE) [cm3⋅mol− 1] against pressure for IGEPAL CO-720 + methanol mixtures in the following molar compositions: (a) 20.70%; (b) 
40.85%; (c) 60.66% and (d) 80.14 % at different temperature. 313.15 K (○), 333.15 K (□), 353.15 K (Δ), 373.15 (◊), 393.15 K (x), 413.15 K (+). 
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k− 1
T = ρ⋅

(
∂P
∂ρ

)

T
(11)  

αP = kT ⋅
(

∂P
∂T

)

ρ
(12) 

The absolute average relative deviations were calculated using the 
following equation: 

%AARD =
100
Ndata

∗
∑Ndata

i− 1

⃒
⃒
⃒
⃒
ycalc

i − yexp
i

yexp
i

⃒
⃒
⃒
⃒ (13)  

where y is the analyzed property: density, pressure, isobaric expansivity, 
or isothermal compressibility. 

3. Results and discussions 

3.1. Density measurements and Tammann-Tait correlation 

Pure methanol densities experimentally measured were compared to 
the available data from the NIST database [48] and those given by the 
Tammann-Tait equation, as provided in Fig. 1(a), while in Fig. 1(b), 
experimental density data for methanol is overlayed with values avail
able in the literature [49,50]. Experimental data show a good agreement 
with a maximum standard deviation and absolute relative deviation of 
0.85 kg⋅m− 3 and 0.034%, respectively. Moreover, Tammann-Tait 

regression showed a maximum standard deviation of 1.0 kg⋅m− 3 and 
an average absolute relative deviation of 0.043%. Both maximum 
standard deviations are below the expanded uncertainty for the density 
(1.7 kg⋅m− 3). The experimentally measured methanol density data are 
available in Table S1 in the Supplementary Material file. Fig. 1(b) direct 
comparison among data also shows a good agreement when evaluating 
the temperature trend of the data. 

The regressed Tammann-Tait parameters are presented in Table 2. As 
Eq. (1) is not composition-dependent, a set of parameters must be ob
tained for each mixture composition and pure compounds. The standard 
deviation for each set is lower than the density’s expanded uncertainty. 

The maximum average absolute relative deviation (%AARD) among 
the datasets is 0.027%, obtained from pure methanol data. All experi
mentally measured density data are available in the Supplementary 
Material (Tables S2 to S4). 

Fig. 2 and Tables S5 to S7 from the Supplementary Material show the 
calculated excess molar volume. A negative deviation was observed in 
the entire molar range composition, with a negative minimum at a 
methanol molar composition of 40.85% [Fig. 2(b)] for the IGEPAL CO- 
520 and CO-720 systems. However, IGEPAL CO-630 presented a peak at 
60.0% methanol molar composition. Along isotherms, the mixtures tend 
to ideality at higher pressures, while the deviation increases with tem
perature along isobars, as seen in Fig. 2. Similar results were observed at 
atmospheric pressure for IGEPAL + ethanol mixtures [16]. 

Moreover, a negative deviation with a peak near 40.00% in methanol 
molar composition was observed for different mixtures, as observed by 

Fig. 3. Isothermal compressibility (κT) [MPa− 1] against pressure for pure IGEPAL CO-720 (a); methanol (b); and IGEPAL CO-720 + methanol mixture [(c)-(e)]. The 
molar compositions of methanol are (c) 20.70%, (d) 40.85%, (e) 60.66%, and (f) 80.14 %. Shapes are for temperature: 313.15 K (○), 333.15 K (□), 353.15 K (Δ), 
373.15 (◊), 393.15 K (x), 413.15 K (+). Full shapes in methanol data (b) are for literature [36] comparison. 
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Liu et al. [51]. Probably, these results come from the molecular size of 
methanol, which can cause specific intermolecular interactions justi
fying the negative excess volume [52,53] and the interactions between 

hydroxyl – H and ether – O. The oxyethylene unit number seems not to 
have any influence on the ideality deviation for the mixtures studied 
here. The lower volume contraction was observed for the composition of 
20.70%, which was expected because of the lower contribution from 
cross-association between methanol molecules and surfactant structure. 
These results also highlight the cross-association of the molecules, once 
at surfactant or methanol molar excess the deviation from ideality is 
lower. Another impact of the methanol structure on the negative excess 
molar volume is the interstitial accommodation of methanol molecules 
in the structure of the larger compound (in this case, the surfactants) 
[54]. 

As previously mentioned, the isothermal compressibility and the 
isobaric expansivity were obtained through the analytical derivative of 
the Tammann-Tait equation, as shown in Eqs. (4) and (5). Fig. 3 depicts 
the isothermal compressibility (κT) for pure IGEPAL CO-720, methanol, 
and their mixtures, which behave as a regular liquid, presenting an 
inversely proportional trend with pressure [55]. The complete dataset is 
in Tables S8 to S11 (Supplementary Material file). 

Fig. 4 shows the isobaric expansivity for pure IGEPAL CO-720 and 
pure methanol and their mixtures. Again, as previously mentioned, this 
mixture presents as a regular liquid (as the pressure increases, the 
expansivity decreases). However, a point of inflection against temper
ature is observed. As the temperature rises, H-bond formation is 

Fig. 4. Isobaric expansivity coefficient (αp) [K − 1] against pressure for pure IGEPAL CO-720 (a); methanol (b); and IGEPAL CO-720 + methanol mixture [(c)-(e)]. 
The molar compositions of methanol are (c) 20.70%, (d) 40.85%, (e) 60.66%, and (f) 80.14 %. Shapes are for temperature: 313.15 K (○), 333.15 K (□), 353.15 K (Δ), 
373.15 (◊), 393.15 K (x), 413.15 K (+). Full circles in methanol data (b) are for literature [36] comparison. Dashed lines are for visual guidance. 

Fig. 5. Internal pressure (Pi) [MPa] against temperature for pure methanol at 
different pressure conditions, as follows: 10.0 MPa (plus - +); 20.0 MPa (cross - 
×); 30.0 MPa (diamond - ◊); 40.0 MPa (solid diamond - ◆); 50.0 MPa (triangle 
- Δ); 60.0 MPa (solid triangle - ▴); 70.0 MPa (square - □); 80.0 MPa (solid 
square - ■); 90.0 MPa (circle - ○), and 100.0 MPa (solid circle - ●). Dashed lines 
are for visual guidance. 
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negatively affected, and dispersion forces govern the system’s inter
molecular interactions [52,56]. Once methanol has a short alkyl chain, 
pure methanol isobaric expansivity does not show any inflection in the 
operational conditions studied in this work. This behavior was also 
observed for all binary mixtures studied here [nonylphenol ethoxylated 
nonionic surfactant (IGEPAL CO-520, CO-630, and CO-720) + meth
anol], suggesting that the IGEPAL polyoxyethylene chain length change 

slightly affects both the isothermal compressibility and the isobaric 
expansivity. The complete dataset from the Supplementary Material file 
is available in Tables S12 to S15. 

The internal pressure follows an expected trend observed for asso
ciating systems. Fig. 5 presents an inflection point at higher pressure 
conditions, which shows the influence of hydrogen bonds in the internal 
pressure [57,58], indicating a pressure-dependent inversion point. This 
behavior could be explained by the H-bond number, which is inversely 
proportional to the temperature and directly proportional to the pres
sure [59], and, as temperature increases, the dispersive interactions are 
dominant. The complete dataset for methanol’s internal pressure is 
available in Table S16 from the Supplementary Material file. 

Fig. 6 presents the internal pressure for nonylphenol ethoxylated 
nonionic surfactant (IGEPAL CO-520, CO-630, and CO-720) + methanol 
mixtures at a mole composition of 40.00%, where a higher deviation 
from ideality was observed. At first, along isobars, the internal pressure 
decreases with temperature. Otherwise, the internal pressure is 
temperature-independent at lower temperatures. Furthermore, 
increasing the number of oxyethylene units increases the system’s in
ternal pressure when comparing the same temperature pressure and 
composition conditions, probably because of the more significant 
number of ether oxygens. However, the tendency to decrease with 
temperature is strengthened because of the weaker interactions of the 
hydroxyl hydrogen with the ether oxygen. The complete dataset for 
internal pressure for all systems studied here is in the Supplementary 
Material file (Tables S16 to S19). 

Fig. 6. Internal pressure (Pi) [MPa] against temperature for the mixtures IGEPAL CO-520 + methanol (a) (xmethanol = 39.99%); IGEPAL CO-630 + methanol (b) 
(xmethanol = 40.35%); and IGEPAL CO-720 + methanol (c) (xmethanol = 40.85%) at different pressure, as follows: 10.0 MPa (plus - +); 20.0 MPa (cross - ×); 30.0 MPa 
(diamond - ◊); 40.0 MPa (solid diamond - ◆; 50.0 MPa (triangle - Δ); 60.0 MPa (solid triangle - ▴); 70.0 MPa (square - □); 80.0 MPa (solid square - ■); 90.0 MPa 
(circle - ○); 100.0 MPa (solid circle - ●). Dashed lines are for visual guidance. 

Fig. 7. Deviation of methanol’s monophasic liquid density calculated through 
PC-SAFT equation compared with NIST database at different temperatures. 
313.15 K (○), 333.15 K (□), 353.15 K (Δ), 373.15 (◊), 393.15 K (x), 413.15 
K (+). 

Table 3 
Pure component parameters for PC-SAFT equation of state.  

i–Compound Parameters %AARD T [K] range 

m i σi (Å) ε i/k (K) κ (AB i ) ε iÂB/k (K) ρ – monophasic liquid density 

Methanol* 1.5255 3.2300 188.90 0.0352 2899.5 1.61 313.15 – 413.15 
IGEPAL CO-520 19.5379 3.1646 256.85 0.9491 2987.3 0.093 
IGEPAL CO-630 27.4536 3.1415 255.81 0.8385 2994.1 0.090 
IGEPAL CO-720 32.8497 3.1538 259.74 0.9623 2993.3 0.094  

* Methanol’s parameters were obtained from the work of Gross and Sadowski [22]. Other parameters were fitted in this work. 
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3.2. PC-SAFT modeling 

Fig. 7 compares methanol density obtained from the PC-SAFT 
equation of state at pressures up to 100.0 MPa (for T = 313.15 – 
413.15 K) using the parameters from Gross and Sadowski [22] and data 
available at the NIST database [48]. The equation predicts density with 
good agreement, showing a maximum deviation at the pressure near 
100.0 MPa for all temperatures. Moreover, the temperature is also 
directly related to the deviation, as shown in Figure 7; the higher the 
temperature, the higher the error. 

The regressed parameters for pure IGEPAL are shown in Table 3. The 

pure components’ densities are presented in Fig. 8 against PC-SAFT 
calculation data, showing a good agreement with experimental mea
surements, with the following maximum deviation (%AARD): 0.21%, 
0.20%, and 0.22% for IGEPAL CO-520, CO-630, and CO-720 respec
tively at 313.15 K of. These results could be related to the high associ
ation at lower temperatures. Furthermore, the parameters follow a 
direct trend with the molecular mass of the compounds, as also observed 
in the literature results [20,21,23,44–46]. 

The association parameters (association volume κAB and energy of 
association εAB/k) presented similar values because of the compound’s 
similarity. Furthermore, the association volume (κAB) stands for the 

Fig. 8. Experimental density (shapes) and PC-SAFT calculated (dashed lines) for pure (a) IGEPAL CO-520, (b) IGEPAL CO-630, and (c) IGEPAL CO-720 at different 
temperatures: 313.15 K (○), 333.15 K (□), 353.15 K (Δ), 373.15 (◊), 393.15 K (x), 413.15 K (+). Dashed lines are used to calculate the density using the PCSAFT 
equation of state. 

Table 4 
Absolute average relative deviation (%AARD) for all IGEPAL + methanol mixtures monophasic liquid density at all temperatures calculated in this work.   

%AARD 

Temperature / K IGE IGE 80 – MetOH 20 IGE 60 – MetOH 40 IGE 40 – MetOH 60 IGE 20 – MetOH 80 MetOH  

IGEPAL CO – 520 
313.15 0.21 0.12 0.40 0.25 0.66 1.27 
333.15 0.08 0.14 0.51 0.17 0.64 1.45 
353.15 0.05 0.20 0.56 0.14 0.66 1.59 
373.15 0.06 0.23 0.55 0.15 0.73 1.71 
393.15 0.07 0.22 0.48 0.17 0.84 1.80 
413.15 0.08 0.19 0.40 0.24 0.94 1.86  

IGEPAL CO – 630 
313.15 0.20 0.15 0.13 0.14 0.35  
333.15 0.09 0.09 0.09 0.10 0.28  
353.15 0.06 0.10 0.11 0.10 0.27  
373.15 0.06 0.10 0.14 0.10 0.29  
393.15 0.06 0.08 0.15 0.09 0.33  
413.15 0.07 0.05 0.14 0.08 0.40   

IGEPAL CO – 720 
313.15 0.22 0.11 0.29 0.33 0.68  
333.15 0.08 0.11 0.43 0.44 0.74  
353.15 0.05 0.19 0.50 0.52 0.75  
373.15 0.06 0.23 0.51 0.55 0.71  
393.15 0.07 0.24 0.51 0.53 0.64  
413.15 0.07 0.23 0.47 0.49 0.55  

%AARD =
100
Ndata

∗
∑Ndata

i− 1

⃒
⃒
⃒
⃒
ρcalc

i − ρexp
i

ρexp
i

⃒
⃒
⃒
⃒.
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distance between the association sites in a square well potential analo
gous interaction [18], which for pure IGEPAL was expected to be high 
due to the high level of association for the pure compounds, such as in 
analogous results from Avlund and co-workers [24]. The results ob
tained for the energy of association also highlight the similarity of the 
compounds’ interactions and the strength of the self-association for the 
pure nonionic surfactants. 

The simulation results are presented in Table 4. Although the H- 

bonds between hydroxyl groups and the oxygens from the ethoxylated 
chain on IGEPALS present less energy [41], it is very likely that they 
contribute to increasing the nonideality for the mixtures studied here by 
increasing the number of associating sites, as can be seen from the higher 
deviation of IGEPAL CO-720 + methanol simulation results. Also, the 
short alkyl chain of methanol molecules could potentialize the 
cross-association of the mixtures, with both hydroxyl groups and the 
oxygens from the ethoxylated chain in IGEPAL’s structure. The pressure 
calculation deviations are expected to be high, as pointed out by other 
authors [46,60,61], which was one of the main reasons for its inclusion 
in the parametrization process [43]. 

The calculated isothermal compressibility with PC-SAFT parameters 
compared with Tamman-Tait calculations follows in Fig. 9. Previous 
works report that equations of state tend to give poor predictions for 
such properties [62,63] once they deal with the second-order derivative 
of the residual Helmholtz energy. The results obtained here agreed with 
more accurate data from the Tamman-Tait equation, which could vali
date the set of pure compound parameters regressed in this work. The 
average deviations for all data are available in Table 5. Deviations for 
each temperature and pressure are available in the Supplementary 
Material file, Tables S20 and S21. 

4. Conclusions 

Experimental densities for nonylphenol ethoxylated nonionic sur
factant (IGEPAL CO-520, CO-630, and CO-720) + methanol mixtures in 
a wide range of composition for T = 313.15–413.15 K and pressure up to 
100 MPa. These mixtures behave as highly associative systems, as reg
ular liquids with the predominance of attractive intermolecular forces. 
The polyethoxylated chain length influences the volumetric properties. 
From internal pressure data and the PC-SAFT equation calculations, this 
system has a high cohesive force when the ethoxylate unit number in
creases. As expected, the PC-SAFT equation and the Tammann-Tait 
correlation are suitable for modeling alkylphenol ethoxylated 
surfactants. 

CRediT authorship contribution statement 

Moacir Frutuoso Leal da Costa: Writing – review & editing, Writing 

Fig. 9. Experimental isothermal compressibility (κT) [MPa− 1] (shapes) compared with PC-SAFT equation calculations (dashed lines) for pure (a) IGEPAL CO-520, (b) 
IGEPAL CO-630, and (c) IGEPAL CO-720 at different temperatures: 313.15 K (○), 333.15 K (□), 353.15 K (Δ), 373.15 (◊), 393.15 K (x), 413.15 K (+). 

Table 5 
Absolute average relative deviation (%AARD) for all IGEPAL’s derivative 
properties estimated using the PC-SAFT equation of state and the set of pa
rameters for isothermal compressibility and isobaric expansivity.   

%AARD 

Temperature / K αP κT  

IGEPAL CO – 520 
313.15 14.40 9.61 
333.15 8.98 6.41 
353.15 5.02 4.23 
373.15 3.12 3.48 
393.15 2.54 3.70 
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%AARD =
100
Ndata

∗
∑Ndata

i− 1

⃒
⃒
⃒
⃒
ycalc

i − yexp
i

yexp
i

⃒
⃒
⃒
⃒.

where y is αP or κT .
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F. Aguilar, High-pressure soybean oil biodiesel density: experimental 
measurements, correlation by Tait equation, and perturbed chain SAFT (PC-SAFT) 
Modeling, J. Chem. Eng. Data 64 (2019) 3994–4004, https://doi.org/10.1021/acs. 
jced.9b00391. 

[45] R. Mohammadkhani, A. Paknejad, H. Zarei, Thermodynamic properties of amines 
under high temperature and pressure: experimental results correlating with a new 
modified tait-like equation and PC-SAFT, Ind. Eng. Chem. Res. 57 (2018) 
16978–16988, https://doi.org/10.1021/acs.iecr.8b04732. 

[46] Z. Mokhtari, A. Pakravesh, H. Zarei, High-pressure densities of 2-(dimethylamino) 
ethanol and 2-(diethylamino) ethanol: measurement and modeling with new 
modified Tait and PC-SAFT equations of state, Fluid. Phase Equilib. 572 (2023), 
https://doi.org/10.1016/j.fluid.2023.113825. 

[47] L.F. Zubeir, C. Held, G. Sadowski, M.C. Kroon, PC-SAFT modeling of CO2 
solubilities in deep eutectic solvents, J. Phy. Chem. B 120 (2016) 2300–2310, 
https://doi.org/10.1021/acs.jpcb.5b07888. 

[48] E.W. Lemmon, M.O. McLinde, D.G. Friend, Thermophysical properties of fluid 
systems, in: NIST Chemistry WebBook, NIST Standard Reference Database Number 
69, 2018. 

[49] H.W. Xiang, A. Laesecke, M.L. Huber, A new reference correlation for the viscosity 
of methanol, J. Phys. Chem. Ref. Data 35 (2006) 1597–1620, https://doi.org/ 
10.1063/1.2360605. 

[50] I.M. Abdulagatov, A. Tekin, J. Safarov, A. Shahverdiyev, E. Hassel, High-pressure 
densities and derived volumetric properties (excess, apparent, and partial molar 
volumes) of binary mixtures of {methanol (1)+[BMIM][BF4] (2)}, J. Chem. 
Thermody. 40 (2008) 1386–1401, https://doi.org/10.1016/j.jct.2008.05.005. 

[51] J. Liu, X. Qi, L. Li, N. Chang, J. Wei, D. Fang, Z. Zhang, Physical properties and its 
estimation of binary mixtures of ether-functionalized ionic liquids [C<inf>2</ 
inf>2O1IM][NTF<inf>2</inf>] with alcohols, J. Chem. Eng. Data 65 (2020) 
5176–5183, https://doi.org/10.1021/acs.jced.0c00298. 

[52] L. Cai, J. Yin, X. Wang, Density and viscosity investigation for binary mixtures of 
Polyoxymethylene Dimethyl Ethers with 1-Propanol, 1-Butanol, and 1-Pentanol, 

J. Chem. Eng. Data 67 (2022) 334–345, https://doi.org/10.1021/acs. 
jced.1c00878. 

[53] A. Pal, R. Gaba, H. Kumar, Acoustic, viscometric, and spectroscopic studies of 
Dipropylene Glycol Monopropyl Ether with n-Alkanols at temperatures of 288.15, 
298.15, and 308.15K, J. Solut. Chem. 40 (2011) 786–802, https://doi.org/ 
10.1007/s10953-011-9688-0. 

[54] M.N. Roy, A. Sinha, B. Sinha, Excess molar volumes, viscosity deviations and 
isentropic compressibility of binary mixtures containing 1,3-Dioxolane and 
Monoalcohols at 303.15K, J. Solut. Chem. 34 (2005) 1311–1325, https://doi.org/ 
10.1007/s10953-005-8022-0. 

[55] A.A.A. Alves, L.H.G. De Medeiros, F.X. Feitosa, H.B. De Sant’Ana, Thermodynamic 
properties of biodiesel and petrodiesel blends at high pressure and high 
temperature and a new model for density prediction, J. Chem. Eng. Data 67 (2022) 
607–621, https://doi.org/10.1021/acs.jced.1c00918. 

[56] A. Pal, R. Gaba, Densities, excess molar volumes, speeds of sound and isothermal 
compressibilities for {2-(2-hexyloxyethoxy)ethanol + n-alkanol} systems at 
temperatures between (288.15 and 308.15) K, J. Chem. Thermody. 40 (2008) 
750–758, https://doi.org/10.1016/j.jct.2008.01.015. 

[57] M.J. Dávila, R. Alcalde, M. Atilhan, S. Aparicio, PρT measurements and derived 
properties of liquid 1-alkanols, J. Chem. Thermody. 47 (2012) 241–259, https:// 
doi.org/10.1016/j.jct.2011.10.023. 

[58] V.N. Kartsev, S.N. Shtykov, The temperature dependence of internal pressure in 
liquids separation, preconcentration and determination of biologically active 
substances with application of solid and liquid nanoobjects as toolsof chemical 
analysis view project synthesis, modification and application of magnetic 
nanoparticles for preconcentration and determination of biologically active 
substances view project, 2002. https://www.researchgate.net/publication/ 
259310390. 
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