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Through this study, the ability of a modified Peng-Robinson (MPR) equation of state in predicting the surface tension of n-alkanes
based on the density functional theory approach was investigated and compared with other studies. The interfacial layer thickness and the
density profile were calculated simultaneously at different temperatures from triple point to near critical point using the modified Peng-
Robinson equation of state. It was shown that the calculated thickness of interfacial layer increases with decrease in the chain length of n-
alkane molecules and raising of temperature. The surface tension of n-alkanes was calculated using the calculated values of thin layers’
densities. It was shown that the calculated surface tension of n-alkanes decreases with temperature in accordance with the experiment. The
average relative error in prediction of the surface tension by the MPR equation of state was in the range of 2.5-6% while it was 4.6-25.2%
by the Peng-Robinson equation of state. The validity of the MPR equation of state in the surface tension prediction of n-alkanes containing

C,-Co has been proved by comparing the results of this work with other studies.
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INTRODUCTION

semi-empirical correlations have been presented for
[2-5]. Along with the

development of various empirical correlations for surface

predicting surface tension

A macroscopic thermodynamic property related to the
microscopic structure of molecules in the vapor-liquid  tensjon of pure substances and mixtures, the modeling of

interface is the surface tension which is the result of an surface tension has progressed.
method [6,7],

corresponding states [8,9], perturbation theory [10,11],

imbalance of intermolecular forces. The difference between

Parachor alongside the law of

the intermolecular interactions in the bulk and at the surface
is related to the order and the structure of molecules. The

) ) Gradient theory [12,13], and density functional theory
surface tension has an important effect on mass and energy

(DFT) [14,15] are the theoretical models which have been

transfer because of the dependency of surface energy on the . e .

intermolecular forces. density. and molecular size frequently used in predicting surface tension. Among them,
1 u N 11y, U ze. . . . .
Surface tension is a thermophysical property that has DFT is widely applied to describe the surface phenomena.
. . . L Simple classical fluids, dipolar fluids, liquid metals,
many industrial applications such as liquid-liquid, and o ]
condensation. For this reason, an accurate estimation of the associating and polyatomic molecules, and heavy water are

surface tension is needed [1]. examples whose interfacial properties are investigated by

The surface tension of fluids has been frequently studied
experimentally and theoretically. Several empirical and

*Corresponding author. E-mail: nfarzi@sci.ui.ac.ir

DFT method [16,17] .
DFT method was also used to calculate the surface
tension with a simple renormalization formalism in critical

point [18]. DFT was combined with equations of state
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(EoSs) for predicting the interfacial properties of fluids [19-
21]. The vapor-liquid interfacial tension of non-associating
and associating fluids have been predicted using SAFT-DFT
approach by Gloor, et al. [17,22,23]. Kahl, et al. [24]
predicted the surface properties and phase equilibria of non-
associated fluids using the modified PT-LJ-SAFT DFT.
Gross, used the DFT for vapor-liquid interfaces using the
PCP-SAFT EoS [25]. Maghari ef al. employed DFT with
the modified SAFT-BACK EoS to investigate the liquid-
vapor interfaces of n-alkanes [19]. Moreover, Llovell et al.
applied the SAFT-VR DFT in the prediction of the
interfacial properties of fluids mixtures [26,27]. Last but not
Von Miiller, used the PCP-SAFT-DFT
formalism for surface tension calculations [21].

least, et al

In this work, the ability of a modified Peng-Robinson
(MPR) EoS [28] in predicting surface tensions of n-alkanes
was investigated using the DFT approach and compared
with the Peng-Robinson (PR) EoS [29]. In fact, the extent to
which the calculated surface tension by MPR EoS is reliable
was investigated. The parameter b in the PR EoS has been
modified as the function of reduced temperature, 7 =77, ,
and acentric factor, @, by Feyzi et al. in the MPR EoS. The
modified parameter b can be used in other cubic EoSs. The
PR EoS was frequently used in predicting the surface
tension of some pure substances and their mixtures by
different methods such as the law corresponding states [9]
and gradient theory [12]. Li and Firoozabadi [20] also
developed a DFT-based technique through combination of
the PR EoS, the weighted density approximation (WDA)
and quadratic density expansion (QDE). The theory led to
the PR EoS in the bulk limit. This method was used for
predicting the surface tension of some pure substances
including n-alkanes. A good agreement between the
calculated surface tension and the experimental values
indicates that the use of QDE could compensate the
weakness of the PR EoS in predicting density.

In the present study, the MPR EoS has been used for the
prediction of the surface tension of n-alkanes with the DFT
approach. The surface region was divided into many thin
layers and the density of each layer was predicted by the
MPR EoS. In the DFT approach, the density gradient, the
surface thickness and the heterogeneity are taken into
account. Therefore, in addition to the surface tension, the
density profile and the thickness of interfacial layer were
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calculated for n-alkanes using the PR and MPR EoSs.

EQUATIONS OF STATE

The equations of state that can predict the phase
behavior and the volumetric properties of different fluids are
very important in chemical engineering. In this work, the
PR and MPR EoSs were used in predicting the surface
tension of n-alkanes. The PR EoS is given by [29]:

RT_ a

(V -b) (V*+267 -b?)

(1)

P=

where R, T and V are the universal constants of gases,
temperature and the molar volume, respectively. The
temperature-dependent parameters of the PR EoS, a and b,
are calculated using the critical temperature and pressure,
T.and P, , as:

20 2
a =a[0.45724ﬂj (2)
C
0.07780ﬂ (3)

ot

where the parameter b has a constant value for each

C

fluid and f is equal to 1. The parameter a is a function of the
reduced temperature, 7, =7/7,. , and acentric factor, w, is

given by:

“4)

o =1+(0.37464+1.542260 - 0.269920° ) (1-T," )

The PR EoS was frequently used in research and industrial
design due to its simplicity and acceptable precision.
Despite significant developments in EoSs, the PR EoS and
its modified versions are used as efficient tools in
calculation the properties of fluids.

Unlike the PR EoS, the parameters a and f in the MPR
EoS [28] are functions of 7, and w as well. The modified

parameter a, is given for all 7, as:

a? =1+[0.03049 +(0.61991-0.393840 + 0.698490° ) (1-T, ) +
(-0.44656 +1.954840 ~1.806660° ) (1T, )’ J[1 - exp(~100|7, —1))]

(&)
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while the parameter fin 7 <0.970r 7 >1.03 is given by:

B =0.95514+(0.61013—1.4181430+0.943210° ) (1-T, ) +

(6)

(-0.81945+2.110840 —1.758580" )(1-T, )°

and near the critical point (0.97<7 <1.03), B is given by:

B =(0.999 +0.00872 — 0.027330°)*[~0.044861+ (0.61013—1.418 140 + 0.943210%)
(1=T,)+(~0.81945+2.11084e —1.7585807)(1-T, )*][1 — exp(~100 |, —1])]

)

It can be shown that the accuracy of the predicted vapor
pressure and density values of fluids by the MPR EoS [28]
is more than those by the PR EoS. The predicted values of
vapor pressure and liquid-vapor volumes of methane and
ethane by the PR and MPR EoSs were compared with their
experimental values [30,31] in Table 1.

THEORY

DFT and Surface Tension

Modern DFT, for quantum as well as classical systems,
is based on the theorems of Hohenberg and Kohn [33]. The
Hohenberg-Kohn theorems apply specifically to the ground
state energy, and, therefore, only at zero absolute
temperature. It is needed to extend these theorems to non-
zero temperature for statistical mechanic applications.
Mermin [34] showed that for a system at fixed temperature,
T, the chemical potential, x, and the external single-particle
potential, v(r), there is a functional F[p(r)], independent of
u(r) and u, so that the functional:

Q[p(r)]:F[p(r):|+jdr[u(r)—,u:| (8)
is a minimum for the correct equilibrium density p(7)
subject to the external potential. The value of Q at this
minimum is the grand potential. For systems restricted to
constant density, minimization of the functional F gives the
equilibrium Helmholtz potential.

The grand potential function in the absence of an
external potential is given by:
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Q[p(r)]:F[p(r):|+Jyp(r)dr ©)
or

QI:p(r)]:J.[Flip(r):lfp(r)y]dr (10)
Here, Flp(r)] is the intrinsic Helmholtz free energy
functional containing the ideal gas term and all

contributions from the intermolecular interactions.

DFT is useful not only for inhomogeneous systems that
are subject to an external field but also for uniform systems
such as conventional bulk vapor and liquid phases, and for
anisotropic fluids such as liquid crystals.

The grand potential function, Q[p(r)], is the appropriate
function for an inhomogeneous fluid at constant temperature
and chemical potential. The minimum value of Q[p(7)] is
the grand potential of the system. Among all possible
density profiles p(r), the equilibrium density profile p(r) is

the one that minimizes the grand potential with:

Qp(r)] _, (11)
op(r)
and the chemical potential is obtained by
_OF(py (1) (12)
opy(r)

The differential of grand potential functional, dQ at constant

temperature and zero external potential can be given by:

dQ=ydd — pdV (13)
where y and P are the surface tension and the vapor
pressure, respectively.

If the surface region is divided into many thin layers
with dz thickness and dA surface, the surface tension of ith

layer can be expressed by:
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Table 1. Comparison of the Calculated Values for the Vapor Pressure, P, Liquid and Vapor Volumes, V, and V,,

by the PR and MPR EoSs with their Experimental Values [31,32]. The Experimental and the Calculated

Values were Rounded to Two Decimal Places

Calculated
T

Alkane Property Experiment ARD ARD

(K) PR EoS MPR EoS
(%) (%)
P (kPa) 34.00 3522 3.59 33.95 0.15
100 Vi (cm’ mol™) 36.43 32.13 11.82 36.05 1.06
V, (cm® mol™) 24079.04 23265.04 3.38 24150.77 0.30

CH,
P (kPa) 637.50 652.40 2.34 652.20 2.30
140 Vi (cm® mol™) 4224 38.26 9.42 4341 2.76
V, (cm® mol™) 1599.41 1551.80 2.98 1529.61 436
P (kPa) 28.22 27.70 1.84 27.10 3.97
163.15  Vi(cm’ mol™) 55.62 48.16 13.41 52.42 5.77
V, (cm® mol™) 52262.55 48424 .30 734 49452.00 538
C,H,
P (kPa) 5421 5343 1.44 53.26 1.75
173.15  V,(cm’ mol™) 53.81 49.15 8.66 53.86 0.08
V, (cm® mol™) 28013.16 26444.10 5.60 26489.20 5.44
“The percentage of absolute relative deviation: 4pp0, — zm -z~ %100 -
e
FM @ dQlp )], o], [AAnE)], L], (14)
dA o dv pa AV '
or Using the Eq. (10), we have:
_dQ[py(r)]+ pdv 15 AQ
e > 75;( Lo - pom

Therefore, the total surface tension can be calculated by sum
over total layers as:

(16)

(17

where [y (M]=F[py()]/V and the chemical potential is

obtained from the classical thermodynamic relation as:
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(18)

u=F +NkTZ

where Z is the compressibility factor and N is the number of
molecules. Replacement of f[p (z)] and u into Eq. (17)

leads to a surface tension as follows:

y=["[P-Plp)]]ez zi[P—P[po(z)]]Az, (19)

i=1

where the EoS can be used for calculating p[p,(z)] while

knowing the density in each layer.

Density Profile and Interfacial Thickness
The fluid the
inhomogeneous fluid. When the surface region is divided

in surface is considered as an
into n thin layers with dz thickness, a density gradient exists
in the vertical direction of the surface, p(z). However, it is
assumed that there is no density gradient in horizontal
direction of the surface. The functional form of density with
the distance from the hypothetical dividing surface in z, was
given by Rowlinson & Widom [35] as:

P =10+ )= (P~ p ) anh 20 -2,) 1] (20)

where p and p are the liquid and vapor densities,

respectively, and ¢ stands for the surface thickness. The
density in z is given by,

2n

p(zy) :%(p/ +pv)

where pand p can be obtained from the following

equilibrium conditions:

(F+PV), =(F+PV),
(ZpkT ), =(Z pkT ),

(22)

where F and Z are Helmholtz free energy and the
compressibility factor, respectively. The density in each
layer is treated as the average density:

P(%FM (23)

(i =1,...,n)
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where the subscript i is the number of each layer and # is the
total number of the layers.

RESULTS AND DISCUSSION

Calculation of the Interfacial Density

The equilibrium pressure and the densities of the liquid
and vapor phases, p andp , at different temperatures were
calculated for n-alkanes including C;-Cy, using the
equilibrium conditions, Eq. (22), and the PR and MPR
EoSs. The thickness of interfacial layer was divided into
400 equal thin layers. Then, the density of the dividing layer
was calculated by Eq. (21) for the n-alkanes that were
examined at different temperatures. The density of each thin
layer and the thickness of interfacial layer were calculated
by solving the simultaneous equations for the density of the
interfacial thin layers using Eqs. (20) and (23) for n-alkanes
including C;-Cy, at different temperatures. All calculations
were performed from the triple point up to around critical
point, as a result of lacking experimental surface tension
data at low temperatures and near critical region. Figure 1
typically shows the density profile of the interfacial layer of
n-decane in the temperature range from 243.5-550 K.

It is clear from Fig. 1 that the interfacial layer thickness,
t, increases with temperature, while the difference between
the liquid and vapor densities decreases which is congruent
with the literature [36-38]. The variation of the interfacial
layer thickness with temperature has been shown in Fig. 2
for n-alkanes including C;-Ci,. As demonstrated, the
thickness of the interfacial layer increases with temperature
for all n-alkanes and the slope of the interfacial layer
thickness plots versus temperature decreases with increasing
the chain length of n-alkanes molecules. In other words, the
results show that the interfacial layer thickness increases
with decreasing of chain length in a constant temperature.
This can be attributed to the weak interaction of the short
chain alkane molecules with respect to the long chain
alkanes.

Calculation of the Surface Tension of n-Alkanes
(Ci-Cro)

As mentioned before, the surface tension can be
calculated by DFT approach using EoS according to Eq.
(19). In this work, the surface tensions of n-alkanes (C;-C,¢)
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Fig. 1. The obtained density profiles for n-decane at different temperatures.
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Fig. 2. Variation of the interfacial layer thickness, ¢, with temperature for n-alkanes C;-Cq.
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Table 2. Comparison of the Calculated Surface Tension, y.,, of n-Alkanes (C;-C,) by PR and
MPR EoSs with the experiment [39], yexp, at Different temperatures Along with their
Percentage of Absolute Relative Deviation (ARD%)

Yecal

Alkane T Yoo (mN ')
&) (mN™D bR Eos ARD  \pREos  ARD
(%) (%)
90.69 18.76 21.10 12.50 19.22 245
100 1625 18.93 16.49 16.48 1.41
120 1131 14.85 3130 12.07 6.72
i 140 7.05 9.40 3333 747 5.96
150 5.19 6.90 3295 557 732
160 3.52 4.40 25.00 3.73 5.96
90.35 3167 29.17 7.89 32.94 401
100 30.04 27.34 9.00 29.69 1.17
120 26.68 25.63 3.93 2591 2.89
140 2333 22.88 1.93 21.80 6.56
160 20.05 21.86 9.03 19.87 0.89
CoHs 180 16.77 18.89 12.64 16.59 1.07
200 13.59 14.88 9.49 12.79 5.88
220 10.5 11.79 12.28 10.70 3.81
240 7.56 8.37 10.71 7.32 3.17
260 4.80 5.06 542 473 1.46
280 232 2.54 9.48 289 24.57
85.48 3771 32.06 14.98 38.5 2.10
100 35.43 29.53 16.66 33.88 436
120 3232 2721 15.79 29.5 8.72
140 2924 26.64 8.88 27.46 6.07
160 2620 25.57 2.40 2523 3.66
Gty 180 2320 2424 4.45 23.07 0.57
200 2026 21.68 7.00 20.042 1.08
250 1320 14.64 10.90 13.04 123
300 6.76 6.67 1.28 6.20 8.26
350 139 0.91 3431 134 3.70
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Table 2. Continued

134.89 3349 31.83 4.96 34.62 337
140 32.75 31.94 247 34.39 5.01
160 29.88 28.85 344 29.96 0.27
180 27.07 26.9 3.58 26.26 3.06
n-C4Hj 200 2432 23.54 3.20 23.03 5.30
240 19.01 19.9 4.70 18.68 1.72
300 11.60 13.03 12.30 12.00 343
340 7.14 8.51 19.19 8.12 13.72
400 1.53 1.28 16.34 1.82 18.95
143.47 33.09 29.76 10.06 32.60 1.55
150 32.33 29.34 9.25 31.82 1.58
170 30.01 27.79 7.39 2932 2.29
190 27.69 26.96 2.64 27.74 0.18
230 23.09 23.24 0.65 2295 0.60
n-CsHjp
270 18.57 18.96 2.1 18.21 1.93
310 14.18 14.56 2.67 13.83 247
350 9.97 11.13 11.63 10.69 7.22
410 423 4.03 4.66 4.36 3.07
430 2.54 2.39 5.90 2.94 15.75
177.83 31.96 28.95 942 30.94 3.19
200 2926 2691 8.03 28.13 3.86
250 23.35 22.35 4.28 2247 3.77
n-CgHy4 300 17.74 17.31 242 16.99 423
350 12.49 12.66 1.36 12.39 0.80
400 7.70 7.52 2.36 7.59 1.45
450 3.50 334 4.62 3.81 8.79
182.55 33.10 28.89 12.72 31.28 5.50
200 31.01 27.85 10.51 29.74 4.10
250 2525 23.22 8.04 24.00 4.95
300 19.83 18.55 6.45 18.76 5.39
n-C;Hg
350 14.75 13.70 7.11 13.75 6.78
400 1045 9.56 8.52 9.72 6.98
450 5.77 4.94 14.38 531 797
500 2.10 1.65 2143 221 5.24
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Table 2. Continued

216.37 29.32
220 28.94
240 26.89
260 24.88
280 2291
n-CsHs 300 20.98
340 17.28
380 13.63
420 10.20
460 6.97
500 3.98
540 1.37
219.7 30.14
260 26.12
300 22.24
340 18.51
n-CoHyo 380 14.92
420 11.50
460 8.29
500 5.31
540 2.66
243.5 28.50
300 23.19
350 18.69
n-C;oHy, 400 14.40
450 10.37
500 6.63
550 3.30

25.82 11.93 27.75 535
25.57 11.64 2743 522
24.44 9.11 2594 3.53
23.14 6.99 2432 2.25
21.81 4.80 22.74 0.74
20.00 4.67 20.71 1.28
16.64 3.70 17.08 1.16
13.29 499 12.95 249
10.07 495 9.70 1.27
6.82 8.89 6.35 2.15
392 15.83 335 1.51
132 41.39 0.83 3.65
26.90 10.75 2940 245
23.37 10.52 25.10 3.90
20.08 6.34 21.258 431
17.00 8.16 17.85 3.56
13.45 9.85 14.10 5.49
10.36 991 10.94 4.87
732 11.7 7.89 4.82
436 17.89 4.92 7.34
1.75 3421 243 8.64
24.20 17.77 26.64 6.98
20.46 13.34 22.11 4.88
16.75 11.58 17.93 4.24
12.96 11.11 13.85 3.97
923 12.35 9.97 4.01
5.73 15.70 6.40 3.59
245 34.69 3.03 8.91

have been obtained using the calculated densities of the
interfacial thin layers and both the PR and MPR EoSs. The
results have been demarcated in Table 2. According to the
results, the predicted surface tensions of all n-alkanes, using
the PR and MPR EoSs, decrease with temperature.
Comparison of the experimental values [39] and the

predicted surface tension values using the PR and MPR
EoSs shows that the MPR EoS better predicts the surface
tensions of n-alkanes with a good accuracy in the range of
experimental errors. The average of relative errors in
calculation of the surface tension by the PR and MPR EoSs
is given in Table 3. As seen, the maximum average absolute
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Table 3. The Percentage of Average Absolute Relative Deviation, AARD%, in Calculation of the
Surface Tension by PR-DFT and MPR-DFT in the Given Temperature Range, AT

AARD

AT Data point of
Alkane (%)

X Y

PR EoS MPR EoS

CH,4 90.69-160 6 2526 497
C,Hs 90.35-280 11 8.34 5.04
CsHs 85.48-350 10 15.52 3.98
n-C4H; 134.89-400 9 7.80 6.09
n-CsHj, 143.47-430 10 5.69 3.66
n-C¢Hy4 177.83-450 7 4.64 3.73
n-C7Hy4 182.55-500 8 11.15 5.86
n-CgHis 216.37-540 12 10.57 2.55
n-CoHy 219.70-540 9 13.26 5.05
n-CyoHa 243.50-555 7 16.65 5.23
*The percentage of average absolute relative deviation in the surface tension calculation:
AARDY = %iiy” e ~Tienl 109

= Viexp
relative deviation in calculation of surface tension using the
MPR EoS is nearly 6% while it is 25% using the PR EoS.
Due to the fact that the accuracy of the calculated surface
tension strongly depends on the accuracy of the determined
interfacial thin layers densities, a good agreement between
the calculated surface tension and the experimental values
signifies the accuracy of the obtained density profile for n-
alkanes.

In addition to the DFT method, the surface tensions of n-
studied by other theoretical methods.
However, it seems that the DFT method gives more

alkanes were

appropriate results. Figures 3a and 3b compare the

percentage of absolute relative deviation values in
prediction of the surface tension of C¢H,4 and C,oH,,, by the
present work (MPR-DFT and PR-DFT) with the molecular
dynamics simulation results calculated using different
models [40-42]. As seen, MPR-DFT could better predict the

surface tension of C¢Hi4 and CioHa.
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The present research has been also compared in Fig. 4
with another PR-DFT study [20] which uses some
approximation in the excess Helmholtz energy function. It is
clear that the MPR-DFT results calculated in this work are
in agreement with the experiment and other PR-DFT studies
[20] that use some approximation. This implies that the
acceptable results can be obtained for surface tension of n-
alkanes without any further assumption using the MPR-DFT
method.

The MPR and PR EoSs can be also compared with the
other EoSs in prediction of the surface tension of n-alkanes.
Figure 5 compares the calculated surface tensions of n-
alkanes by the MPR-DFT and PR-DFT with the SAFT-
BACK-DFT results [19]. A seen, the PR-DFT model cannot
fairly predict the surface tension of alkanes compared to
MPR-DFT and SAFT-BACK-DFT models. Moreover, the
predicted surface tension by MPR-DFT is comparable with
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Fig. 3. Comparison of the absolute relative deviation percentage (ARD%) in the surface tension prediction
by this work; PR-DFT (A ) and MPR-DFT (#); the molecular dynamics simulation results calculated
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Fig. 5. The Calculated surface tension of n-alkanes C;, C; and Cs (left to right) in this work; the MPR-
DFT (red line), the PR-DFT (blue line); and the data from Ref. [19] (black line). The symbols
show the corresponding experimental values [35].
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SAFT-BACK-DFT which is in a good agreement with the
experiment in whole range of temperature.

CONCLUSIONS

DFT in conjunction with the MPR EoS was used to
predict the surface tension of n-alkanes (C;-C,y), and
compared with the PR EoS. The accuracy of the calculated
surface tension with DFT approach significantly depends on
the EoS which is used to calculate the surface tension. It
was shown that the MPR EoS provides a superior
performance compared with the PR EoS in predicting the
equilibrium values of the pressure and the liquid and vapor
volumes. The density profile of n-alkanes which strongly
depends on the intermolecular forces in the interfacial
region of liquid-vapor phases was calculated for n-alkanes
in the temperature range from triple point to near critical
point. The results show that the interfacial layer thickness
decreases with increase in the chain length of normal
alkanes (C;-Cjo) and increases with temperature. This can
be attributed to the weak intermolecular forces between the
short chain n-alkanes with respect to the long chains.

It was shown that the MPR-DFT method can better
predict the experimental surface tensions with regard to the
PR-DFT. The maximum average absolute relative deviation
in the calculation of the surface tension by MPR-DFT is 6%
which is lower than the predicted values by PR-DFT.
Comparison of the calculated surface tensions values using
the MPR-DFT, the PR-DFT, the SAFT-BACK-DFT and the
simulation indicates that the MPR —DFT method is a good
candidate for predicting the surface tension of n-alkanes
(Ci-Cyp) in the limit of the experimental errors.
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