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Abstract

The equation of state (EoS) is very helpful for the prediction of both high-pressure phase
diagrams and fundamental properties. However, the general cubic EoS has low prediction
accuracy for compressed and saturated liquid densities and the pure component critical
density, especially for highly polar substances like water and alcohol. Therefore, an entropy-
based solubility-parameter-translated Soave-Redlich—-Kwong equation of state (eSPT-SRK
EoS) was developed that incorporates two correction parameters that can be linearly
correlated with the critical compressibility factor. The correlated values gave an average
relative deviation (ARD) value of 7.9% at the critical density for a database of 28 widely
used chemical compounds. Estimation of liquid densities at standard temperature and
pressure conditions (298.2 K and 101.3 kPa) gave an average ARD value of 6.1% compared
with the original SRK EoS value of 16.6%. The eSPT-SRK EoS was applied to calculate
thermodynamic properties (entropy, fugacity, cohesive energy density) and was found
to be reliable for estimating entropy-based Hansen-type solubility parameters (eHSPs).
The eSPT-SRK EoS was compared with a corrected form of the entropy-based solubility-
parameter-translated Peng—Robinson EoS (eSPT-PR EoS), and both functional forms were
found to give reliable eHSP values. Therefore, the formulation methodology can be applied
to other cubic equations of state for specialized fluid mixtures.

Keywords: critical molar volume; liquid density; equation of state; critical compressibility
factor; Soave-Redlich-Kwong (SRK) EoS; entropy-based solubility parameter (eSP);
volume translated
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However, both SRK EoS and PR EoS have low prediction accuracy for liquid densities
and densities in the critical region, especially for highly polar substances like water and
alcohol. Therefore, volume-translated cubic EoS forms have been proposed [9-12] to
improve volumetric representation.

Recently, an entropy-based solubility parameter (eSP)-translated form of EoS has been
proposed that is applicable at arbitrary temperature and pressure conditions and denoted
as the entropy-based solubility-parameter-translated PR EoS (eSPT-PR EoS) [13]. From this
form, although the predictive accuracy of both pure-substance liquids and critical densities
could be improved, the fugacity and entropy had issues in their calculation using departure
functions due to ideal gas representation. From this point of view, a new technique was
necessary to address these issues.

Initially, the SRK EoS was modified by adding an eSP translation correction to fugacity
and entropy expressions, and this modification is denoted as the eSPT-SRK EoS. In the
eSPT-SRK EoS, new constants, C, D, E and F, were added to the EoS, and the resulting C
and D values were generalized with fundamental properties of chemical species. The other
universal constants (E and F) were determined with selected data. Finally, entropy-based
Hansen-type solubility parameters (¢HSP) were calculated according to the functional form
of the eSPT-SRK EoS. Furthermore, we corrected the eSPT-PR EoS through comparison with
the developed eSPT-SRK EoS.

2. Materials and Methods

As in a previous study [13], we selected 27 substances generally used in the chemical
industry. Carbon dioxide was added to the list of substances because it is widely used
and is in a gaseous state in ambient temperature and pressure conditions. Thus, a total
of 28 substances were used in EoS development. Critical properties and acentric factors
are listed in Table 1. The Hildebrand solubility parameter (SP) is generally evaluated in
ambient conditions [14] and is defined by Equation (1):

AvpH — P(vG —
HildebrandSP(SP) = W - \/ vp v(vc oL) "
Liquid L

Table 1. Fundamental properties of 28 selected chemicals.

Hildebrand

M1 T2 Pc? pct w5 L SP eSP

No. Substance 3 at SATP at SATP

[g/mol] [K] [MPal] [kg/m3] [-] [kg/m®] EII:/ISPI:OT; [(Pa/K)*5]
1 Water 18.015 647.1 22.064 321.98 0.345 997.0 48.0 2780
2 Ethylene Glycol 62.068 719 8.2 331.91 0.521 1110.1 34.5 1997
3 N—Methyl—Z— 99.131 721.6 4.52 319.78 0.373 1026.1 30.3 1754

pyrrolidone
4 Methanol 32.042 512.5 8.084 273.86 0.566 789.6 29.5 1710
5 Ethanol 46.068 514 6.137 27421 0.644 785.9 264 1530
6 Dimethyl Sulfide 62.134 503.04 5.53 309.12 0.194 842.6 26.3 1525
7 1-Propanol 60.095 536.8 5.169 27441 0.621 799.5 24.6 1422
8 . NN- . 73.094 649.6 4.42 279.00 0.318 944.5 24.0 1388
Dimethylformamide

9 1-Butanol 74122 563.1 4414 271.51 0.588 804.0 23.3 1349
10 2-Butanol 74.122 535.9 4.188 274.53 0.581 802.3 226 1311
11 Pyridine 79.1 619.95 5.63 311.42 0.239 978.0 21.8 1263
12 Cyclopentanone 84.116 624.5 4.6 326.03 0.288 944.2 21.1 1222
13 Acetophenone 120.149 709.6 4.01 311.27 0.383 1023.5 209 1210
14 Dichloromethane 84.933 510 6.08 459.10 0.199 1318.2 204 1180
15 Dimethyl Carbonate 90.078 548 4.5 358.88 0.385 1063.2 203 1176
16 Cyclohexanone 98.143 653 4 315.57 0.299 942.7 20.1 1167
17 Acetone 58.079 508.1 47 272.67 0.307 785.6 19.8 1145
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Table 1. Cont.
p Hildebrand ¢SP
M 1 TC 2 PC 3 Pc 4 w 5 L SP
No. Substance at SATP at SATP
[g/mol] [K] [MPal] [kg/m3] [-] 3 at SATP 0.5
[kg/m?] [MPa®5] [(Pa/K)?]
18 Tetrahydrofuran 72.106 540.15 5.19 321.90 0.225 880.0 19.1 1108
19 Benzene 78.112 562.05 4.895 305.13 0.21 873.0 18.8 1089
20 Toluene 92.138 591.75 4.108 291.58 0.264 863.9 18.3 1060
21 1-Decanol 158.281 688 2.308 245.40 0.607 821.0 17.8 1032
Trans-
22 Decahydronaphthalene 138.25 687 3.2 288.02 0.299 866.7 17.0 987.0
23 Cyclohexane 84.159 553.8 4.08 273.24 0.208 773.1 16.7 967.1
24 Tetradecane 198.388 693 1.57 221.17 0.643 759.3 15.9 920.9
25 1-Decene 140.266 616.6 2.223 240.18 0.48 738.2 159 918.1
26 Decane 142.282 617.7 2.11 230.60 0.492 726.6 15.5 899.9
27 Hexane 86.175 507.6 3.025 232.28 0.301 656.0 15.0 868.0
28 Carbon Dioxide 44.01 304.21 7.383 464.57 0.224 - - 18.54 6

L M: Molar mass, 2 T: Critical temperature, 3 p.: Critical pressure, 4 pc: Critical density, 5 w: Acentric
factor, ® The calculation used the eSPT-SRK EoS. SATP: standard atmospheric temperature and
pressure (298.2 K and 101.3 kPa).

In Equation (1), AypU is the cohesive energy and vy, is the molar volume of the liquid.
Typically, the Hildebrand SP is calculated in SATP conditions (298.2 K and 101.3 kPa),
where Ay, H is the enthalpy of vaporization and v is the molar volume of gas.

The eSP [15,16] defined in Equation (2) is used not only for vapor and liquid phases
but also for homogeneous supercritical fluid phases. The eSP is defined as:

eSP = \/(9P/0T),= /(35/00); @)

In Equation (2), s is the molar entropy, and a Maxwell relationship is used to determine
its volumetric dependence.
At the critical point (cp), the thermodynamic relationship is given as follows [17]:

e

In the calculation of g—l;‘ , the end point of saturated vapor pressure curve that is
cp

= eSPep 3)
cp

differentiated with respect to temperature is shown in Equation (4), as shown in ref. [18]:

| dP B*  C* .
—| =4/P ++D*E*TE1) 4
dT - \/ C( TCZ TC Cc ( )

In Equation (3), the (g—?) ’ was calculated for each equation of state. In Equation
vlicp

(5), average relative deviation (ARD) was defined as follows:

w‘w
e laS

y#l, =/ ()
ARD(eSPgp) [%] = ? ! & P 5)

i=1 4P
daT

cp

In Table 2, the thermodynamic relationship shown in Equation (3) was assessed for
the 28 substances selected in this work. The ARD (eSP¢p) values were 39.3% for the original
SRK EoS [1], 4.3% for the original PR EoS [2] and 1.9% for the original eSPT-PR EoS [13],
respectively. Due to the high ARD (eSP¢p) value for the original SRK EoS compared with
the other EoSs, function forms were examined for improvement.
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Table 2. ARD (eSPcp) values in 28 selected chemicals.

Original Original Original
SRK EoS PR EoS eSPT-PR EoS
ARD [%] 39.3 4.3 1.9

By applying the concepts of both SRK EoS and eSPT-PR EoS, a relationship denoted as
the eSPT-SRK EoS was parameterized as follows:

P= -
v—Eb

(6)

RT 1 1\ aaD)+D
v—Eb v+ Fb v(v+ Fb)

In Equation (6), C, D, E and F were newly introduced, where it should be noted that
the original SRK EoShasC=D=0and E=F =1.

One can obtain the fugacity coefficient ¢ from the departure function (Equation (7)) by
substitution of Equation (6):

1 RT

S “(p 1)
ln(p—lnﬁ——T/V <n—V>dV+(z 1)~ Inz @)

where f and z are fugacity and compressibility factors, respectively. The resulting expression
for the fugacity coefficient ¢ can be expressed as follows:

n %lnv_ Eb  (aca(T)+ D)

lnv+Fb+

v+ Fb FbRT v (z=1)—Inz ®)

v
lngo—lnv_Eb

Entropy can be calculated from the departure function (Equation (9)):

To P R
s(T,P) —sig(T,P) = Rlnz + S KE”")U - v} dv )

where IG is ideal gas state at constant T, respectively, and (g—?) can be calculated by
v

substituting in Equation (6) as follows:

9u(T)
(ap) __R C( 1 1 )“c( T )U (10)

oT v—Eb \v—Eb v+Fb v(v + FDb)

The resulting entropy difference for gas or liquid phase can be expressed as follows:

B v — Eb vg+Fb  ac (oa(T) UG

SG(T, P) SIG(T/ P) = RIHZG + Rln G + CIn v — ED Th 3T i In v + D (11)
v, — Eb v+ Fb  a; (9a(T) uL

— = - 12

st (T,P) —sig(T,P) = Rlnz; + Rln or + CIn o —Eb  Fb\ aT ), n ——— (12)

Thus, both fugacity and entropy can be readily calculated with the eSPT-SRK EoS,
which resolves the limitations of the previously proposed eSPT-PR formulation near the
ideal gas state. The corrected form of the eSPT-PR EoS is given in Appendix A.

For eSPT-SRK EoS parameters a. and b in Equation (6), a constant C was introduced
as follows: , A
R%(1—-C/R)" T¢

Pc

(13)

ac = 4ap
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RA-C/R) Te

b= by Pe

(14)

The «(T) function of original SRK EoS was adopted and is described by Equation (15):

a(T) = {1 + (Ka + Kepw + Kc3w2> (1 - TrO'S) }2 (15)

In Equation (15), T; is the reduced temperature (=T/T¢). For eSPT-SRK EoS, pure
parameters ag in Equation (13), by in Equation (14) and K¢y, Kc2, K3 in Equation (15) were
redetermined by fitting to experimental data for the compounds in the database.

The objective function for data fitting was chosen to be dimensionless as follows:

2 ) 2 = . 2
OFEH(P?‘E“?P?AE“E)} +{(pc,cﬂlcfpc,Exp)} +{\/g¥|cp\/(3‘;)w} +{Wd}"SAT<Eq.<17>>—W;TP|SAT<Eq.(1s)>}1 (16)

SATP OCExp /% ‘CP dPyp | (Eq.(17))
dPy
d

PLExp aT ' SAT
7 value at standard temperature (T = 298.2 K), evaluated with

is the

dp,
where —2
dT {saT

Equation (17) or Equation (18). Equation (18) is the Clapeyron equation, and the d;;"

value can be calculated with the eSPT-SRK EoS as follows:

dpvp ( B* C* E*l)
=[Py ——5 + — +D*E* T, 17)
\/ dT |gat \/ P\ T To

ldpvp o Avps . SG — SL (18)
dT N Avpv N G — 0L

In Equation (16), the applied weight in each term was unity, and the initial parameter

values were set to be those of the original SRK EoS.
Average relative deviation (ARD) of the calculated properties was defined as follows:

100 Y — Pl
SATP\ __ n ,Lalc ,EXp
ARD(PL ) = i | A (19)
pL,Exp
1 _
ARD(pC) _ @ ;121 Pc,Calc pc,Exp (20)
Oc,Exp

3. Results and Discussion

Substance dependence C and D parameters in Equation (6) were correlated against
the critical compressibility factor (z.), as shown in Equations (21) and (22):

C = Cyzc + G (21)

D = Djz. + Dy (22)

The five pure parameters (ag in Equation (13), by in Equation (14) and K¢1, K¢z, Kc3 in
Equation (15)) and constant Cy, C1, Dy and D, in Equations (21) and (22) were determined by
fitting the properties of the 28 selected chemicals (Table 1) and the objective function given
by Equation (16) using a least-squares method. Namely, a total 11 parameters including E
and F in Equation (6) were fit simultaneously. The resulting parameters are listed in Table 3,
and detailed results are given in Table 4.

https://doi.org/10.3390/1iquids6030026
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Table 3. Pure parameters in original SRK EoS and eSPT-SRK EoS given by Equation (6).
ag Kci Kez Kes
Original
SRK 0.42748 0.08664 0.48 1.574 —0.176
EoS [1]
eSPT-SRK
EoS 0.47029 0.16585 0.39841 2.09757 —1.2685
(This work)
Cq Dy F
Original
SRK 0 0 1
EoS [1]
eSPT-SRK
EoS 47231 x 107> 0.015878 —0.075541 0.41785 1.00782
(This work)
Table 4. ARDs calculated with eSPT-SRK EoS from experimental data values.
ARD ARD
No. Substance Group (p%ATP) (po)
[%] [%]
1 Water Water 80 (24! 129 (@141
2 Ethylene Glycol Alcohol 12 @71 63 (2)1
3 N-Methyl-2-pyrrolidone Cyclic compound 71 (09)1 138 (1.5)1!
4 Methanol Alcohol 99 (6.5)! 162 (12)1
5 Ethanol Alcohol 1.0 (7.5)1 109 (1.8)1!
6 Dimethyl Sulfide Sulfur compound 77  (4.6)1 39 (4!
7 1-Propanol Alcohol 41 (65)! 73 @11
8 N,N-Dimethylformamide Nitrogen compound 215 (6.1)1 202 (0.9)1
9 1-Butanol Alcohol 55 (5.6)1 60 (2)1
10 2-Butanol Alcohol 36 (67)1! 71 (1)1
11 Pyridine Aromatic 69 (25)! 01 6)!
12 Cyclopentanone Ketone 36 (8.0)! 154 (1.4)!
13 Acetophenone Ketone 16 (2.5)1 41 (23)!
14 Dichloromethane Halide 29 (0.1)! 42 (24!
15 Dimethyl Carbonate Carbonate 1.0 (28)! 90 (19!
16 Cyclohexanone Ketone 50 (5.8)! 153 (14)!
17 Acetone Ketone 67 (2)1 124 (16)!
18 Tetrahydrofuran Cyclic ether 89 (791 57 (@22)1
19 Benzene Aromatic 92 (40! 27 (4!
20 Toluene Aromatic 66 (2.8)1 38 (23)1
21 1-Decanol Alcohol 03 (28! 46 (221
22 Trans-Decahydronaphthalene Cyclic compound 121 (49! 1.8 (241
23 Cyclohexane Cyclic compound 11.7  (45)1! 1.1 (2.5)1
24 Tetradecane Alkane 85 (4.6)! 102 (1.8)1
25 1-Decene Alkene 22 (291 71 1)1
26 Decane Alkane 01 (0.6)! 70 @11
27 Hexane Alkane 66 (3.3)1 32 (4!
28 Carbon Dioxide Inorganic Carbon - - 85 (2.6)1
- - Average 61 (40! 79 (.01

! Values obtained with the original eSPT-PR EoS (predictive form) [13] (in parentheses).

The eSPT-SRK EoS compared favorably with the original eSPT-PR EoS (Table 4). In
Table 5, four pure substances (n-hexane, CO;, methanol and water) were predicted with

the eSPT-SRK EoS given by Equation (6) in several (T, P) conditions and compared with the
pc-SAFT EoS [19]. For water, the pc-SAFT EoS was fit to an intermediate isotherm of NIST

data (523.15 K) and then applied to calculate densities in the other stated conditions.

https://doi.org/10.3390/1liquids6030026
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Table 5. Prediction of properties for four pure chemical compounds with eSPT-SRK EoS given by
Equation (6) in several (T, P) conditions. For water, the pc-SAFT EoS [19] was fit to an intermediate
isotherm (523.15 K) for parameter determination.

Original

Original

eSPT-SRK EoS eSPT-SRK EoS pc-SAFT EoS pc-SAFT EoS
SPT-PR EoS SPT-PR EoS
n-Hexane ARD (pr) ARD (pg) € ARD (PLS) eARD (PGC)) ARD (pr) ARD (pg)
[0/0] [0/"] [O/o] [O/o] [0/0] [0/"]
(T, =0.8, P, =0.8) 1.2 - 1.8 - 2.2 -
(Tr=1.15,P, =1.2) - 3.8 - 23.9 - 2.6
Original Original
eSPT-SRK EoS eSPT-SRK EoS ¢SPT-PR EoS ¢SPT-PR EoS pc-SAFT EoS pc-SAFT EoS
[%] [%] [%] [%] [%] [%]
(Ty =0.8, P, =0.8) 4.0 - 1.1 6.0 -
(Ty=1.2,P,=1.2) - 29 - 19.0 - 5.1
Original Original
eSPT-SRK EoS eSPT-SRK EoS ¢SPT-PR FoS ¢SPT-PR EoS pc-SAFT EoS pc-SAFT EoS
Methanol ARD (py) ARD (pc) ARD (pr) ARD (pg) ARD (py) ARD (pg)
[O/O] [O/O] [O/o] [0/0] [0/0] [o/o]
(T, =08, P, =0.8) 16.3 - 35 - 0.53 -
(Ty=1.2,P,=12) - 23 - 43.7 - 1.7
Original Original
eSPT-SRK EoS eSPT-SRK EoS ¢SPT-PR EoS ¢SPT-PR EoS pc-SAFT EoS * pc-SAFT EoS *
Water ARD (pr) ARD (pg) ARD (p1) ARD (o) ARD (pr) ARD (pg)
[%] [%] [%] [%] [%] [%]
(T, =0.8, P, =0.8) 18.3 - 3.9 - 0.09 -
(Tr=12,P,=1.2) - 29 - 423 - 1.5

*m; 1.59364, 0 [A] 2.46841, ¢; /kT [K] 235.681, kap 0.071007, eap /KT [K] 3387.68.

In the calculation of ARD [%], values from the NIST chemistry webbook [20] were
used for reference as follows:

_ 100 | pG,calc — PG,NIST

T e B (23)
~ 100—n |pL,Calc — PLNIST

ARD(pL) = —=) i e (24)

The ARDs of liquid densities of the eSPT-SRK EoS (Table 5) were comparable with
those of both the eSPT-PR EoS and pc-SAFT EoS for two non-polar substances (1n-hexane,
COy,), but deviations were higher than those of pc-SAFT EoS for two polar substances
(methanol, water). On the other hand, the ARDs of gas densities were much lower for the
eSPT-SRK EoS than the eSPT-PR EoS (Table 5). The pc-SAFT EoS is neither a cubic equation
nor a fixed-degree polynomial and incorporates statistical-mechanical integral terms that
enable an accurate description of substance properties in the critical region. All cubic EoSs
have a cubic critical isotherm and a quadratic coexistence curve [17] unlike that of the
pc-SAFT EoS. Nevertheless, the generalized form of the eSPT-SRK EoS developed in this
work improved gaseous density representation compared with the eSPT-PR EoS (Table 5).

Figure 1 shows assessment of the thermodynamic relationship, Equation (3), for
the 28-substance database. The eSPT-SRK EoS compared well with the original eSPT-PR
EoS, although the deviations for the eSPT-SRK EoS were slightly higher than those of the
original eSPT-PR EoS. However, modifications in the eSPT-SRK EoS improved its reliability
compared with the original SRK EoS.

The entropy-based Hansen-type solubility parameter was used with the eSPT-SRK
EoS, Equation (6), and differentiated with temperature to give:

https://doi.org/10.3390/1iquids6030026
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oa(T)
R 1 1 e ( aT )
P2 = (9P/9T), = - - — v ’
eSP" = (0P/9T), = S5 C(va v+Fb) v(v + Fb) @5
In the eSPT-SRK EoS, polar and hydrogen bond terms were defined by the following
equations:
C
eHSP | Polar,EoS2 = m (26)
(T
2 fie ( 05(1" : ) v
eHSP | Hydrogenbond,EoS — — m (27)

where subscript EoS is the calculation with the eSPT-SRK EoS in this case.

800 T T T T T T T T T T T T T T

700 A .
I A v

500 |- A ;_3"” i

eSP|cp [(Pa/K)"]
N
(=1
(=]

300 -
A SRK EoS
200 [ ® PR EoS 7
O eSPT-PR EoS 1
100 - %w  eSPT-SRK EoS| 7]
0 A T T S R
0 100 200 300 400 500 600 700 800

(dP/dT|cp)®® [(Pa/K)®]

Figure 1. Thermodynamic relationship, Equation (3), assessed for four different equation-of-state
formulations using the 28-substance database (Table 1).

The relationships between eHSP|p,, gog and eHSP|P01ar’Origiml, corresponding to the
same contribution of dpgj,; iN Ootal, between eSPlHydrogenbond,EoS and Sxydrogenbond,Original
corresponding to the same contribution of dyydrogenbond in the d1oa1, Were examined
(Figures 2 and 3). In Figure 2, the eHSP|p_,. Original Showed quadratic correlation with
€SP|poar Eos in HSP (R? = 0.4789), although some deviations were observed. In Figure 3,

; 2 _
eHSP |44y 4rogenbond,Original Was strongly correlated with eHSP |y 4;o0enbond,Eos (R” = 0.9395).
These results support the development of the eHSP concept, as summarized by the follow-
ing predictive forms.

eSP? = (6HSP | Total 2 :) eHSP | Dispersion2 + eHSP| Polar2 + eHSP | Hydroger\bond2 (28)

From the positive correlations observed in both Figures 2 and 3, the following relation-
ships result in:

eHSP|po1or = —3.2114 (eHSP | pyjar gos)” + 126.30 eHSP| o, pos — 490.37  (29)

EHSP|Hydrogenbond = 2.3754 x EHSP|Hydroger1bond,EOS — 949.62 (30)

https:/ /doi.org/10.3390/1liquids6030026
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2 2 2
EHsplDispersion,EOS = \/eHSP l Total EoS eHSP | Polar,EoS eHSP | Hydrogenbond,EoS (31)

Table 6 shows the eHSP values for the 28 selected chemicals. If polar contribution
showed negative values, the value was set to zero. In Table 5, the prediction with the
eSPT-SRK EoS was well correlated with the original HSP data [21]. Figure 4 shows the
relationship between the predicted eHSP and original HSP at 298.2 K and 101.3 kPa. Each
term denoted as “Dispersion”, “Polar”, or “Hydrogen bond” showed linearity between
predicted eHSPs and the original HSP. Thus, the method for calculating eHSP with the
eSPT-SRK EoS can be considered to be internally consistent and reliable. The present
prediction method with the eSPT-SRK EoS is applicable to the calculation of HSP values
under arbitrary conditions of temperature, pressure, or mixture composition. Results with
the corrected form of the eSPT-PR EoS gave similar results as those for the eSPT-SRK EoS.
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Figure 2. Relationship in Equation (29) between eHSP | polar/Eog_l and eHSP|P01ar,Origma1. Symbols
are the calculated data and line is interpolation.
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Symbols are the calculated data and line is linear interpolation.
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Table 6. Entropy-based Hansen solubility parameter (¢HSP) of 28 selected chemicals (Table 1).

eHSP | pigpersion eHSP | polar eHSP | tydrogenbond
No. Substance [(Pa/K)05] [(Pa/K)0?] [(Pa/K)05]
1 Water 685.8 (368.3) 1 708.0 (713.6) 2 1871.7 (1965.0) 3
2 Ethylene Glycol 793.4 (885.8) 1 513.4 (415.9) 2 1213.5 (1046.7) 3
3 N-Methyl-2-pyrrolidone 790.2 (888.6) 1 540.0 (235.4) 2 316.1 (403.5) 3
4 Methanol 718.8 (612.3) 1 585.5 (506.5) 2 1061.5 (1006.5) 3
5 Ethanol 772.5 (691.5) 1 430.2 (420.9) 2 948.5 (798.9) 3
6 Dimethyl Sulfide 567.6 (745.6) 1 505.9 (388.7) 2 314.7 (251.3) 3
7 1-Propanol 776.4 (749.7) 1 330.0 (356.3) 2 844.3 (658.3) 3
8 N,N-Dimethylformamide 644.1 (841.0)1 507.2 (256.4) 2 418.3 (324.3)3
9 1-Butanol 757.7 (782.5) 1 269.9 (295.9) 2 748.2 (531.6) 3
10 2-Butanol 743.0 (760.0) 1 268.1 (293.2) 2 681.9 (478.5) 3
11 Pyridine 823.3 (854.8) 1 381.3 (339.7) 2 255.7 (370.3) 3
12 Cyclopentanone 728.9 (829.2) 1 484.6 (278.1) 2 211.8 (310.1) 3
13 Acetophenone 860.5 (860.5) 1 377.6 (206.2) 2 162.4 (334.5)3
14 Dichloromethane 749.1 (767.2) 1 321.7 (414.6) 2 312.8 (321.9) 3
15 Dimethyl Carbonate 715.9 (779.3) 1 397.2 (307.2) 2 448.0 (387.4) 3
16 Cyclohexanone 782.8 (818.8)1 277.0 (226.3) 2 224.3 (240.8) 3
17 Acetone 668.5 (745.7) 1 448.6 (338.6) 2 301.9 (312.6) 3
18 Tetrahydrofuran 734.4 (777.6) 1 249.2 (351.6) 2 349.7 (278.0) 3
19 Benzene 819.6 (781.7)1 0.0 (323.2) 2 89.1 (226.8) 3
20 Toluene 807.9 (781.2) 1 62.8 (258.9) 2 89.8 (206.2) 3
21 1-Decanol 698.4 (751.5) 1 205.1 (71.9) 2 458.3 (145.3) 3
Trans- 2 3
22 Decahydronaphthalene 779.3 (777.6) 1 0.0 (152.6) 0.0 (116.7)
23 Cyclohexane 746.7 (735.8) 1 0.0 (272.9) 2 8.9 (119.5)3
24 Tetradecane 729.3 (639.8) 1 0.0 (0.0) 2 0.0 0.0)3
25 1-Decene 732.9 (695.9) 1 46.4 (86.7) 2 102.0 62.2)3
26 Decane 729.7 (684.0) 1 0.0 (73.7) 2 0.0 (42.6) 3
27 Hexane 684.4 (665.7) 1 0.0 (210.2) 2 0.0 (57.0)3
28 Carbon Dioxide - ()1 - ()2 - ()3
! Prediction with Equation (31), 2 Prediction with Equation (29) and 3 Prediction with Equation (30)
(in parentheses).
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https://doi.org/10.3390/1iquids6030026


https://doi.org/10.3390/liquids6030026

Liquids 2026, 6, 26 11 of 16
2500 T T T T 2500 T T T T
2000 | A 2000 F ]
S > )
£ 1500 F : % 1500 P 1
3 & ’
2 = &
§n A Té, A i
£ 1000 | A - & 1000 [ AK ]
2 & A;"" Al
g % AL 4
500 ] 500 ]
AL A
0 1 1 1 1 0 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
HSPly4rogen bond [(MPa)*?] HSP|;,; (Hildebrand SP) [(MPa)**]
(c) (d)

Figure 4. Relationship between the predicted eHSP and original HSP. (a) eHSP|Dispersion vs. HSP| Dispersion
(R2 = 0.989), (b) eHSP'Polar VS. HSP‘ Polar (Rz = 0.794), () EHSP‘Hydrogenbond V8. HSP| Hydrogenbond
(R? =0.959), (d) eHSP|p, VS HSP| 11y (Hildebrand SP) (R? = 0.995). Symbols are the calculated data
and line is linear interpolation.

4. Conclusions

A translation type of correction (eSP) was applied to develop an alternate form of
the popular Soave-Redlich-Kwong equation. The resulting eSPT-SRK EoS showed good
correlation results for both liquid and critical densities. Thermodynamic expressions of the
eSPT-SRK EoS and the corrected eSPT-PR EoS are simple and have closed forms. In the
eSPT-SRK EoS, the additional constants C and D correlate with the compressibility factor
Zc, which gives a convenient predictive form. The eHSP values obtained from either the
eSPT-SRK or eSPT-PR EoS can be used to predict solubility parameters for extractions and
separations under conditions far from atmospheric pressure and ambient temperature.
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v—Eb

Nomenclature

i)
o

Energetic parameter in Equation (13) [-]
Volumetric parameter in Equation (14) [-]

New parameter in Equations (6), (13) and (14) [J K1 mol1]
New parameter in Equation (21) [J K~ mol~]
New parameter in Equation (21) [J K1 mol™1]
New parameter in Equation (21) [Pa m3 mol~!]
New parameter in Equation (21) [Pa m3 mol~!]
New parameter in Equation (6) [Pa m3 mol—1]
New parameter in Equation (6) [-]

New parameter in Equation (6) [-]

Fugacity [Pa]

Enthalpy [J/mol]

Moles [mol]

Pressure [Pa]

Gas constant [J K~ mol~1]

Molar entropy [J K1 mol1]

Temperature [K]

Internal energy [J/mol]

Molar volume [m? mol—1]

Compressibility factor (=Pv/RT) [-]

Fugacity coefficient [-]

Density [kg m 3]

S'Q-G-NQC"\]"”?\J’UZEWWMUHUOUDQQOW

Acentric factor [-]

Subscripts

c Critical point

G Gas phase

IG Ideal gas state
L Liquid Phase

vp Vaporization

Appendix A

The original eSPT-PR EoS was parameterized as follows:

_ RT 1 B ac a(T)
S CT<vb) (v+b—\ﬁb)(v+b+ﬁb) (AD

The equation denoted as the corrected eSPT-PR EoS was parameterized as follows:

T( 1 1 >_ ac a(T) + D A2
v—Eb v+ Fb+ v/2Fb (v+Fb—ﬁPb)(v+Fb+ﬁFb)

In Equation (A2), D, E and F were newly introduced into the corrected eSPT-PR EoS,
though the original PR EoShasC=D=0and E=F =1.

In this way, one can obtain the fugacity coefficient ¢ from the departure function
(Equation (A3)) by substitution of Equation (A2):

_ Jj_L/"" p_RT 1y
ln(p—lnp— T \u =V dV+(z—1)—Inz (A3)
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where f and z are fugacity and compressibility factors, respectively. The resulting expression
for the fugacity coefficient ¢ can be expressed as follows:

v+ Fb+ V2Fb  (ax(T) + D) v+ Fb—v2Fb

Ingp = RTIn — CTIn n A4
¢ v — Eb o~ Eb 2ok toiroivars Y

Entropy can be calculated from the departure function (Equation (A5)):

T.o oP R
T,P)— T,P) =Rl -] ——= A
S( 7 ) SIG( ’ ) nz-+ To=co |:(aT>U ’U:|dv ( 5)
where G and IG are gas state and ideal gas state at constant T, respectively, and (‘3—?) can
[Ze
be calculated by substituting in Equation (A2) as follows:
oa(T)
(57), -5 (o vrmoam) - () (A6
oT ), v—Eb 0= Eb o+ Fb+V2Fb/) (04 Fb— V2Fb) (o4 Fb+ V2FD)

The resulting entropy difference for gas or liquid phase can be expressed as follows:

ve — Eb ve + Fb+ /2Fb ac <8tx(T)> ve + Fb— \/2Fb
sc(T,P) —sic(T,P) = RlInzg + Rln + Cln — A7
6(T.P) =si(T.P) ¢ oG vG — Eb 2v2Fb\ 0T ), vg+ Fb+ v2Fb (A7)
vp — Eb vp + Fb+ \/2Fb ac <80¢(T)) vp + Fb — \/2Fb
s;(T,P) —sig(T,P) = Rlnz; + RIn + CIn — A8
LT, P) =si6(T, P) k ur or — Eb 2v2Fb\ OT ), v, +Fb+ v2Fb (A8)

For the corrected eSPT-PR EoS parameters a. and b in Equation (A2), a constant C was
introduced as in the eSPT-PR EoS as follows:

R%(1—C/R)* T

ac = 4ag PC (A9)
b bOR(l_l(’:c/R)TC (A10)

The a(T) function of original PR EoS was adopted and is described by Equation (A11):
a(T) =1+ (Kc1 + Kepw + chz) (1 - TS-5) (A11)

Substance dependence C and D parameters in Equation (A2) were correlated against
the critical compressibility factor (z¢), as shown in Equations (A12) and (A13), respectively:

C=Cizc+ G (A12)

D = Djz. + Dy (A13)

The five pure parameters (a9 in Equation (A9), by in Equation (A10) and Kc¢1, Kep,
Kcs in Equation (A11)) and constant Cy, C1, Dy and D; in Equations (A12) and (A13) in
the corrected eSPT-PR EoS were determined by the properties of the selected 28 chemicals
(Table AT) using the objective function in Equation (17) by a least-squares method. Namely,
a total of 11 parameters including E and F in Equation (A2) were simultaneously fitted. The
resulting parameters are listed in Table A1, and detailed results are given in Table A2.
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For comparison of the entropy-based Hansen-type solubility parameter with the
corrected eSPT-PR EoS, Equation (A2) was differentiated with temperature to give:

) R 1 1 e (aﬂé(q?) )v
ﬁp:z@ﬂ@ﬂU:U—Ebc(U—Ebv+Fb+v§H)@+}b_¢ﬂ%)@+Fb+¢ﬂw) (A14)
In the eSPT-PR EoS, polar and hydrogen bond terms were defined by the following
equations:
EHgﬂﬂmﬂﬁzz_C(vij_v+Fbiv5HJ (A1)
(57,

eHSP | Hydrogenbond,EoS2 = - (A16)

(v+-Fb—-vin)(v+-Fb+-v§Fb)

where subscript EoS is the calculation with the corrected eSPT-PR EoS.
We summarized that an eHSP concept was developed, as shown in the following
predictive forms.

eSP? = (eHSP | Total2 :> eHSP | Dispersion2 + eHSP| Polar2 + eHSP | Hydrogenbond2 (A17)

We found the next relationships:

337101
eHSP|pypa = — —o———— + 1356.6 (R? = 0.6414) (A18)
eHSP | Polar,EoS
eHSP 4y grogenbond = 22949 % eHSP|gy iopcnbond £os — 10358 (R? = 0.9495) (A19)
eHSP|DiSpersion,EOS = \/eHSP | Total,EoS2 —eHSP | Polar,EoS2 —eHSP| Hydrogenbond,EoS2 (AZO)

Table Al. Pure parameters in original PR EoS, original eSPT-PR EoS in Equation (A1) and corrected
form of eSPT-PR EoS Equation (A2).

ag bo K1 Ke2 Kes
Original PR EoS
Equation (A2) 0.42748 0.08664 0.48 1.574 —-0.176
Original eSPT-PR EoS 0.51119 0.09079 0.34687 1.93487 ~0.25698
Equation (A1)
(Corrected form) eSPT-PR EoS B
Equation (A2) (This work) 0.38053 0.068472 0.17755 1.76389 0.10468
C1 Co D, Do E F
Original PR EoS
Equation (A2) 0 0 0 0 1 1
Original eSPT-PR EoS
Equation (A1) —27.6704 8.73306 - - - -

(Corrected form) eSPT-PR EoS

Equation (A2) (This work) —0.11957 —1.28693 —0.055156 0.0150935 0.90092 1.12988

Table A2. ARDs calculated with the corrected eSPT-PR EoS from experimental data values.

SATP
No. Substance Group ARD (()p i) ART;) (pc)
[%] [%]
1 Water Water 72 (2.4)1 01 (14!
2 Ethylene Glycol Alcohol 07 @n! 1.0 @21
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Table A2. Cont.
No. Substance Group ARD[((,/‘: ]IS~ATP) AR[IB/D(]p o
3 N-Methyl-2-pyrrolidone Cyclic Compound 69 (09)1 98 (1.5)1!
4 Methanol Alcohol 66 (65)1! 63 (12)1
5 Ethanol Alcohol 30 (75)1 28 (1.8)1
6 Dimethyl Sulfide Sulfur compound 109 (4.6)! 16 (24)1
7 1-Propanol Alcohol 76 (651 1.1 @1D!?
8 N,N-Dimethylformamide Nitrogen compound 209 (6.1)1 152 (091!
9 1-Butanol Alcohol 83 (5.6)! 12 @21
10 2-Butanol Alcohol 68 (7)1 1.9 @11
11 Pyridine Aromatic 79 (2.5)1 16 (2.6)1
12 Cyclopentanone Ketone 26 (8.0)1 100 (14!
13 Acetophenone Ketone 1.8 (2.5)1 14 (2.3)1
14 Dichloromethane Halide 57 (0.1)! 1.8 (241
15 Dimethyl Carbonate Carbonate 12 (2.8)1 33 (19!
16 Cyclohexanone Ketone 44 (58)! 109 (1.4)1
17 Acetone Ketone 40 (2! 53 (1.6)!
18 Tetrahydrofuran Aromatic 112 (791 01 (2!
19 Benzene Aromatic 111 4.0)! 1.1 (24!
20 Toluene Aromatic 80 (2.8)1 02 (23)1
21 1-Decanol Alcohol 07 (2.8)! 29 (22!
22 Trans-Decahydronaphthalene Aromatic 124 (49! 02 (4!
23 Cyclohexane Cyclic Compound 138 (4.5)1 1.5 (251
24 Tetradecane Alkane 75 (4.6)1 95 (1.8)1
25 1-Decene Alkene 72 (29)1 49 (@t
26 Decane Alkane 0.7 (0.6)1 49 (@'
27 Hexane Alkane 6.9 (33)1 02 (24)!
28 Carbon Dioxide Inorganic Carbon - - 02 (26)!
- - Average 69 (4.0)! 36 (20)!
! Values obtained with the original eSPT-PR EoS (predictive form) [13] (in parentheses).
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