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Abstract: This study investigates the liquid-liquid equilibrium (LLE) of a cyclohexane (1) +
benzene (2) + [N,N-dimethylformamide + sodium thiocyanate] (3) system. Experimental
tie-line data were obtained at 298.15 K and 318.15 K under atmospheric pressure (~101 kPa,
Maringa, Parand, Brazil) with varying sodium thiocyanate (NaSCN) concentrations in N,
N-dimethylformamide (DMF) (3, 5, 8, and 16 wt%). The results contribute to determining
the optimal operating conditions for the liquid-liquid extraction of cyclohexane/benzene
mixtures. The Hand and Othmer-Tobias correlations confirm the consistency and accuracy
of the experimental data. Furthermore, eNRTL and modified UNIFAC models were
employed to correlate the experimental LLE data, achieving a root-mean-square deviation
of less than 0.91%. The selectivity and distribution coefficients indicate a high efficiency of
benzene distribution into the extract phase, suggesting a low solvent/feed ratio and fewer
separation stages required for cyclohexane and benzene separation.

Keywords: liquid-liquid equilibrium; cyclohexane; benzene; NaSCN; eNRTL; mUNIFAC

1. Introduction

The separation of aromatic and aliphatic hydrocarbons (benzene and cyclohexane,
respectively) is essential for the petrochemical industry. The separation process required
the removal of unreacted benzene from the cyclohexane production stream. Cyclohexane is
a raw material used to produce nylon resins, drugs, pesticides, and explosives [1]. However,
separating these two compounds using conventional distillation is not viable because of
the presence of a minimum-boiling azeotrope [2].

More complex distillation processes such as azeotropic and extractive distillation are
used to separate benzene from cyclohexane. However, these processes incur high financial
and energy costs [3-6].

Liquid-liquid extraction is an interesting alternative that involves separating these
hydrocarbons using an extractive solvent [7]. The separation process is based on the
immiscibility of liquids, in which the solute is distributed in the extract (rich in the extractive
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solvent) and raffinate (rich in the main product) phases. A study of the liquid-liquid
equilibrium is necessary to analyze the behavior of the extractive solvent and co-solvent
in the mixture. For the combination to be effective for aromatic/aliphatic separation,
the solvents must have good selectivity, regeneration, and low volatility. Solvents with
low volatility provide better recovery yields when conventional distillation is used, thus
separating them from the solute with greater ease and lower costs [6].

Aspi et al. [8] studied the addition of N,N-dimethylformamide (DMF) as an extractive
solvent and found that the solvent had low selectivity in the hydrocarbon mixture. Ac-
cording to Wu et al. (2021) [9], the addition of salt to an aqueous non-electrolyte solution
containing volatile compounds affects thermodynamic equilibrium. This can either increase
or decrease the volatility of the non-electrolyte, and in extreme cases, lead to the formation
of two liquid phases. These effects depend on the concentrations of both the salt and solute,
as salt alters the general properties of the solvent. Upon dissolution, the salt can promote,
destroy, or affect the interactions between the liquid components, thereby altering the
selectivity of the system for one of the components.

Salt affects the solubility of organic compounds in phases where they are present at
higher concentrations. The electrolyte “salts out” the organic solvent molecules, reducing
the energy cost of the separation process [9]. When the mutual solubility decreased owing
to the addition of salt, the two-phase region expanded. This effect is called “salting-out.”
Conversely, when solubility increases, it is called “salting-in” and can be used to extract
organic compounds from water [10].

Thiocyanate is considered a pseudo-halide because its reactions are analogous to
those of halide ions [11]. Upon binding to alkali metals, salts are formed. Potassium
(KSCN), sodium (NaSCN), and ammonium (NH;SCN) thiocyanates are the most commonly
used organic components owing to their high solubility in both water and polar organic
solvents [12]. When dissolved in DMF, thiocyanate anions bind to hydrogen and cations
bind to carbonyl oxygen. This structure hinders the interaction of aliphatic hydrocarbons
with DMF molecules, increasing the selectivity of the saline solution and facilitating the
separation of benzene from cyclohexane [13].

Therefore, the addition of an electrolyte to the mixture could significantly increase
the selectivity for the separation of benzene and cyclohexane. The literature reports that
the addition of thiocyanate electrolytes promotes good selectivity when combined as a
co-solvent with N,N-dimethylformamide [2,14,15]. The addition of thiocyanate electrolytes
indicates that liquid-liquid extraction is significantly more efficient when electrolytes are
added to the extraction solvent. The use of a solvent consisting of the [DMF + NaSCN]
complex is justified by its lower cost compared with ionic liquids.

Thus, the objective of this study was to analyze the liquid-liquid equilibrium behavior
of a mixture of {cyclohexane (1) + benzene (2) + [DMF + NaSCN] (3)} by obtaining tie lines at
temperatures of 298.15 K and 318.15 K, atmospheric pressure (~101 kPa, Maringa City, State
of Parand, Brazil), and different concentrations of NaSCN in DMEF (3, 5, 8, and 16 wt%). The
electrolyte non-Random Two-Liquids (eNRTL) and modified UNIQUAC Functional-group
Activity Coefficients (NUNIFAC) were applied to correlate the experimental data of the
liquid-liquid phase equilibrium.

2. Experimental Section
2.1. Materials

Cyclohexane (>99.5 wt%, Sigma-Aldrich, Barueri, SP, Brazil), benzene (>99.5 wt%,
Dindmica Quimica, Indaiatuba, SP, Brazil), N, N-dimethylformamide (>99.5wt%, Anidrol,
Diadema, SP, Brazil), and sodium thiocyanate (>99 wt%, Sigma-Aldrich, Barueri, SP, Brazil),
all liquid reagents, were injected individually into the chromatograph confirming the
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degree of purity specified by the manufacturers. All chemicals were used without further
purification. Experimental values of the properties of the compounds (Table 1), were also
compared with the ones obtained from the DIPPR database [16] and the literature [17-19].

Table 1. Compounds used in the modeling.

Refractive Index Density (g-cm—3)
Compounds CAS MW (g-moL—1)

This Work Literature This Work Literature
Cyclohexane 110-82-7 84.161 1.4232 1.42352 0.7732 0.7738 @
Benzene 71-43-2 74.114 1.4972 1.4974 2 0.8733 0.8736 @
N,N-dimethylformamide ~ 68-12-2 73.095 1.4273 1.4279b 0.9484 0.9488 P
Sodium thiocyanate 540-72-7 81.072 [19] - - - -

a[18];® [19].

2.2. Apparatus and Procedures for Equilibrium Liquid—Liquid

The experiments were carried out using glass-jacketed equilibrium cells with a ca-
pacity of 25 mL (internal volume) and connected to a thermostatic bath (FISATON, TE18,
with an uncertainty of £ 0.1 K) at temperatures of 298.15 and 313.15 K to control the
temperature through the circulation of water (Figure 1). The mass of the mixtures used
for each experiment to determine the tie lines was obtained using an analytical balance
(SHIMADZU, ATX224). The compositions of the mixtures were calculated by multiplying
the Da mass fraction purities of each component. A magnetic stirrer was used to agitate the
mixtures (IKA, RCT Basic) for 1 h after the temperature was established.

7

—

2
i@g

Figure 1. Experimental apparatus of the equilibrium cell: (1) cell equilibrium and (2) magnetic stirrer
bar; (3) thermostatic bath.

The procedure included adding known masses of the two components to the equi-
librium cell and titrating the mixture with a third component. Cyclohexane and benzene
were mixed and titrated with a DMF (DMF + NaSCN) solution. This is known as the
cloud point method [20,21]. The tie lines were determined for different proportions of the
selected components. The compositions of the two phases were selected to determine the
tie line, keeping the molar ratio between cyclohexane and benzene constant and changing
the proportion of the DMF solution. Cyclohexane and benzene were added to equilibrium
cells at known concentrations. Then, DMF was added to the mixture to obtain different
compositions of the overall phase and measure the tie lines. Predetermined mixtures
were agitated with a magnetic stirrer and allowed to stand for 6 h. After this process, the
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formation of two phases with well-defined interfaces is observed. Samples from each phase
were collected for subsequent quantifications.

The samples were injected in triplicate into a gas chromatograph (Agilent, Model GC 7890)
equipped with an FID detector and a DB-WAX capillary column (30 m x 0.25 mm x 0.25 pm)
and split injection at a 1:80 ratio. The column temperature was 353.15 K for 1 min, pro-
grammed to increase at 40 K-min~! to 513.15 K, and maintained for 5 min. The injector and
detector temperatures were 513.15 K at 523.15 K, respectively. With a flow of H (carrier gas)
for 1.2 mL-min~! and 35 mL-min~"! for N (auxiliary gas). For the flame detector, 35 and
300 mL-min~! for H, and synthetic air, respectively. At least three measurements were
performed for each sample and phase. Mass balances were determined based on the total
system mass, phase, and overall composition. Owing to their low volatility (T = 323.15 K)
and NaSCN degradability, they were not detected, and the mass fractions were calculated
using the mass conservation law according to Yang et al. [15].

The method of normalizing the corrected areas was used to determine the compositions
of the areas, according to the methodology described by Song et al. [14]. Standard mixtures
were prepared and analyzed according to the method described by Grob [22]. Using the
values of the standard and analysis areas, it was possible to determine the mass fractions of
the compounds in the two phases formed in ELL.

2.3. Quality Test of the Experimental Data

The Hand [23] (Equation (1)) and Othmer-Tobias [21] (Equation (2)) correlations were
used because a consistency test cannot evaluate the tie-line data.

1 11
1n(w13> - A+Bln<w§1> (1)
01 w3
1— ol 1— ol
ln< ;”1>:A’+B’1n<ff2 2)
01 w3

where w! is the cyclohexane mass fraction in the raffinate phase, w} is the DMF mass

fraction in the raffinate phase, wl! is the DMF mass fraction in the extract phase, and wi!
is the mass fraction of benzene in the extract phase. Parameters A and B are from the
Hand correlation and parameters A’ and B’ are from the Othmer—Tobias correlation. The
correlation factor, R?, indicates the reliability of the experimental data [24-28].

2.4. Distribution Coefficient and Selectivity

The distribution coefficient (D) and selectivity for benzene in the DMF solution (S) were
calculated (Equations (3) and (4)) to evaluate the extraction performance of the extractants
in the aqueous phase.

D=2 3)

-(5) G ?

where w is the mass fraction; subscripts 1 and 2 refer to cyclohexane and benzene, respec-
tively; and superscripts I and II refer to the raffinate and extract phases, respectively.

3. Thermodynamic Modeling
Following the criterion of phase equilibrium, the fugacity of component I in liquid

phase 1 ( fiu) must be equal to the fugacity of the same component in liquid phase 2 ( fiLZ) ,
at constant pressure and temperature [29,30], as shown in Equation (5).
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L1 L1 L1 L1 L2 2 .12 L2
i (T,P,x1 ,xz,...xn>: i (T,P,x1 ,xz,...xn> (5)

Under equilibrium, the fugacity of component i can be expressed by the activity
coefficient i in both the liquid phases. The fugacities of the pure components in both liquid
phases are the same, and Equation (6) assumes a rigorous format for the liquid-liquid
phase equilibrium, as shown in Equation (7).

xiLl'yiLl (T, P, xfl, x%l, e x#)fio(T, P) = xiLz'yiLz (T, P, lez, x%z, e x,lgz)in(T,P) (6)

L1, L1 L1 L1 L1 L2, L2 L2 L2 L2
X7 (T,P,xl ,X5 e Xy ) = X7 (T,P,x1 S Xy, Xy ) (7)

To calculate the activity coefficient, mainly as a function of temperature and mixture
composition, local composition models, such as electrolyte non-Random Two-Liquids
(eNRTL) and modified UNIQUAC Functional-group Activity Coefficients (mUNIFAC),
were applied to correlate the experimental data of the liquid-liquid phase equilibrium.

3.1. eNRTL Model

The electrolyte NRTL model uses an infinitely diluted aqueous solution as the reference
state for ions. It adopts the Born Equation to transform the reference state of ions from
an infinitely diluted mixed-solvent solution to an infinitely diluted aqueous solution [31].
This model was reduced to the well-known NRTL model when the electrolyte concentration
was zero [32].

The eNRTL model, developed by Chen et al. [33], considers the contributions of the
activity coefficient of a species in solution, an NRTL-type local composition contribution,

7;£€, and a contribution to the Pitzer-extended Debye-Hiickel, 7;"PH

, which can be used for
molecular or ionic species. In this study, the activity coefficient of the solute, which is used

to calculate the Pitzer-extended Debye-Hiickel contribution, is as follows (Equation (8)):

2A 12/3
P = ®
X

where p* is the closest approach parameter, a ¢ is the Debye-Hiickel parameter, and I
is the ionic strength on the molar scale. Parameters were calculated using the method
described by Maia et al. [34]. The resulting equation for the activity coefficient is given by
(Equation (9)):

Iny; = ln'yiLC + lnfnyH 9)

3.2. mUNIFAC Model

The mUNIFAC model [35] is based on empirical modifications of UNIFAC [36,37].
The activity coefficient expression predicted by the mUNIFAC model was calculated
from the sum of the combinatorial and residual components (Equation (7)). However,
the difference from the original UNIFAC was based on modification of the contribution.
The original UNIFAC combinatorial part modified in the Dortmund model (mUNIFAC) is
a 3/4 exponent used to calculate the volume fraction [38]. A comprehensive explanation of
semi-empirical models and their equations were presented in [31,39,40].

4. Results and Discussion
4.1. Experimental Data

The experimental ternary LLE data obtained for the {cyclohexane (1) + benzene (2)
+ [DMF + NaSCN] (3)} system at 298.15 and 313.15 K at atmospheric pressure (~101 kPa)
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are presented in Table 2 (tie lines and overall composition) and shown in Figures 2-5.
The accuracy and precision of the experimental data were evaluated using type-A uncer-
tainty, which was calculated using the standard deviation of analytical measurements [41].
The uncertainties in the equilibrium compositions ranged from (0.07 to 0.33)% by mass
for cyclohexane, (0.05 to 0.42)% for benzene, and (0.03 to 0.56)% for the [DMF + NaSCN]
solution. The relative deviations for both temperatures in all the evaluated systems were
less than 0.5%.

Table 2. (Liquid + liquid) equilibrium data for the {cyclohexane (1) + benzene (2) + [DMF + NaSCN] (3)}
system at 298.15 K and 313.15 K, normal atmospheric pressure (P = 0.1 MPa), where w is the weight
fraction # and D;, is distributions coefficient of benzene and S is selectivity.

Experimental (Tie Lines)

Overall Composition

T (K) Cyclohexane Rich-Phase DMEF Rich-Phase D, S
W1b Zl)zb ZU3b ZU1b wa ZU3b w1b wa W3b
NaSCN =3 wt%
0.4581 0.4280 0.1138 0.8463 0.0820 0.0717 0.0959 0.0678 0.8363 0.83 7.31
0.4209 0.4144 0.1647 0.7660 0.1422 0.0917 0.0924 0.1200 0.7881 0.84 7.05
0.3682 0.4109 0.2209 0.7199 0.1687 0.1114 0.1248 0.1529 0.7223 0.91 5.22
NaSCN =5 wt%
0.4906 0.4096 0.0998 0.8340 0.1090 0.0570 0.0960 0.0898 0.8142 0.82 7.21
0.4677 0.3725 0.1598 0.7558 0.1699 0.0743 0.1209 0.1509 0.7282 0.89 5.53
0.4240 0.3630 0.2130 0.6893 0.2136 0.0971 0.1362 0.2040 0.6598 0.96 4.81
0.3952 0.3259 0.2789 0.5937 0.2864 0.1199 0.1742 0.2683 0.5575 0.94 3.24
298.15
NaSCN = 8 wt%
0.4858 0.4566 0.0576 0.8827 0.0658 0.0515 0.0771 0.0580 0.8649 0.88 10.10
0.4695 0.4271 0.1033 0.8217 0.1236 0.0547 0.0959 0.0824 0.8217 0.67 5.74
0.4407 0.4006 0.1587 0.7419 0.1923 0.0658 0.1233 0.1226 0.7541 0.64 3.83
0.4134 0.3714 0.2152 0.6664 0.2561 0.0775 0.1440 0.1787 0.6773 0.70 3.27
NaSCN = 16 wt%
0.4683 0.4549 0.0768 0.8341 0.1035 0.0624 0.0455 0.0516 0.9029 0.52 9.18
0.4307 0.4383 0.1310 0.7293 0.2019 0.0688 0.0478 0.0771 0.8751 0.50 5.83
0.3904 0.4156 0.1940 0.6566 0.2638 0.0796 0.0455 0.1169 0.8376 0.38 6.40
0.2918 0.4637 0.2545 0.5556 0.3632 0.0812 0.0439 0.1474 0.8087 0.44 5.12
NaSCN = 3 wt%
0.4041 0.4328 0.1631 0.7689 0.1014 0.1297 0.1172 0.0863 0.7973 0.84 5.54
0.3547 0.4279 0.2174 0.6350 0.1889 0.1761 0.1315 0.1605 0.7091 0.85 4.10
0.3093 0.3921 0.2986 0.5480 0.2547 0.1973 0.2077 0.2131 0.5806 0.84 2.22
NaSCN = 5 wt%
0.4906 0.4096 0.0998 0.7814 0.0993 0.1203 0.0902 0.0892 0.8204 0.89 7.82
0.4677 0.3725 0.1598 0.7022 0.1751 0.1226 0.0944 0.1585 0.7480 0.90 6.75
0.4240 0.3630 0.2130 0.6476 0.2256 0.1282 0.1237 0.2021 0.6753 0.90 4.72
0.3952 0.3259 0.3000 0.5620 0.3130 0.1254 0.1313 0.2828 0.5882 0.90 3.95
313.15
NaSCN = 8 wt%
0.4697 0.4368 0.0934 0.8003 0.1114 0.0892 0.0819 0.0814 0.8384 0.73 7.20
0.4194 0.4164 0.1641 0.7161 0.1821 0.1027 0.0875 0.1457 0.7686 0.79 6.63
0.3767 0.3875 0.2358 0.6247 0.2658 0.1123 0.1027 0.2172 0.6813 0.82 5.03
0.3335 0.3465 0.3199 0.5373 0.3363 0.1281 0.1112 0.3060 0.5828 0.91 442
NaSCN = 16 wt%
0.4523 0.4574 0.0903 0.8112 0.0973 0.0915 0.0757 0.0847 0.8410 0.86 9.34
0.4131 0.4137 0.1732 0.7197 0.1811 0.0992 0.0835 0.1592 0.7582 0.88 7.67
0.3605 0.3806 0.2590 0.6128 0.2750 0.1122 0.0878 0.2433 0.6715 0.88 6.23
0.3038 0.3575 0.3387 0.5161 0.3730 0.1109 0.0892 0.3276 0.5853 0.88 5.18

The estimated standard error was < 1%. ? Standard uncertainties u are u(T) = 0.5 K, u(P) = 1 kPa, u(w) < 0.6 wt%.
b 25,: mass fraction of cyclohexane; w,: mass fraction of benzene; w3: mass fraction of DMFE.

4.2. Quality Test of the LLE Data

Before submitting the LLE experimental data to thermodynamic modeling, it was
necessary to analyze the quality of the data. Quality tests of the experimental values were
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performed using the Othmer-Tobias [21] and Hand [23] methods. The fitting parameters
and regression coefficients (R?) for each temperature are presented in Table 3. As shown,
regression coefficients above 0.98 were obtained for all datasets. This indicated the reliability
of the experimental LLE data obtained in this study.

Table 3. Hand and Othmer—Tobias correlation results.

Hand Othmer-Tobias
T (K) R2 A B T (K) R2 Al B
NaSCN 3 wt% NaSCN 3 wt%
298.15 0.9913 0.6172 —0.9287 298.15 0.9999 —0.8363 0.4846
313.15 0.9811 0.7197 —0.2038 313.15 0.9959 —1.0064 1.1536
NaSCN 5 wt% NaSCN 5 wt%
298.15 0.9898 0.7412 —1.0875 298.15 0.9932 —0.9293 0.5088
313.15 0.9856 0.2543 —1.3235 313.15 0.9946 —0.7353 0.4125
NaSCN 8 wt% NaSCN 8 wt%
298.15 0.9887 0.5154 —1.4809 298.15 0.9904 —1.0489 0.9555
313.15 0.9935 0.4582 —1.1491 313.15 0.9985 —0.7738 0.4786
NaSCN 16 wt% NaSCN 16 wt%
298.15 0.9972 0.5701 —0.9693 298.15 0.9813 —1.1416 1.7481
313.15 0.9823 0.384 —1.3253 313.15 0.9948 —0.8366 0.5061

In Figure 2, the Hand and Othmer-Tobias equations are represented for both temperatures
and four salt compositions. As shown in Table 3, the R? values were close to 1.00. This is
corroborated in Figure 2, where linear behavior for both equations (2 A and 2 B) can be observed.

0.0 T T T T T

-054{ (Ap o -
-1.0 s : -

-1.54

3,

-2.04

ln(wI/wu)

-2.54

0.0

1.0 T T T T T T

054 (Ap) -
0.0 -
-0.5 -
-1.04

-1.5

In ((l_wl,l) / wl,I))

-2.0 1

-2.5 T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Il ((1=20y, p) / wy 1)

Figure 2. Correlations for the ternary {cyclohexane (1) + benzene (2) + [DMF + NaSCN
(16 wt%)] (3)} system for different weight fractions of the NaSCN in DMF at T = 298.15 K
[(H) 3 wt%; (o) 5 wt%; (A) 8 wt%; (V) 16 wt%] and T = 313.15 K [(J) 3 wt%; (O) 5 wt%,;
(&) 8 wt%; (V) 16 wt%]: (A1): Hand and (A;) Othmer-Tobias.
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4.3. Separation Factor and Distribution Coefficient

Figures 3-5 show the selectivity and distribution coefficients (D1 and D2) against
benzene and cyclohexane compositions in the diluent phase (raffinate), respectively. It is
important to note that the relationship between these parameters was almost linear in all
cases, at different temperatures and salt compositions.

12 e p—p—— 12 T T T
(Al) < E (Az) <
104 10+ -
8- 84 -
%) 64 Y 61 -
®
44 44 -
24 < 24 -
0 v T v T v T v 0 T T )
00 01 02 03 04 0.0 01 02 03 04
wz, 1 wz, I

Figure 3. Selectivity coefficient (S) of benzene in the raffinate phase (I) at temperatures (A7) T =298.15K
and (Ap) T = 313.15 K for different weight fractions of the NaSCN in DMF: (m) 3 wt%; () 5 wt%;

(&) 8 Wt%; (V) 16 wt%.

1.2 v L} v L} v 1 ) 1-2
@A) | A)
1.0- - 1.0- g
[ )
0.8 . 0.8 g
o
R N
0.6 - 0.6 g
\/v\v
0.4 v . 0.4 g
0.2 +——F—v—F——1— 1 S —
0.0 0.1 02 03 04 0.0 0.1 02 03 0.4
wz,I wz,I

Figure 4. Distribution coefficient (D;) of benzene in the raffinate phase (I) at temperatures (Ap)
298.15 K and (A3) 313.15 K for different weight fractions of the NaSCN in DMF: (w) 3 wt%; () 5 wt%;
(A) 8 Wt%; (V) 16 wt%.



ChemEngineering 2025, 9, 18

9of 17

0.6 Tr—r—-—y—————v— 0.6 Tr——-7—+—1—

A) 1 1 A)
0.54 b 0.5+ T
0.44 4 041 -

Q Q]
0.34 4 0.3+ b
0.2 4 0.2 4 b
0.1 ‘\Fv\v b 0.1+ 4
0.0 +—>—7—"—7 0.0 +f4r—>—"s—"-—"
0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0
w
N 4 w LI

Figure 5. Distribution coefficient (D7) of cyclohexane in the raffinate phase (I) at temperatures (A1)
298.15 K and (Aj) 313.15 K for different weight fractions of NaSCN in DMF: () 3 wt%; () 5 wt%,;
(A) 8 Wt%; (V) 16 wt%.

The values obtained for the selectivity (see Table 2) were similar to those obtained
by Dong et al. [20]. For all evaluated systems, the selectivity values were higher than 1,
indicating that the DMF solution (DMF + NaSCN) was preferably solubilized in the extract
phase (rich in solvent) and could separate the cyclohexane/benzene mixture.

4.4. Thermodynamic Modeling Results

Table 4 presents the temperature-dependent binary interaction parameters (energies)
as functions of temperature Ag;;/R for the eNRTL model. The non-randomness parameters
o for the eNRTL model obtained for the interactions of components i and j are presented in
Table 5.

Table 4. Binary interaction parameters, Agij/R, for the eNRTL model.

ilj Cyclohexane Benzene DMF NaSCN
Cyclohexane 0.00 —2142.55 +162.17/T —1740.34 + 89.72/T —2382.48 +102.30/T
Benzene —1928.41 +281.92/T 0.00 —1506.45 + 85.07/T —1805.82 +113.35/T
DMF —2675.23 + 153.38/T —1510.28 + 162.20/T 0.00 —1865.22 + 236.37/T
NaSCN —2341.74 + 336.75/T —1845.33 + 160.48/T —1592.74 + 226.27/T 0.00

Table 5. Non-randomness parameter for the eNRTL model.

i

j o
Cyclohexane Benzene 0.2845
Cyclohexane DMF 0.2941
Cyclohexane NaSCN 0.3654
Benzene DMF 0.2748
Benzene NaSCN 0.3241
DMF NaSCN 0.3514

The mUNIFAC model requires geometric and interaction parameters to predict LLE

using the group contribution method. The parameters of the mUNIFAC group are listed
in Table 6. The groups and subgroups were obtained from the cyclohexane, benzene,
DMEF, and NaSCN structures. The mUNIFAC interaction parameters for these groups are
presented in Table 7. All parameters were obtained from a study by Gmehling et al. [35].
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Table 6. Group volume (Ry) and surface (Qk) parameters.
Group Subgroup Ry (o)
CH, CH 0.4469 0.2280
ACH ACH 0.5313 0.4000
DMF DMF 3.0856 2.7360
Na*® Na 3.0000 3.0000
SCN~ (%) SCN 1.9446 1.1752
(*) reference [42]; (**) reference [43].
Table 7. mUNIFAC group interaction parameters.
m N amn (K) bmn ¢mn (K1) dnm ¢nm (K~1)
CH ACH 1142.8 —4.410 0.001041 —1468.3 0.000841
CH DMF 1840.4 —-3.293 0.002021 —88.6 0.000124
CH Na+ 2845.1 —0.465 0.00 -317.3 0.00
CH SCN™ 2664.3 —0.834 0.00 —181.6 0.00
ACH DMF —1251.6 2.342 0.001521 158.3 0.000074
ACH Na+ 2338.7 —0.335 0.00 —109.8 0.00
ACH SCN™ 2603.5 —0.636 0.00 —201.5 0.00
DMF Na+ 2412.0 —0.841 0.00 —175.6 0.00
DMF SCN™ 2674.3 —0.556 0.00 —181.1 0.00

The binary and group interaction parameters for the eNRTL and mUNIFAC models
were obtained by minimizing the objective function represented by Equation (10) using the
Levenberg-Marquardt algorithm [44].

2 2
exp 1 exp 1
D Nk (T]k - T C) Ck=1 (xi,j,k - xf”j’,f)

OF=) ) |——""+ -— (10)
== OT. k =1 U’x.,k
=1y jr 1 1],

where D is the number of datasets, Nk and Ck are the number of data points and compo-

nents in dataset k, respectively, T is the temperature, x is the mole fraction in the extract

phase, and o is the observed standard deviation.

The experimental liquid-liquid equilibrium data were correlated with the estimated
binary and group interaction parameters. The results were expressed in terms of the
mean deviations between the experimental and calculated compositions for both phases
(Equation (11)) are listed in Table 8.

Table 8. Mean deviations between the experimental and calculated compositions for the
{cyclohexane + benzene + [DMF + NaSCN]} system for several NaSCN compositions.

NaSCN ARD (%)
T (K) >
(Wt%) eNRTL mUNIFAC
3 0.38 0.75
5 0.51 0.81
298.15 8 0.64 0.86
16 0.41 0.91
3 0.36 0.81
5 0.34 0.76
313.15 8 0.48 0.80
16 0.43 0.78

2 2
Nk v«Ck—1 Lexp I,calc ILexp I1,calc
bl IR CT

ARD(%) =1
(%) = 100 NG

(11)
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To illustrate the LLE behavior of the correlated models, Figures 6-9 plot the tine lines
in terms of the mass fractions of the ternary mixture for several mass fractions of NaSCN,
at 298.15 and 313.15 K, respectively.

Benzene (2)

0.00
1.00

A1

1.00
> L 0.00
0.00 0.25 0.50 0.75 1.00
Cyclohexane (1) DMF (3)
A2 Benzene (2)
0.00
1.00

1.00
€ 0.00
0.00 0.25 0.50 0.75 1.00

Cyclohexane (1) DMF (3)

Figure 6. (Liquid + liquid) equilibrium data for the {cyclohexane (1) + benzene (2) + [DMF + NaSCN
(3 wt%)] (3)} system at temperatures (A1) 298.15 K and (Az) 313.15 K: (®) binodal curve; (@) global
composition; ( ) experimental tie lines; (@) calculated (mMUNIFAC) tie lines; (@) calculated

(eNRTL) tie lines.
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B1 Benzene (2)

0.00
1.00

1.00
0.00
0.00 0.25 0.50 0.75 1.00
Cyclohexane (1) DMF (3)
B2 Benzene (2)
0.00
1.00

1.00
¢ 0.00
0.00 0.25 0.50 0.75 1.00
Cyclohexane (1) DMF (3)

Figure 7. (Liquid + liquid) equilibrium data for the {cyclohexane (1) + benzene (2) + [DMF + NaSCN
(5 wt%)] (3)} system at temperatures (B1) 298.15 K and (B;) 313.15 K: (®) binodal curve; (@) global

composition; (
(eNRTL) tie lines.

) experimental tie lines; (~®) calculated (mUNIFAC) tie lines; (@) calculated



ChemEngineering 2025, 9, 18 13 of 17

c1 Benzene (2)
0.00

1.00

€ L 0.00
0.00 0.25 0.50 0.75 1.00
Cyclohexane (1) DMF (3)
c2 Benzene (2)
0.00
1.00

1.00
€ £ 0.00
0.00 0.25 0.50 0.75 1.00

Cyclohexane (1) DMF (3)

Figure 8. (Liquid + liquid) equilibrium data for the {cyclohexane (1) + benzene (2) + [DMF + NaSCN
(8 wt%)] (3)} system at temperatures (Cq) 298.15 K and (C) 313.15 K: (®) binodal curve; (@) global
) experimental tie lines; (~®@) calculated (mUNIFAC) tie lines; (@) calculated

composition; (
(eNRTL) tie lines.
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Benzene (2)

D1 0.00

1.00

1.00 3
¢ 0.00
0.00 0.25 0.50 0.75 1.00
Cyclohexane (1) DMF (3)

D2 Benzene (2)

0.00
1.00

1.00

€ 0.00
0.00 0.25 0.50 0.75 1.00
Cyclohexane (1) DMF (3)

Figure 9. (Liquid + liquid) equilibrium data for the {cyclohexane (1) + benzene (2) + [DMF + NaSCN
(16 wt%)] (3)} system at temperatures (D) 298.15 K and (D;) 313.15 K: (®) binodal curve; (@) global
) experimental tie lines; (~®@") calculated (mUNIFAC) tie lines; (@) calculated

composition; (
(eNRTL) tie lines.

The ternary figures show that the miscibility region of the systems at the two temper-
atures studied (298.15 K and 313.15 K) increased when the concentration of NaSCN was
high. In general, the greater the amount of salt, the lower is the amount of DMF solution
(DMEF + NaSCN) required to extract the cyclohexane/benzene system.
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5. Conclusions

LLE experimental data were obtained for the cyclohexane (1) + benzene (2) + [DMF +
NaSCN] (3)} system at 298.15 and 318.15 K and atmospheric pressure. The experimental
data indicate that the phase behavior of the system is type I (only one binodal curve).
The quality tests were performed using the Hand and Othmer-Tobias correlations, which
indicated that the observed experimental tie-line data were coherent and accurate. For
thermodynamic modeling, the eNRTL and mUNIFAC activity models and the gamma-
gamma approach were used to correlate the experimental data. The models correlated
satisfactorily with the LLE experimental data, with a root-mean-square deviation of < 0.91%.
The parameters of the selectivity and distribution coefficient showed values in the order of
their highest value of 10.1 and a distribution coefficient very close to 0.9, which indicates
a good distribution of benzene for the extract phase, providing a low solvent/feed ratio
and decreasing the stages for the separation between cyclohexane and benzene. It is also
important to highlight the influence of temperature on benzene separation. When the
temperature was 298.15 K, the degree of extraction was slightly better than at 313.15 K,
which is due to the higher values of the selectivity coefficients, also called separation factors.

It is necessary for a subsequent regeneration of the solvent (after extraction) and post-
purification of the target component. Because DMF forms an azeotrope with cyclohexane,
it is recommended to use an azeotropic distillation process by adding another component
to generate a new, lower-boiling azeotrope that is heterogeneous (e.g., producing two
immiscible liquid phases).
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