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This study describes the separation of ethanol from an aqueous solution using 
liquid-liquid extraction. Two ternary systems, water–ethanol–2–butanone and water–eth-
anol–diethyl ether, were investigated at 291.15 K and atmospheric pressure using the 
cloud point method. Both ternary systems had a type 1 liquid-liquid equilibrium diagram. 
The experimental tie-line data were correlated using the non-random two-liquid (NRTL) 
thermodynamic model and the Hand correlation. The separation factors and distribution 
coefficients were calculated to evaluate the separation performance. The selectivity dia-
gram was also used to determine the most suitable solvent for ethanol separation. Among 
the two solvents studied, diethyl ether exhibited the best capability for extracting ethanol 
from aqueous solution in this study.
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Introduction

In the 21st century, alcohol-derived fuels have 
increasingly been recognised as a potential solution 
for promoting clean energy, aiming to combat cli-
mate change and limiting greenhouse gas emis-
sions.1 They are therefore recognised as valuable 
alternatives to fossil-derived liquid fuels2 and as 
crucial components in the manufacture of other bio-
fuels, including biodiesel and bioethers.3 The most 
frequently used alcohol-based fuels are methanol, 
ethanol, and biobutanol.1

Ethanol is produced by fermenting agricultural 
products such as corn, sugarcane and manioc.4,5 
However, one of the main challenges is that bioeth-
anol is produced in an aqueous solution and must be 
dehydrated before it can be used as fuel.3 The re-
covery of anhydrous ethanol from the fermentation 
broth by distillation requires a considerable amount 
of energy.6,7 Moreover, it is not possible to obtain a 
degree of purity greater than 95 % by distillation 

because of the azeotropic peak.5 One possible meth-
od for achieving higher purity is liquid-liquid ex-
traction, or solvent extraction. Solvent extraction 
processes provide considerable energy savings in 
the recovery of fermentation products and the sepa-
ration of azeotropes.7,8 The choice of highly selec-
tive and effective solvents is therefore important for 
such extraction processes.

Liquid-liquid equilibrium data are also neces-
sary for the design and simulation of extraction pro-
cesses. Previous studies have reported liquid-liquid 
equilibrium data (LLE) for ternary systems com-
prising ethanol and water with different solvents 
and at different temperatures.3,9,10 However, no LLE 
data have previously been reported for the ternary 
systems of water–ethanol–solvent at 291.15 K. The 
selection for 291.15 K in this work represents real-
istic ambient operating conditions in industrial ex-
traction units, allowing process performance to be 
evaluated without the energy penalty associated 
with artificial heating or cooling. Moreover, al-
though more effective structural solvents exist for 
ethanol separation, diethyl ether and 2-butanone 
were strategically selected due to their high volatil-
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ity (boiling points of 34.6 °C and 79.6 °C, respec-
tively).11 This low boiling point drastically facili-
tates subsequent solvent recovery by low-temperature 
flash distillation, thereby minimising the overall 
thermal energy demand of the separation process. 
Regarding alternative separation methods, ex-
tractive or azeotropic distillations are widely ap-
plied but are highly energy-intensive and often in-
volve highly toxic entrainers. Liquid-liquid 
extraction at 291.15 K can serve as an energy-effi-
cient primary concentration step for dilute aqueous 
streams, such as fermentation broths, by avoiding 
the need to vaporise bulk water and enabling the 
design of less energy-intensive hybrid separation 
processes. Although several studies have investigat-
ed the liquid–liquid equilibrium (LLE) or vapor–
liquid–liquid equilibrium (VLLE) of the ternary 
systems involving water–ethanol–2-butanone12,13 
and water–ethanol–diethyl ether14,15 across various 
temperature ranges, experimental data at exactly 
291.15 K remain unavailable in the literature. Al-
though thermodynamic models with tempera-
ture-dependent parameters allow the mathematical 
extrapolation of LLE at lower temperatures, such 
predictive calculations often exhibit nonlinear devi-
ations near the binodal curve due to the strengthen-
ing of competitive hydrogen bonding at 291.15 K. 
Therefore, the new experimental data reported here-
in provide a critical validation benchmark for veri-
fying the accuracy of such simulated recalculations.

In this study, the LLE data for the two ternary 
systems: water–ethanol–2-butanone and water–eth-
anol–diethyl ether were experimentally determined 
at 291.15 K under atmospheric pressure using the 
cloud point method. The experimental LLE data for 
the ternary systems were correlated using the NRTL 
thermodynamic model and the Hand equation. The 
distribution coefficients and separation factors were 
calculated to assess the extraction capability of 
2-butanone and diethyl ether for separating ethanol 
from aqueous solutions. A comparison of the two 
solvents, 2-butanone and diethyl ether, at 291.15 K 
was also performed. Thus, this study provides valu-
able insights for the design and simulation of wa-
ter–ethanol separation processes.

Experimental

Materials

All materials used in this study were of analyt-
ical grade, as shown in Table 1. The purity of all 
materials was provided by the supplier and con-
firmed by refractive index measurements. Distilled 
water with a GFL 2001/4 distiller was used for all 
experiments.

Experimental procedure

The solubility curves for the two ternary sys-
tems, water–ethanol–2-butanone and water–etha-
nol–diethyl ether, were determined at 291.15 K and 
atmospheric pressure using the cloud point meth-
od.19 The cloud point of the water-rich phase or side 
was determined by titrating the binary water–etha-
nol mixture with the solvent (2-butanone or diethyl 
ether). The mixture was stirred in a glass equilibri-
um vessel fitted with an isothermal double jacket to 
maintain a constant temperature. The equilibrium 
vessel was magnetically agitated, and the tempera-
ture was measured using a mercury thermometer 
with a precision of ± 0.1 K. The cloud point of the 
solvent-rich phase or side was obtained by titrating 
the binary solvent–ethanol mixture with water in 
the same equilibrium vessel. The endpoint of titra-
tion was determined by observing the transition of 
the mixture from a clear to a turbid state. Cloud-
point stability was verified by allowing the mixture 
to stand for five minutes at the endpoint. The refrac-
tive index (nD) of the turbid mixtures, representing 
points on the mutual-solubility curve, was measured 
using a refractometer type OPTi® Digital Handheld 
± 0.2 Brix and recorded as a function of composi-
tion. The mixtures were carefully weighed using an 
analytical precision balance (KERN ABJ220-4NM) 
with an accuracy of ±0.0001 g.

The tie-line data were obtained by vigorously 
mixing a known compositions of the pure compo-
nents (water, ethanol, and solvent) in the equilibri-
um vessel, which was maintained at a constant tem-
perature of 291.15 K for 2 h. The mixtures were 
then allowed to stand for 24 h until two phases, 

Ta b l e  1 	– 	Physicochemical of the pure materials 

Component Supplier Purity (%)
Molecular weight

(g mol–1)
Density
(kg m–3)

Refractive index (nD)

Exp Lit

Ethanol Biochem 99.9 46.07 0.789 1.3640 1.3621 16 

2-Butanone Honeywell ≥ 99 72.11 0.805 1.3800 1.3768 17 

Diethyl ether Merck ≥ 99.5 74.12 0.714 1.3560 1.3524 15 

Water – – 18.02 1.000 1.3329 1.3330 18
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aqueous and organic, appeared at equilibrium. Sam-
ples were subsequently taken from each phase at 
equilibrium, and the refractive index of the two 
phases, in equilibrium, was measured. Three inde-
pendent samples were taken from each phase and 
subsequently measured to ensure repeatability.

Standard deviation

To evaluate the uncertainty of the measure-
ment, the standard deviation was determined in ac-
cordance with the Guide to the Expression of Un-
certainty in Measurement (GUM).20 The appropriate 
calculation formulas are given as follows:20,21
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where S represents the experimental standard devia-
tion, u is the standard uncertainty, n is the number 
of experiments, qj is to the jth experimental value,  
q– is the average value of qk (of the experiments).

Results and discussion

Liquid-liquid equilibrium results

Tables 2––3 list the data for the solubility 
curves and the experimental tie lines for the ternary 
systems water–ethanol–2-butanone, water–ethanol–
diethyl ether at 291.15 K under atmospheric pres-
sure, where wi

I and wi
II refer to mass fraction of the 

ith component in the water-rich phase (aqueous or 
raffinate phase) and solvent-rich phase (organic or 
extract phase), respectively.

The phase diagrams of the ternary systems wa-
ter–ethanol–2-butanone and water–ethanol–diethyl 
ether are presented in Figs. 1 and 2. As classified by 
Treybal,22 the two ternary systems studied exhibited 
type I behaviour. Indeed, two distinct regions can 
be identified: one homogeneous and the other het-
erogeneous, separated by the solubility curve. Both 
water–2-butanone and water–diethyl ether were 
partially miscible, while the liquid pairs ethanol–
water and ethanol–solvent were miscible.

The tie-lines in Figs. 1 and 2 have a positive 
slope towards the solvent-rich phase, indicating that 
both solvents, 2-butanone and diethyl ether, have 
greater affinity for ethanol than for water. There-
fore, both 2-butanone and diethyl ether are suitable 
for the liquid–liquid extraction of ethanol from 
aqueous solutions.

Ta b l e  2 	– 	Experimental binodal-curve data in mass fractions for water (1)- ethanol (2)- 2- butanone or diethyl ether (3) ternary 
systems at 291.15 K 

water (1)-ethanol (2)- 2-butanone (3) water (1)-ethanol (2)- diethyl ether (3)

w1 w2 w3 w1 w2 w3

0.7564 0.0000 0.2436 0.8751 0.0000 0.1249

0.6888 0.0340 0.2772 0.8321 0.0492 0.1187

0.6403 0.0565 0.3032 0.7789 0.0904 0.1307

0.5966 0.0672 0.3362 0.6992 0.1491 0.1517

0.5456 0.0828 0.3716 0.6396 0.1893 0.1711

0.4994 0.0985 0.4021 0.5652 0.2169 0.2179

0.4492 0.1042 0.4466 0.4547 0.2314 0.3139

0.3865 0.1080 0.5055 0.3467 0.2303 0.4230

0.3005 0.0948 0.6047 0.2341 0.2010 0.5649

0.2440 0.0825 0.6735 0.1639 0.1616 0.6745

0.2205 0.0696 0.7099 0.1289 0.1356 0.7355

0.1628 0.0413 0.7959 0.0984 0.0870 0.8146

0.1092 0.0115 0.8793 0.0579 0.0527 0.8894

0.0765 0.0000 0.9235 0.0273 0.0000 0.9727
aStandard uncertainties u are u(T) = 0.1 K,
u(w1) = 0.06 %, u(w2) = 0.009 %, u(w3) = 0.064 %

aStandard uncertainties u are
u(T) = 0.1 K, u(w1) = 0.54 %, u(w2) = 0.34 %, u(w3) = 0.80 %
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Ta b l e  3 	– 	Experimental tie-line data in mass fractions for water (1)- ethanol (2)-2- butanone or diethyl ether (3) ternary systems at 
291.15 K

water (1) -ethanol (2) -2-butanone (3)

Water-rich phase (raffinate phase) Butanone-2-rich phase (extract phase)

w1
I w2

I w3
I w1

II w2
II w3

II

0.7503 0.0062 0.2435 0.1750 0.0452 0.7798

0.7459 0.0092 0.2449 0.2072 0.0604 0.7324

0.7436 0.0107 0.2457 0.2313 0.0749 0.6938

0.7419 0.0121 0.2460 0.2411 0.0814 0.6775

0.7382 0.0148 0.2470 0.2834 0.0912 0.6254

0.7332 0.0183 0.2485 0.3024 0.1014 0.5962
aStandard uncertainties u are u(T) = 0.1 K, u(w1) = 0.19 %, u(w2) = 0.002 %, u(w3) = 0.20 % in raffinate phase, 
                        u(w1) = 0.019 %, u(w2) = 0.019 %, u(w3) = 0.0039 % in extract phase.

water (1)-ethanol (2)- diethyl ether (3)

Water rich phase (raffinate phase) Diethyl ether rich phase (extract or phase)

w1
I w2

I w3
I w1

II w2
II w3

II

0.8564 0.0249 0.1187 0.0456 0.0482 0.9062

0.8388 0.0425 0.1187 0.0955 0.0805 0.8240

0.8135 0.0637 0.1228 0.1102 0.1063 0.7835

0.7886 0.0809 0.1305 0.1278 0.1335 0.7387

0.7584 0.1063 0.1353 0.1792 0.1708 0.6500

0.7243 0.1304 0.1453 0.2363 0.1955 0.5682
aStandard uncertainties u are u(T) = 0.1 K, u(w1) = 0.99 %, u(w2) = 0.039 %, u(w3) = 0.13 % in raffinate phase,  
                        u(w1) = 0.079 %, u(w2) = 0.019 %, u(w3) = 0.099 % in extract phase.

F i g .  1 	–	 LLE phase diagram for water (1) – ethanol (2) – 
2-butanone (3) system at 291.15 K

F i g .  2 	–	 LLE phase diagram for water (1) – ethanol (2) – di-
ethyl ether (3) system at 291.15 K
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Fig. 3 shows a graphical comparison of the sol-
ubility curves of the two systems studied. The sur-
face area of the immiscibility region decreases in 
the following order: diethyl ether > 2-butanone.

A decrease in the solvent dielectric constant po
larity (dielectric constants e2–butanone = 18.56, ediethyl ether 
= 4.27)11 led to an increase in the area of the two-
phase region (heterogeneous phase), reflecting a re-
duction in mutual solubility of the components 
(high dielectric constants indicate increased solvent 
polarity). Furthermore, water was more soluble in 
the (2-butanone–ethanol) mixture than in the (diethyl 
ether–ethanol) mixture.

Liquid-liquid equilibrium calculation 
(correlation)

The non-random two-liquid (NRTL) equation 
was developed by Renon and Prausnitz;23 it is wide-
ly used in chemical thermodynamic studies to cal-
culate phase equilibrium and analyse material be-
havior.24 This model accurately reproduces the 
experimental data. For multi-component systems, 
the NRTL model is represented by the following 
equations:
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where gji–gii are the fitting interaction parameters, 
and ai j is the non-randomness parameter which was 
fixed at 0.2.

The quality of the fit was verified by calculat-
ing the root mean square deviation (RMSD) accord-
ing to the following Equation:24

 
 
	

( )
1/22 3

2exp cal

=1 =1 =1RMSD
6

M

ijk ijk
k j i

x x

M

é ù
ê ú-
ê ú

=ê ú
ê ú
ê ú
ë û

ååå
	 (7) 

 

The binary interaction parameters for the NRTL 
model were estimated from the experimental LLE 
data by minimising a suitable objective function 
(Equation 8), defined as the difference between the 
squared experimental and calculated mole fractions 
for each of the components.25,26
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where exp
ijkx  represents the experimental mole frac-

tion, cal
ijkx  is the calculated mole fraction, i, j and  

k represent the component, phase, and tie-line, re-
spectively, and M represents the number of tie-lines.

The RMSD value and all binary interaction pa-
rameters obtained for the ternary systems studied 
using the NRTL model are given in Table 4.

The tie-line data calculated using the NRTL 
model are also provided in Figs. 1 and 2. These fig-
ures show good agreement between the experimen-
tal and calculated (predicted) tie-line data.

To ensure the physical reliability and mathe-
matical robustness of the regressed binary interac-
tion parameters presented in Table 4, a global ther-
modynamic stability analysis was carried out. 
Following the topological criteria and methodology 

F i g .  3 	–	 Ternary LLE diagrams at 291.15 K for the water–
ethanol–2-butanone and water–ethanol–diethyl 
ether systems

Ta b l e  4 	– 	NRTL parameters and root-mean-square deviation 
(RMSD) for water-ethanol- solvents systems studied 
at 291.15 K

Component
RMSD

i-j Aij Aji

water (1)-ethanol (2)-2-butanone (3)

1–2 7.363 –3.363

3.449·10–21–3 1.602 18.166 

2–3 1.600 0.301

water (1)-ethanol (2)-diethyl ether (3)

1–2 4.354 –0.718

8.099·10–21–3 4388.734 5.840

2–3 3.089 –3.384
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emphasized in recent literature,27 the Gibbs energy 
of mixing expressions was evaluated over the com-
plete range of operational compositions.

The analysis confirmed that the calculated 
NRTL parameters reliably described the phase be-
haviour of the studied systems without generating 
false solutions or spurious phase splits (Figs. S1-S6 
of the Supplementary Information, available from 
the authors upon request).

To further verify the experimental methodolo-
gy employed in this study, the measured liquid–liq-
uid equilibrium (LLE) data at 291.15 K were bench-
marked against available literature values for the 
exact same ternary systems at temperatures close to 
the experimental temperature.

For the water (1) –ethanol (2) –diethyl ether (3) 
system, the experimental binodal curve was evalu-
ated alongside the literature values reported by 
Merzougui et al.15 at a slightly higher temperature 
of 293.15 K (Fig. S7 of the Supplementary Infor-
mation, available from the authors upon request).

Both datasets consistently exhibit a Type I be-
haviour according to Treybal’s22 classification, with 
a single partially miscible binary pair (water–dieth-
yl ether). The systematic overlay displays excellent 
geometric harmony and strict parallelism between 
the two binodal curves.

The high proximity and topographical agree-
ment of the experimental points across this narrow 
temperature interval (∆T = 2 K) successfully con-
firmed the accuracy and reproducibility of the cloud-
point technique used in this study.

For the water (1) –ethanol (2) –2-butanone (3) 
system, the comparative analysis with the data of 
Katayama and Amano12 at 298.15 K and 308.15 K 
revealed a distinct temperature-dependent behaviour 
(Fig. S8 of the Supplementary Information, avail-
able from the authors upon request). As the tem-
perature decreased to our experimental condition of 
291.15 K, a noticeable shrinkage of the heteroge-
neous two-phase region was observed, resulting in a 
lower binodal curve profile. This trend is in perfect 
agreement with the well-known thermophysical be-
haviour of the binary water–2-butanone system, 
which exhibited an inverse mutual solubility rela-
tionship within this temperature range. At lower 
temperatures, the mutual solubility between water 
and 2-butanone increased, thereby requiring a sig-

nificantly lower concentration of ethanol to com-
pletely homogenize the ternary system. This logical 
thermodynamic sequence and smooth continuity 
with established literature curves provide strong ev-
idence for the soundness and validity of our experi-
mental measurements.

Hand correlation was used additionally to test 
the experimental tie-line data, defined as follows17,28

	
II I
2 2
II I
3 1

log = log
w w

a b
w w

æ ö æ ö
ç ÷ ç ÷+ç ÷

è øè ø
	 (9)

where a and b are the parameters of Hand (the fit-
ting parameters), w is the mass fraction, subscripts 
1, 2, and 3 correspond to water, ethanol and solvent, 
respectively, and superscripts I and II refer to the 
water-rich phase (raffinate) and the solvent-rich 
phase (extract).

The fitting parameters for Equation (9) for each 
studied system are presented in Table 5. The Hand 
plots are shown in Fig. 4. The high linearity in Hand 
plots, in addition to the high values of regression 
factors, confirmed the absence of serious flaws or 
outliers in the experimental tie-line data.

Efficiency of ethanol extraction

The efficiency of ethanol extraction from aque-
ous solutions using 2-butanone and diethyl ether as 
solvents is determined in terms of the separation 
factor (S) as follows:29
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where D1 and D2 are the distribution coefficients of 
ethanol and water, respectively, w23 and w13 are the 
mass fractions of ethanol and water in the sol-

Ta b l e  5 	– 	Constants of Hand correlation for the ternary sys-
tems water – ethanol -solvents

Hand correlation

Solvent a b R2

2-butanone 1.8315 0.9626 0.9806

diethyl ether 0.6279 1.0077 0.9949

F i g .  4 	–	 Hand plots of ternary systems at T = 291.15 K
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vent-rich phase, respectively, w21 and w11 are the 
mass fractions of ethanol and water in the water-rich 
phase.

The experimental results for the separation 
factors and distribution coefficients are shown in 
Table 6.

The separation factor values are greater than 1 
(varying between 4.6 and 36.3), meaning that the 
solvents were more selective for the solute than for 
the diluent. Thus, the extraction of ethanol using 
2-butanone and diethyl ether is feasible. Higher 
separation factors were achieved with the diethyl 
ether system, suggesting a superior quantitative sep-
aration capacity. To evaluate this behaviour, sol-
vent-free selectivity diagrams were generated by 
plotting, in rectangular coordinates, the solute com-
position in the solvent-rich phase (extract) against 
the solute composition in the water-rich phase (raf-
finate) without the solvent, for each ternary system 
(Fig. 5). Fig. 5 reveals that both solvents exhibit 
close and comparable selectivity profiles across the 
composition range. The higher numerical values of 
the separation factors, combined with the wider im-
miscibility gap of the ether-containing system, indi-
cate that diethyl ether offers a slight advantage for 
the primary concentration of ethanol from aqueous 
solutions under the conditions studied.

To evaluate the industrial applicability and ex-
traction efficiency of the solvents investigated in 
this work (2-butanone and diethyl ether at 291.15 
K), their thermodynamic performance was com-
pared with that of alternative solvents reported in 
the literature at similar temperatures (293.15 K and 
303.2 K). The benchmarked systems included 
3-methyl-1-butanol;30 1-octanol, methyl isobutyl 

ketone (MIBK), ethyl acetate;5 and the hydrophobic 
ionic liquid 1-decyl-3-methylimidazolium bis(triflu-
oromethylsulfonyl)imide ([dmim][Tf₂N]).31 The 
corresponding comparative plots for the distribution 
coefficient (D2) and separation factor (S), expressed 
on a mass fraction basis, are provided in Figs. S9 
and S10 of the Supplementary Information, avail-
able from the authors upon request.

As illustrated in Fig. S9, diethyl ether exhibits 
an high distribution coefficient for ethanol (D2), 
ranging from 5.5 to 7.3, significantly outperforming 

Ta b l e  6 	– 	Experimental distribution coefficients of the (etha-
nol and water) and separation factors for the ter-
nary systems water (1)-ethanol (2)-solvents (3)

water (1)-ethanol (2)- 2-butanone (3)

D1 D2 S

7.2903 0.2332 31.2620

6.5652 0.2778 23.6328

7.0000 0.3111 22.5008

6.7273 0.3250 20.6994

6.1622 0.3839 16.0516

5.5410 0.4124 13.4360

water (1)-ethanol (2)- diethyl ether (3)

1.9322 0.0532 36.3195

1.8968 0.1138 16.6678

1.6696 0.1354 12.3309

1.6500 0.1621 10.1789

1.6073 0.2363 6.8019

1.4987 0.3263 4.5930

F i g .  5  – Solvent-free selectivity diagram of water–ethanol–solvents at 291.15 K

nificantly lower concentration of ethanol to com-
pletely homogenize the ternary system. This logical 
thermodynamic sequence and smooth continuity 
with established literature curves provide strong ev-
idence for the soundness and validity of our experi-
mental measurements.

Hand correlation was used additionally to test 
the experimental tie-line data, defined as follows17,28
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where a and b are the parameters of Hand (the fit-
ting parameters), w is the mass fraction, subscripts 
1, 2, and 3 correspond to water, ethanol and solvent, 
respectively, and superscripts I and II refer to the 
water-rich phase (raffinate) and the solvent-rich 
phase (extract).

The fitting parameters for Equation (9) for each 
studied system are presented in Table 5. The Hand 
plots are shown in Fig. 4. The high linearity in Hand 
plots, in addition to the high values of regression 
factors, confirmed the absence of serious flaws or 
outliers in the experimental tie-line data.

Efficiency of ethanol extraction

The efficiency of ethanol extraction from aque-
ous solutions using 2-butanone and diethyl ether as 
solvents is determined in terms of the separation 
factor (S) as follows:29
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where D1 and D2 are the distribution coefficients of 
ethanol and water, respectively, w23 and w13 are the 
mass fractions of ethanol and water in the sol-
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all other solvents considered. For 2-butanone, the 
distribution coefficient was comparable to those of 
conventional organic solvents.

In terms of separation capability (Fig. S10), 
diethyl ether demonstrates remarkably high sepa
ration factors in the dilute region. While MIBK 
maintains competitive selectivity at intermediate 
concentrations, the separation factor of 2-butanone 
is comparable to those of conventional organic sol-
vents reported in the literature, particularly in the 
high-concentration region where its selectivity 
aligns with the general decreasing trend observed 
for alternative extraction solvents. The solvents in-
vestigated in this study offer a balance between a 
high distribution coefficient and high selectivity, 
specifically in the case of diethyl ether. This out-
standing selectivity guarantees the extraction of eth-
anol with highly minimised water co-extraction, 
which is a crucial requirement to efficiently bypass 
the water–ethanol azeotrope.

Conclusion

In this study, the liquid-liquid equilibrium for 
ternary systems water–ethanol–2-butanone and 
water–ethanol–diethyl ether was investigated at  
T = 291.15 K and atmospheric pressure. According 
to the experimental results, both ternary systems ex-
hibit type I behaviour according to the Treybal clas-
sification. The heterogeneous region decreases in 
the follow order: diethyl ether > 2-butanone, which 
is consistent with the higher mutual solubility of 
2-butanone and water compared to diethyl ether. The 
positive slope of the tie-lines for the two studied 
systems towards the solvent-rich phase shows that 
both solvents are suitable for extraction of ethanol.

The NRTL model was used to predict the ex-
perimental data, where good agreement was found 
between the experimental and calculated tie-line 
data with an average RMSD of 3.449·10–2 and 
8.099·10–2 for the ternary systems water-etha-
nol-2-butanone and water-ethanol-diethyl ether, re-
spectively. The experimental tie-line data (LLE 
data) were verified by the Hand equation. All sepa-
ration factors exceeded unity. The higher separation 
factor values, reaching a maximum of 36.3, reflect 
that diethyl ether is an effective solvent for extract-
ing ethanol from its aqueous solution among the in-
vestigated systems, as confirmed by the solvent-free 
selectivity diagram.
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N o m e n c l a t u r e

a, b	 –	 Hand’s parameters
D1	 –	 distribution coefficients of ethanol
D2	 –	 distribution coefficients of water
g	 –	 fitting parameters
i	 –	 component
j	 –	 experience; phase
k	 –	 tie-line
OF	 –	 objective function
q–	 –	 average values of the experiments, qk

R2	 –	 regression factor
S	 –	 separation factor
T	 –	 temperature
u	 –	 standard uncertainty
w	 –	 mass fraction
x	 –	 mole fraction
a	 –	 non-randomness parameter
e	 –	 dielectric constant

A b b r e v i a t i o n s

NRTL	 –	 non-random two-liquid
RMSD	 –	 root mean square deviation
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