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A B S T R A C T   

We present an easily accessible, open-access approach for fast pre-selection of solvents for extractive distillation 
at isobaric and isothermal conditions. The method uses the three-component Margules equation, which can 
predict vapor–liquid equilibria (VLE) in ternary systems with the infinite dilution activity coefficients, γ∞

i , as sole 
input parameters. This approach is accessible for anybody regardless of the availability of process simulators or 
other dedicated software to predict VLE, and can be combined with open access γ∞

i to perform solvent screening. 
This approach shows a deviation in VLE of <5% for non-hydrogen bond donating mixtures, while for highly 
dissimilar (e.g. alkane – alcohol) mixtures the deviation can be >10%. The presented method identifies mo-
lecular solvents for case studies where the same or similar solvents have also been reported in literature or are 
already applied on the industrial level, showing realistic pre-selection outcomes. Furthermore, small, cyclic, 
polar, molecular solvents are identified to induce preferential interactions and several structurally similar sol-
vents, e.g. ethylene carbonate, dihydrolevoglucosenone and y-valerolactone, are identified to be potential 
alternative solvents. Among the ionic liquids (ILs) and deep eutectic solvents (DESs), the morpholinium and 
ammonium structures are identified to have the highest potential for increasing relative volatilities, they also 
show lower toxicity than other cations. This method thus proves to be able to perform early-stage pre-screening 
among new classes of solvents which generates information on the minimum required solvent to feed ratio 
(SFmin) for energy-efficient distillation from γ∞

i obtained by measurement or from literature.   

1. Introduction 

Several chemical separations have been identified by Sholl and 
Lively [1] which, if replaced by more energy-efficient alternatives, 
would imply a huge leap forward towards a more sustainable society, 
considering that 10–15% of the world’s energy usage originated from 
separation processes [1]. Being membrane scientists, Sholl and Lively 
proposed mostly membrane separations as possible improvements, and 
for some of the mentioned separations the suggested potential gain is 
seen as too optimistic and a similar or even better gain can be obtained, 
for instance, by using heat-pump assisted distillation [2]. Nevertheless, 
for some of the challenges, e.g. the aromatics/aliphatics separation, al-
ternatives for traditional distillation appear to be interesting and 
solvent-based separation processes can be very effective and efficient 
[1]. 

Most separations rely on the addition of heat in a distillation tower. 

Although these towers are often highly effective [2] and well-known to 
the engineers in industry, if the mixture properties are unfavorable 
distillation can be a very energy-intensive and costly operation [3]. A 
known modification in distillation operation is the addition of an affinity 
agent, or solvent, to enhance the separation. This modification is called 
extractive or azeotropic distillation depending on the volatility of the 
solvent [4]. 

Separation processes using affinity agents are well-known in the 
chemical industry. For instance, state-of-the-art solvents in the petro-
leum industry include Sulfolane [5], N-methylpyrrolidone (NMP) [6] 
and N,N-dimethylformamide (DMF) [7]. Unfortunately, Sulfolane, NMP 
and DMF are toxic and/or difficult to degrade in the environment 
[8–12]. All solvents are subjected to chemical legislation (REACH) [13]. 
The REACH classification in combination with environmental laws re-
stricts the solvent choice, and can also be a trigger to search for green, 
alternative, environmentally less toxic solvents, which can still enhance 
the energy efficiency of distillation operations and thus cause energy- 
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savings [14–16]. Next to these specific examples, many new challenges 
will appear in the next years due to the required shift towards a more 
bio-based economy. For many of the new separations in the bio-based 
processes, solvent-enhanced distillations are likely to yield effective 
fractionation processes. 

Solvent identification is however not straightforward. Countless 
solvent selection or computer-aided molecular design (CAMD) strategies 
are already described [17–19], however, these strategies generally 
require a specific interactive tool [20], the UNIFAC mathematical 
framework [21,22] present in commercial software such as Aspen Plus, 
the COSMO-RS software [21,23,24] and/or specialized software to solve 

mixed-integer nonlinear programming (MINP) problems [25]. Besides 
software-based approaches, experiment-based solvent identification 
methods that are relatively light in terms of labor intensity have recently 
been reported, which include approaches making use of spectroscopy 
[26] and isothermal calorimetry [27]. 

Approaches based on dedicated commercial software packages or 
dedicated experimental techniques may not be accessible for all people 
who wish to develop new solvent-assisted distillations. Therefore, with 
this work, we present an extension to the pre-selection method based on 
visualization of trends in infinite dilution activity coefficients, γ∞

i [28]. 
In that method, the visualized trends give good insights into solvent 

Nomenclature 

Ionic Liquids (cations) 
[(BzM)MIM]+ 1-benzyl-3-methylimidazolium 
[(ClE)MIM]+ 1-(2-chloroethyl)-3-methylimidazolium 
[(HOE)MIM] or [HO-EMIM]+ 1-(2-hydroxyethyl)-3- 

methylimidazolium 
[(HOP)MIM]+ 1-(3-hydroxypropyl)-3-methylimidazolium 
[(HOP)MMor]+ or [HO-PMMor]+ 1-(3-hydroxypropyl)-1- 

methylmorpholinium 
[4BMPy]+ 4-methyl-n-butylpyridinium 
[BMIM]+ 1-butyl-3-methylimidazolium 
[BMMOR]+ 1-butyl-1-methylmorpholinium 
[BMPIP]+ 1-butyl-1-methylpiperidinium 
[BMPyr]+ 1-butyl-1-methylpyrrolidinium 
[CpMIM]+ 1-(3-cyanopropyl)-1-methylimidazolium 
[CpMPyr]+ 1-(3-cyanopropyl)-1-methylpyrrolidinium 
[EMIM]+ 1-ethyl-3-methylimidazolium 
[EMMOR]+ 1-ethyl-1-methylmorpholinium 
[HO-EMPyr]+ 1-hydroxyethyl-1-methylpyrrolidinium 
[HO-PPy]+ 1-(3-Hydroxypropyl)pyridinium 
[MMIM]+ 1,3-dimethylimidazolium 
[MP = IM]+ 1-allyl-3-methylimidazolium 
[N1,1,1,2OH]+ trimethylhydroxyethyl ammonium or choline 
[N1,1,2,2OH]+ dimethylethylhydroxyethyl ammonium 
[N3,3,3,3]+ tetrapropyl ammonium 
[OMIM]+ 1-octyl-3-methylimidazolium 
[Py]+ pyridinium 

Ionic Liquids (anions) 
[BF4]− tetrafluoroborate 
[BOB]− bis(oxalato)borate 
[Br]− bromide 
[Cl]− chloride 
[DCA]− dicyanamide 
[DEP]− diethylphosphate 
[EOESO4]− ethoxyethylsulfate 
[EPO3H]− ethylphosphonate 
[ESO4]− ethylsulfate 
[LA]− lactate 
[MDEGSO4]− diethylenegycol monomethyl ether sulfate 
[MSO3]− methylsulfonate 
[MSO4]− methylsulfate 
[NTf2]− bis(trifluoromethylsulfonyl)imide 
[SCN]− − thiocyanate 
[TCM]− tricyanomethanide 
[TFA]− trifluoroacetate 

Symbols 
ADT average deviation of temperature 
ADx average deviation of mole fraction 

Aij binary interaction coefficient between compounds i and j 
Aijk ternary interaction coefficient between compounds, i, j and 

k 
αID ideal relative volatility 
αij relative volatility of compound i over compound j 
αij,min minimum relative volatility of compound i over compound 

j 
Bijk ternary interaction term between compounds i, j and k 
CAMD computer-aided molecular design 
CC choline chloride or [N1,1,1,2OH]+[Cl]−

COSMO-RS conductor like screening model for real solvents 
ΔH∞

i molar enthalpy at infinite dilution of compound i in solvent 
j 

ΔS∞
i molar entropy at infinite dilution of compound i in solvent 

j 
DES deep eutectic solvent 
DMF n,n-dimethylformamide 
ESI electronic supporting information 
γi activity coefficient of compound i 
γ∞

i infinite dilution activity coefficient of compound i 
GE excess Gibbs energy term 
HBA hydrogen bond acceptor 
HBD hydrogen bond donor 
IL ionic liquid 
MINP mixed-integer nonlinear programming 
N number of data points or systems 
NHB non hydrogen bonding 
NIST national institute of standards and technology 
NMP n-methylpyrrolidone 
Po

i saturation vapor pressure of compound i (mbar) 
R universal gas constant 
REACH registration, evaluation, authorisation and restriction of 

chemicals 
S (subscript) solvent 
SES supplementary excel sheet 
Sulfolane tetrahydrothiophene-1,1-dioxide 
SF solvent-to-feed ratio (mole basis) 
SFmin minimum solvent to feed ratio (mole basis) 
Sji selectivity of compound j over compound i 
Sji,min minimum Selectivity of compound j over compound i 
S∞

ji ,min minimum Selectivity of compound j over compound I at 
infinite dilution 

UNIFAC universal quasichemical functional-group activity 
coefficients 

VLE vapor–liquid equilibrium 
Xexperimental experimental point 
xi molar fraction of compound i 
Xmodel modelled point 
φi fugacity coefficient of compound i  
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effects on the mixture constituents, but azeotrope and/or pinch point 
predictions cannot be done. Here, we propose to use the three- 
component Margules equation [29] to simulate vapor–liquid equilibria 
(VLE) under finite dilution conditions. Since the γ∞

i database and the 
data handling algorithm are open source [28], and the Margules equa-
tion not too difficult, anybody with basic knowledge on thermodynamic 
modeling can simulate VLE using the Margules equation. This approach 
is thus very accessible to everyone and can be a valuable addition to the 
arsenal of selection methods already existing in literature. Specifically, 
this method is of interest when the investigator does not have the earlier 
mentioned software or equipment at their disposal. 

The three-component Margules equation has been sparsely used in 
the field of chemical engineering and solely Schulz and co-workers 
applied the equation in computing mixed micellar systems [30–33]. 
More frequently, the equation has been used in the calculation of non- 
ideality of metal alloys [34], and several other geological studies of 
minerals [35–38]. Therefore, the accuracy of the Margules equation in 
describing isothermal and isobaric binary and ternary VLE behavior was 
first studied for a wide range of compound classes, after which appli-
cation of the method was studied for solvent screening in aromatic- 
aliphatic separations. 

2. Methodology 

In a previous study [28], we have developed a data handling algo-
rithm to fit the γ∞

i at 298.15 K, but also the infinite dilution enthalpy 
(ΔH∞

i ) and infinite dilution entropy (ΔS∞
i ) via extra- and interpolation 

of thermodynamic data from other temperatures using the Van ‘t Hoff 
equation, see equation (1). 

lnγ∞
i =

ΔH∞
i

RT
−

ΔS∞
i

R
(1) 

The temperature-dependent activity coefficient is essential in 
vapor–liquid equilibria (VLE) because it describes differences from 
Raoult’s law. As a result of non-ideal behavior, phase splitting, pinch 
points and azeotropes may be observed which may aid the separation, 
but may also make it more difficult [39,40]. In vapor–liquid separations, 
the relative volatility (αij) is a key parameter and can be expressed as the 
product of the ideal part and the non-ideal part, see Eq. (2) [41,42]. 

Finite dilution: 

αij =
Po

i

Po
j

(
γi

γj

)

S

= αIDSji (2a) 

Infinite dilution: 

α∞
ij =

Po
i

Po
j

(
γ∞

i

γ∞
j

)

S

=αIDS∞
ji (2b) 

In Eq. (2), the ideal part, αID, is the ratio of the pure component vapor 
pressures (Po

i /Po
j ) and the non-ideal part, Sji, is also known as the 

selectivity which is the ratio of the activity coefficients of both compo-
nents. The ratio of activity coefficients is indicated with (γi/γj) in the 
absence and with (γi/γj)s in presence of a solvent. The binary relative 
volatility in the presence of a solvent is called pseudo-binary relative 
volatility. Eq. (2a) can also be applied specifically in the infinite diluted 
case, this is indicated by the corresponding superscript in Eq. (2b). Non- 
ideality in the gas phase can also be included via the fugacity coefficient 
(φi), although at moderate pressures the ratio of these fugacity co-
efficients is often close to one, so its contribution to the relative volatility 
is negligible. 

The relative volatility as defined in Eq. (2b) reflects the maximum 
impact a solvent can have, and any solvent to feed ratio (SF) lower than 
infinite yields a lower impact. To gain insight in how much solvent 
would be needed, it is essential to understand what the target relative 
volatility for the intended separation is. Based on the relative volatility 

(αij) in absence of the solvent, the opportunity for energy saving by 
applying a solvent-based fluid separation was estimated by Blahušiak 
et al. [41], who distinguished three operation windows for distillation, 
see Fig. 1. At αij < 1.3, distillation is energy-intensive and applying a 
solvent-based technology can save significant energy. For the regime 
1.3 < αij < 10 the heat duty for ordinary distillation initially still drops 
significantly at increasing relative volatility, but for αij > 3 the energy 
reduction is much less. In the last regime, αij ≥ 10, single-stage evapo-
ration may be applied. 

As the energy requirement for distillation reduces considerably up to 
αij = 3, but levels off at higher relative volatility, it makes sense to aim 
for a relative volatility of 3 when using extractive distillation [41]. The 
minimum desired impact of a solvent on azeotropic binaries is to over-
come the azeotrope. Although this can mathematically be determined 
via a bifurcation theoretic approach, [43] this does not necessarily result 
in energy-efficient separations. Therefore, in the solvent evaluations, 
increasing the αij to a value of 3 is aimed for. Because the vapor–liquid 
behavior studied in this work are far from ideal, we apply the Blahušiak 
et al. [39] approach over the entire compositional range and determine 
the minimum relative volatility present in the non-ideal vapor–liquid 
equilibria, αij,min, of the pseudo-binary VLE. An additional consideration 
for solvent pre-selection is the recovery of the solvent in the solvent 
regeneration step. In this respect the boiling point of the solvent is of 
major importance. It should be 40–50 ◦C higher than the highest boiling 
solute, because this generally allows for easy recoverability of the 
(usually high boiling) solute from the solvent in the recovery operation 
[44]. Additionally, the molecular interaction strength between the sol-
vent and the solute in the regeneration step can have an important 
impact on the solvent pre-selection [45]. The separation efficiency in the 
regeneration step is obviously reflected by the relative volatility be-
tween the solute and the solvent present in this step. 

The minimal required selectivity that can be achieved at infinite 
dilution, and is defined by the required relative volatility,α∞

ij,min, of 3, 
follows from equation (3). 

Fig. 1. Heat duty as a function of relative volatility (αAB = αij) for various 
molar fractions of the volatile compound (xFA) in the feed, normalized to the 
required heat to vaporize the more volatile compound. Lines: solid: xFA = 0.1; 
dashed: xFA = 0.5; dotted: xFA = 0.9. Regimes A, B and C indicate conditions 
where (A) ordinary distillation is less favorable, (B) ordinary distillation sug-
gested, (C) single-stage evaporation suggested. (reproduced with permission 
from Blahušiak et al. [41]). 

T. Brouwer et al.                                                                                                                                                                                                                                



Separation and Purification Technology 276 (2021) 119230

4

S∞
ji,min =

α∞
ij,min

αID
(3) 

This would allow for a straight determination of the S∞
ji,min from the 

abundantly available vapor pressures and the open-source γ∞
i data. 

However, as mentioned before, this excludes the SF ratio effects, as 
infinite dilution entails a tremendously high SF ratio, and would not take 
non-ideality effects, such as pinch point and azeotrope formation, into 
consideration. Therefore, a correlation between γ∞

i and γi(x) that will be 
obtained with realistic SF ratios is needed as well. 

The extended Margules equation can describe vapor–liquid equi-
libria based on γ∞

i , and Mukhopadhyay et al. [29] generalized the well- 
known Margules equation via a pth order Taylor series towards multi- 
component systems with both symmetric and asymmetric binary inter-
action parameters. In Eqs. (4)–(7), the relations for the three-component 
Margules equation with asymmetric binary parameters are shown.   

GE = x1x2[x2A12 + x1A21] + x1x3[x3A13 + x1A31] + x2x3[x3A23

+ x2A32] + x1x2x3B123 (5)  

B123 =
1
2
[A12 +A21 +A13 +A31 +A23 +A32] − A123 (6)  

Aij = ln
(
γ∞

i

)* (7)  

*i is infinitely diluted in compound j. 
Aij is a function of γ∞

i , which means the activity coefficient of com-
pound i infinitely diluted in compound j, and the liquid molar fractions 
(xi). B123 is a ternary interaction term, which is dependent on the binary 
interaction terms A12, A21, A13, A31, A23 and A32, and the ternary 
interaction coefficient A123. This latter interaction coefficient cannot be 
completely defined by a function of binary interaction coefficients [29]. 
Here, it is assumed that A123 is zero, which is the same assumption as 
commonly made in, for instance, the nonrandom two-liquid (NRTL) 
model [46]. 

This approach can be used to predict isothermal vapor–liquid equi-
libria, where only the γ∞

i of that specific temperature is used but can also 
be used to predict isobaric VLE. In the latter procedure, the Van ‘t Hoff 
equation (Eq. (1)) is required to describe the temperature dependency of 
the γ∞

i . In each case, pure component vapor pressures, which can be 
found in online libraries such as the National Institute of Standards and 
Technology (NIST)[47] or handbooks such as Yaw’s Handbook [48] are 
used. In the specific case of ionic solvents, such as ionic liquids (ILs) or 
DESs which contain an ionic component, the vapor pressure is very low. 

The volatility (or lack thereof) of these novel solvents are included in the 
calculations. 

In the specific case of isobaric ternary vapor–liquid equilibria, the 
saturated vapor pressures of each component are required as well as the 
ΔH∞

i and ΔS∞
i of the three components (solutes and solvent). For a 

ternary system thus six ΔH∞
i and six ΔS∞

i parameters are required. Often 
all the ΔH∞

i and ΔS∞
i of the solutes in each other and in a solvent are 

known, however the ΔH∞
i and ΔS∞

i of the solvent in the solutes is often 
missing. This frequently absent link can be circumvented by assuming 
either an ideal solvent, the γ∞

i of the solvent in the solutes is then set at 
one (A31 = A32 = 0), or by assuming a symmetric behavior of the solute 
and solvent and thus assuming a partly symmetric Margules form 
(A31 = A13 and A32 = A23), in the screening methodology. Although 
both assumptions are most fundamentally incorrect, this can have a 
minimal impact on the temperature profile for solvents with a vapor 
pressure that strongly deviates from the vapor pressure of the solutes. 

The assumption of the γ∞
i for the solvent would not change the overall 

pressure of the system as the partial pressure of the solvent in extractive 
distillation is already small. The assumption can however impact the 
temperature profile if the solvent is (moderately) volatile, which sub-
sequently can affect the temperature-dependency which impacts the γ∞

i 
of all compounds. Furthermore, because in the equations for γ1 and γ2 
the coefficients A31 and A32 are present, for those solvents where these 
are not available, both methods based on the assumptions have been 
compared. Of course, this can be avoided if all desired parameters are 
known and can be implemented directly. 

The validity of the Margules equation is evaluated in terms of the 
average deviation of parameter Ж (ADЖ), see Eq. (8), which is either the 
liquid phase composition (x) within the xy-diagram or the temperature 
(T) in the Txy-diagram. 

ADЖ =

∑N
i=1|Жmodel − Жexperimental|

N
(8)  

3. Separation examples 

This approach can be done independently of the chosen component. 
From previous work [28], in which the γ∞

i of 268 solutes and 692 sol-
vents were collected, we selected several separations of classes of hy-
drocarbons that are industrially relevant to establish the feasibility of 
this approach. As summarized in Table 1, the separation of complex 
hydrocarbon streams containing the lowest boiling aromatic compound, 
benzene, and either a range of C4- to C9-alkanes in pyrolysis oil [49] or a 
part of the hydrocarbon in naphtha [50] is evaluated. As C4- and C5- 
alkanes are easily separable from benzene, they are excluded from the 
assessment. Additionally, a paraffin/olefin example (n-hexane/1- 

Table 1 
The binary mixtures selected for each case and the industrial relevant processes they represent.  

Binary Compounds Applications 

Benzene – C6- to C9-Alkane Separation of aromatic compounds from aliphatic compounds in for example, pyrolysis oil [49] and naphtha [50] 
n-Hexane – 1-Hexene 
n-Hexane - C1- to C3-Alkanol Oxygenate removal from hydrocarbon streams, e.g. in the MTO process [54] or to upgrade pyrolysis [55] or microalgal oil [56] 
n-Hexane - C1- to C2-Ketones  

⎧
⎪⎪⎨

⎪⎪⎩

RT ln(γ1) = 2[x1x2A21 + x1x3A31] + x2
2A12 + x2

3A13 + x2x3B123 − 2GE

RT ln(γ2) = 2[x2x3A32 + x2x1A12] + x2
3A23 + x2

1A21 + x3x1B123 − 2GE

RT ln(γ3) = 2[x3x1A13 + x3x2A23] + x2
1A31 + x2

2A32 + x1x2B123 − 2GE

(4)   
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hexene separation) has been studied. Industrially, the n-butane/2- 
butene [51,52] and n-propane/propylene [51,53] separations are done, 
but for these systems limited γ∞

i data are available. Therefore, the C6- 
paraffin/olefin example was evaluated instead. In the last examples, 
removal of polar compounds from hydrocarbon streams is evaluated in 
the methanol-to-olefins (MTO) process [54], and for upgrading pyrolysis 
oil [55] or microalgal oil [56]. The validation of the solvent pre- 
selection methodology focusses on the extractive distillation step of 
the process, respecting the boiling temperature guideline (>50 ◦C dif-
ference with mixture boiling points) for the solvent as outlined earlier. 
Extending the methodology to include the separation efficiency in the 
regeneration step can be easily done by including the condition that the 
relative volatility between the solute and the solvent in the regeneration 
column should be equal or higher than 3. This relative volatility is 
estimated on the basis of the activity coefficients at infinite solution and 
using the three-component Margules equations (Eqs. (4)–(7)) as outlined 
in the description of the methodology. 

4. Results 

4.1. Validation of the use of the three-component Margules equation 

In Fig. 2, an overview is given regarding the accuracy of the Margules 
equation. In the form of a heat (accuracy) map, the ADЖ, is given for 24 
molecule-type combinations for isobaric and isothermal binary VLE di-
agrams of which 55 and 35 systems, respectively, are assessed. For 
systems which only contain molecules that are not hydrogen bond 

donating, the ADy is <5% and the ADT is <4 K. The ADy thus approaches 
typical experimental errors of several percentages. This metric was 
chosen as it reflects most significantly the variation in the close-boiling 
and azeotropic ranges, at which the vapor and liquid concentrations are 
nearly equal and the absolute deviation is relatively more significant 
which respect to the relative volatility. 

Highly non-ideal systems such as alkane or aromatic and alcohol, or 
aqueous systems, show more deviation (up to ADy = 10%) and are 
therefore less reliable. The predictions of isobaric ternary VLE is more 
difficult, not only the accuracy of the experimental data may be less, due 
to increased complexity of the systems, also fewer data points are 
available for comparison. In Fig. 3, the validation of the ternary systems 
was differentiated into four types of solvents; non-hydrogen bonding 
(NHB), hydrogen bond accepting (HBA), hydrogen bond donating 
(HBD) and ionic liquids (ILs). Furthermore, six binary systems ranging 
from two NHB, HBA or HBD solutes, and each combination thereof 
NHB/HBA, NHB/HBD and HBA/HBD are distinguished. A table is 
included in the ESI which shows each assessed system. The assumptions 
of either ideal solvent or (partly) symmetric Margules between the sol-
vent and solutes were assessed and the results are displayed in Fig. 3. 

As can be seen, no apparent preference can be made between both 
assumptions. For that reason, the following methodology will be done 
using the (partly) symmetric Margules, which is physically more likely 
to be appropriate than the ideal solvent assumption as the latter is 
certainly not the case. 

As can be seen in Fig. 3, an average deviation in the concentration 
profile can be up to 10% for highly non-ideal ternary systems involving 

Fig. 2. A heat map overview regarding the average deviation of the concentration profile in isothermal vapor–liquid equilibria and the average deviation of the 
concentration and temperature profile in isobaric vapor–liquid equilibria of binary systems. The number indications in the ADЖ matrices indicate the assessed 
number of systems. 
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hydrogen bonding molecules. This is larger than seen in dedicated 
software such as UNIFAC, which was seen to have an average accuracy 
of around 4% for highly non-ideal solvent–water-salt systems [57]. Also 
a combined UNIFAC and COSMO-RS approach is more accurate as it 
showed a root mean square deviation of 2.37–4.71% for vapor–liquid 
equilibria of ionic liquid systems [58]. 

4.2. Effect of SF ratio on vapor–liquid equilibrium 

By simulating ternary systems using the three-component Margules 
equation the influence of the solvent-to-feed ratio (SF ratio) on the 
quasi-binary VLE was studied. As can be seen in Fig. 4, where the quasi- 
binary VLE of n-heptane and benzene is shown, the effect of the solvent 
NMP increases when the SF ratio is increased. In the binary mixture of n- 
heptane and benzene, benzene is the lowest boiling compound. Upon the 
addition of NMP, benzene is entrained and n-heptane is preferentially 
expelled to the vapor phase. At a sufficient SF ratio, the natural boiling 
order is even reversed and the olefin can be separated as the bottom 
product. 

This is only a single example showing that, using the three- 
component Margules equation in combination with the open-source 
γ∞

i values, a proper assessment whether a solvent can increase the 
αij,min to at least 3 can be made successfully, and even the required SF 
ratio can be estimated to some extent, as the experimental SF = 2.0 
values coincide with the predicted SF = 1.0 values. An important 
consideration is that the deviation in the prediction of pseudo-binary 
VLE from the true VLE can impact the determination of the minimal 
required SF, which prediction on the basis of the three-component 
Margules equation should therefore be used with caution and a signifi-
cant margin should be accepted. 

4.3. Relationship between Sji and SFmin 

The experimental determination of the γ∞
i of various solutes in a 

solvent is often extended with the determination of specific S∞
ji to rep-

resents industrial cases. Hence, the S∞
ji is a commonly used indicator to 

establish the performance of a solvent for particular separations [61,62]. 
This infinitely diluted selectivity is however only directly applicable if 
both solutes are infinitely diluted in a solvent. In other words, a very 
high SF is applied. In practice, much lower SF ratios are used and larger 

Fig. 3. A heat map overview regarding the average deviation of the concentration and temperature profile in ternary isobaric vapor–liquid equilibria under (left) the 
ideal solvent assumption and (right) the (partly) symmetric Margules assumption. The number indications in the ADЖ matrices indicate the assessed number of 
systems (the same in all four subfigures). 

Fig. 4. A xy-diagram of an example of the predicted solvent effect of NMP on 
the system n-heptane and benzene via the (partly symmetric) Margules equa-
tion at 1 bar (represented by dotted lines). It is compared to literature data of 
the binary system without NMP [59] and with a solvent-to-feed ratio of 
2.0 [60]. 
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Sji values are required to be able to facilitate the separation adequately, 
as can be seen in Fig. 5. This is a direct consequence of the fact that in 
finite diluted mixtures, the solutes are not only interacting with the 
solvent, but also with each other. This mitigates the solvents effect and 
hence necessitates a larger required Sji as compared to the infinite 
diluted situation which occurs at very high SF ratios, as can be seen in 
Fig. 5. 

For this scenario, ternary isothermal VLE at 298.15 K have been 
calculated in Fig. 5, and it shows a direct correlation between the 
required Sji and the SFmin, which intuitively confirms that the SFmin can 
be lowered as the Sji increased. It is apparent that solely interpreting a 
single S∞

ji is useful, though more information, i.e. the required SF ratio, 
can be obtained by combining S∞

ji with the three-component Margules 
equation. 

4.4. Separation of apolar hydrocarbon streams 

In the category apolar hydrocarbon separations where solvents are 
needed and typically applied, we find two types of separations of un-
saturated hydrocarbons from saturated hydrocarbons, i.e. aromatic – 
aliphatic separations and olefin – paraffin separations. In both cate-
gories, when applying a solvent, typically the unsaturated hydrocarbons 
exhibit a lower value of the activity coefficients in the solvent than the 
saturated hydrocarbons, which is due to the presence of π-electron 
systems in the unsaturated hydrocarbons, resulting in electrical multi-
pole moments [63,64]. The saturated hydrocarbons are (almost) 
completely without a polarity moment. This means that upon the 
addition of a polar solvent, the saturated hydrocarbons have an 
increased tendency to evaporate. Consequently, and ideally, these hy-
drocarbons shall leave the distillation column over the top. In refinery 
operations with hydrocarbon mixtures this means that to achieve this, 
for all saturated hydrocarbons and unsaturated hydrocarbons, the 
product of the natural relative volatility and the solvent selectivity (Eq. 
(1)) should favor the saturated hydrocarbons to be evaporated. 
Furthermore, to achieve an αij,min of 3 for all binary systems, e.g. for 
aromatics – aliphatics, this implies that for all aliphatics, including n- 
hexane to n-nonane, their relative volatility should be measured over the 
smallest and lightest boiling aromatic, benzene. To achieve such a 
relative volatility for n-nonane over benzene, a significant polarity in the 

solvent is needed to repel the alkane to a greater extent than benzene 
and to increase the volatility of the alkane [28]. 

4.4.1. Aromatic – Aliphatic separation 
The need to elevate the tendency of the heaviest aliphatic 

compounds to vaporize over that of benzene is a challenging matter. It 
has been shown at an infinite dilution that the repulsion towards 
aliphatic compounds increases as the molecular weight of the compound 
increases. For instance, in the IL n-ethyl-n-methylmorpholinium 
dicyanamide, [EMMOR]+[DCA]− , the γ∞

i increases from 608 ± 30 for 
n-hexane to 2071 ± 17 for n-nonane at 298.15 K [28]. However, the 
ideal relative volatility, αID, of the aliphatic compounds over benzene 
will decrease as a function of the molecular weight of the aliphatic 
compounds. The αID at 298.15 K of n-hexane over benzene is 1.72, while 
n-nonane over benzene is 2.69∙10− 2, indicating that an increasingly 
large selectivity is required to elevate the αij towards preferably 3. This is 
indicated in Fig. 5, where for the increasing molecular weight of the 
aliphatic component, the required SF ratio to reach a relative volatility 
of 3, strongly increases. For example, at S∞

ji = 100 it follows that for 
n-hexane, n-heptane and n-octane the required SF ratio increases from 
approximately 15 for n-hexane via 30 for n-heptane to 80 for n-octane. 
For the larger aliphatic hydrocarbons n-nonane and n-decane the 
desired volatility of 3 cannot be reached at this S∞

ji , and even higher 
S∞

ji,min are required to obtain the desired relative volatility. 
The most interesting molecular solvents and most significant ILs 

concerning the minimum SF required are highlighted in Table 2. Since 
no known γ∞

i values are known for n-decane in benzene, it was not 
possible to predict solvent performances in the separation of the heaviest 
alkane, however, the n-nonane – benzene system could be evaluated. 

Sulfolene is predicted to be one of the most suitable molecular sol-
vent as an entrainer, with a SFmin of 0.3 for hexane over benzene. 
However, sulfolenes are highly reactive and thermally unstable [65]. 
Sulfolane is a widely used entrainer that is also identified, and because it 
does not possess a carbon–carbon double bond, it is much more stable 
than sulfolene. Other interesting molecular solvents in Table 2 are 
dimethylsulfoxide [66], n-formylmorpholine [67], glycols [68,69], 
which are all known as industrially applied entrainer. This is a strong 
indication of the value of this methodology, as it correctly predicts the 
potential of known industrial solvents. Solvents that are not preferred as 
entrainer (see ESI) for this separation are for example aniline (SFmin of 
4.5 for n-hexane/benzene) and n-pentanol (SFmin of 2.5 for n-hexane/ 
benzene). Ethylene carbonate, being a possible negative emission sol-
vent [70], may be suitable as a potential alternative entrainer for this 
separation case. Ethylene carbonate has already been mentioned as an 
extraction agent for the same purpose earlier [71]. Following the earlier 

Fig. 5. The selectivity induced by the solvent to obtain a minimum relative 
volatility (αij,min) of 3 as function of the Solvent to Feed ratio (SFmin). In an 
infinite dilution (high SFmin) case, this selectivity equals the infinitely diluted 
selectivity (S∞

ji ), whereas in finite dilutions (low SFmin) a higher selectivity is 
needed to compensate for solute–solute interactions. 

Table 2 
The minimal Solvent-to-Feed ratio (SFmin) required to obtain an αij,min of 3 of the 
top 15 molecular solvents for (i) n-hexane to n-octane over benzene (j). No 
molecular solvent was found with an αij,min of 3 for the benzene/n-nonane case. 
The full list is present in the ESI.  

Molecular Solvent Minimum Solvent-to-Feed Ratiofor αij,min of 3  

n-hexane n-heptane n-octane 

Ethylene glycol  1.3 4.1 
2-Pyrrolidone 0.3 1.6 17 
Sulfolene 0.3   
Sulfolane 0.5 1.9 4.9 
Ethylene carbonate 0.5   
Dimethylsulfoxide 0.5 2.6  
Diethylene glycol 0.6 1.8 4.7 
N-formylmorpholine 0.6 1.6  
Triethylene glycol 0.7 2.0 6.2 
Tetraethylene glycol  2.2  
Propylene carbonate 0.7 2.5  
Glycerol 0.8 4.2  
N-methylpyrrolidone 0.8 3.2  
N,N-dimethylformamide 0.8   
Furfural 0.9 3.8   
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mentioned guideline, the boiling point of the solvent should be at least 
40–50 ◦C higher than the highest boiling solute to allow for easy 
recoverability in the recovery operation [44]. All identified solvents 
comply with this criterion. 

The removal of aromatic compounds from a hydrocarbon stream 
has been extensively studied over the past decades and thus it is not 
surprising that no new molecular solvents have been identified. This 
approach is however very useful in pre-selecting unconventional sol-
vents, such as potential ILs. As can be seen in Table 3, small polar 
anions, thiocyanate [SCN]− , dicyanamide [DCA]− and tetra-
fluoroborate [BF4]− are essential for strong repulsion of the alkanes. 
This observation is in agreement with the findings of Meindersma et al. 
[72]. Cation modifications can increase the repulsion even further as 
can be seen for the cyano-modified 1-(3-cyanopropyl)-1-methyl pyr-
rolidinium cation [CpMPyr]+ [73] and 1-(2-hydroxyethyl)-3-methyl-
imidazolium cation [(HOE)MIM]+ [74]. Nevertheless, the IL with the 
highest potential is 1-(3-cyanopropyl)-1-methyl pyrrolidinium thiocy-
anate [CpMPyr]+[SCN]− . This IL has a cyano functional group on both 

the cation and the anion, which elevates the αij,min of n-nonane over 
benzene to 3 at a SF ratio of only 1.3, and should therefore also be 
adequate to increase the relative volatility of lighter aliphatic 
compounds. 

More recently, deep eutectic solvents (DESs) have been identified as 
potential replacements of ILs. In Table 4, it can be seen that several DEss 
can separate n-nonane as a distillate from benzene with a relative 
volatility of 3 as well. This indicates that among the DESs groups 
potentially good entrainers for these separations can be found as well, as 
indicated by i.a. Larriba et al. [75] and Rodriguez et al. [76] earlier. 

4.4.2. Olefin – Paraffin separation 
The olefin and paraffin separation is a highly relevant industrial 

separation of apolar compounds. In Table 5, the assessment of the n- 
hexane/1-hexene case has been shown for a relative volatility of 1.5, 
because no molecular solvent was able to induce a higher relative 
volatility. This indicates the difficulty of separating compounds based on 
the difference of a single unsaturated bond only. 

Industrially, a process to separate n-butane/2-butene is licensed by 
Krupp-Koppers which uses a mixture of morpholine derivatives [51,52]. 
Although this morpholine mixture is not part of the prediction results, 
amides such as n-formylmorpholine, 2-pyrrolidone and n,n- 
dimethylformamide are indicated and n,n-dimethylformamide [7,77] 
and n-formylmorpholine [78] are shown to be adequate solvents. 
Dimethylsulfoxide is also predicted to be among the most preferred 
molecular solvents, which agrees with the liquid–liquid extraction pat-
ent by Carter et al. [79] and the extractive distillation patent of Berg 
[80] which focusses on the separation of 1-heptene/n-heptane. For the 
same reasons as for the aromatic – aliphatic separation, ILs with small 
highly polar anions, see Table 6, e.g. thiocyanate [SCN]− , dicyanamide 
[DCA]− are preferred, though also the more hydrophobic bis(tri-
fluoromethylsulfonyl)imide [NTf2]− is seen to be able to induce a rela-
tive volatility of 1.5 or even 2.0. Overall, the ionic nature of the ILs 
allows for a lower S:F ratio to achieve the required relative volatility due 
to the additional ion–dipole interactions with the olefin. 

4.5. Deoxygenation of hydrocarbon streams 

The deoxygenation of hydrocarbon streams is required in several 
applications, e.g. for the upgrading of pyrolysis oil [55,81] or microalgal 
oil [56] and to purify the product stream in the methanol to olefins 
process [54]. Oxygenates are often removed via a reactive pathway, 
even though a purification pathway does not reduce the value of these 

Table 3 
The minimal Solvent-to-Feed ratio (SFmin) required to obtain an αij,min of 3 of the 
top 15 ILs for (i) n-hexane to n-nonane over (j) benzene. The full list is present in 
the ESI.  

IL Solvent Minimum Solvent-to-Feed Ratio for αij,min of 3  

n-hexane n-heptane n-octane n-nonane 

[CpMPyr]+[SCN]− 0.8 1.3 
[(HOE)MIM]+[DCA]− 0.6 1.1 1.6 
[CpMIM]+[DCA]− 0.3  1.0 1.8 
[HO-EMPYR]+[DMPO4]− 1.8 
[(ClE)MIM]+[DCA]− 0.6 1.1 1.8 
[EMMOR]+[DCA]− 0.4 0.6 1.0 1.8 
[EMIM]+[SCN]− 0.3 0.7 1.2 1.8 
[HO-PPy]+[DCA]− 0.3 0.7 1.3 2.1 
[(HOP)MIM]+[DCA]− 0.3 0.7 1.3 2.2 
[(HOP)MMor]+[DCA]− 1.1 2.3 
[EMIM]+[BF4]− 0.4 0.8 1.6 2.4 
[EMIM]+[MDEGSO4]− 0.3 0.8 1.5 2.4 
[BMIM]+[Cl]− 1.2 2.5 
[BMIM]+[SCN]− 0.3 0.7 1.4 2.6 
[MP = IM]+[DCA]− 0.34 0.8 1.5 2.6 

*All abbreviations can be found in the symbol list. 

Table 4 
The minimal Solvent-to-Feed ratio (SFmin) required to obtain an αij,min of 3 of the 
DESs for (i) n-hexane to n-octane over (j) benzene. No DES was found with an 
αij,min of 3 for the benzene/n-nonane case.  

DES Solvent (mole ratio) Minimum Solvent-to-Feed Ratiofor αij,min of 3  

n-hexane n-heptane n-octane 

CC:glycerol (1:1) 0.3 0.7  
CC:ethylene glycol (1:3) 0.4 0.7  
[N3333]+[Br]− :1,6-hexanediol (1:2) 0.8 3.0 14 

*CC: Choline Chloride, [N3333]+: tetrapropyl ammonium. 

Table 5 
The minimal Solvent-to-Feed ratio (SFmin) required to obtain an αij,min of 1.5 of 
molecular solvents for (i) n-hexane over (j) 1-hexene.  

Molecular Solvent Minimum Solvent-to-Feed Ratio for n-hexane/1-hexene 
case 
αij,min = 1.5  

2-Pyrrolidone 3.7 
Dimethylsulfoxide 3.8 
N-formylmorpholine 4.8 
N,N- 

dimethylformamide 
5.5 

N-methylpyrrolidone 14 
N-methylformamide 18  

Table 6 
The minimal Solvent-to-Feed ratio (SFmin) required to obtain an αij,min of 1.5, 2.0 
and 2.5 of the top 15 ILs for (i) n-hexane over (j) 1-hexene. The full list is present 
in the ESI.  

IL Solvent Minimum Solvent-to-Feed Ratio for n-hexane/1-hexene 
case 

αij,min = 1.5  αij,min = 2.0  αij,min = 2.5  

[BMIM]+[SCN]− 1.1 2.5 5.9 
[BMPIP]+[SCN]− 1.3 3.2  
[EMIM]+[SCN]− 1.4 3.3  
[(HOP)MIM]+[DCA]− 1.6 4.0  
[HO-PPy]+[DCA]− 1.7 4.2  
[EMIM]+[NTf2]− 1.6 5.1  
[OMIM]+[NTf2]− 2.8 12 30 
[Py]+[EOESO4]− 1.7 12 30 
[4BMPy]+[SCN]− 1.7 14  
[(BzM)MIM]+[DCA]− 1.8 16  
[MP = IM]+[DCA]− 2.0 25  
[HO-PMMOR]+[NTf2]− 1.5 27  
[BMMOR]+[TCM]− 2.0   
[4BMPy]+[DCA]− 2.2   
[EMIM]+[TCM]− 2.2   

*All abbreviations can be found in the symbol list. 
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oxygenated chemicals. Several patents describe ways of performing this 
purification with a solvent that has a higher affinity towards the 
oxygenated solute [82] or mention methanol [83], propylene carbonate 
[84] and dimethylsulfoxide [85] as potential solvents. In our pre- 
selection, indeed dimethylsulfoxide, alcohols and a carbonate are 
identified as potential solvents for the deoxygenation of alcohols from 
hydrocarbons, as can be seen in Table 7. Additionally, the aprotic oxy-
genates acetone and 2-butanone are more difficult to remove than the 
protic oxygenates, due to the absence of hydrogen bond donating ca-
pabilities. While the required SF ratio is higher for the aprotic oxygen-
ates, it is still possible to separate them from n-hexane. 

In Table 8, it can be seen that overall the separation of oxygenates is 

feasible with all kinds of ILs with a low SF ratio. The IL, 
[N1122OH]+[DEP]− is observed to be the most efficient in increasing the 
relative volatility of all oxygenates to at least 3. However, many other 
ILs can perform this task with a low SF ratio as well. 

In Table 9, it is illustrated that DESs are just as able to separate the 
oxygenates from a hydrocarbon stream as ILs. An interesting observa-
tion is that the best performing IL contains a cation that is highly similar 
to the choline cation, [N1112OH]+, in the DESs. The strong repulsion of n- 
hexane can, among others, be attributed to the cation-cation interaction 
through hydrogen bonds within the [N1122OH]+-based IL and choline 
chloride-based DES [86]. The alcohols can participate in these 
hydrogen-bonding interactions, which increases the relative volatility 

Table 7 
The minimal Solvent-to-Feed ratio (SFmin) required to obtain an αij,min of 3 of the top 15 molecular solvents for (i) n-hexane over (j) methanol, ethanol, n-propanol, 2- 
propanol, acetone and 2-butanonee. The full list is present in the ESI.  

Molecular Solvent Minimum Solvent-to-Feed Ratio for αij,min of 3  

Methanol ethanol n-propanol 2-propanol acetone 2-butanone 

Dimethylsulfoxide  0.6  0.6 1.6 0.7 
2-Pyrrolidone 1.0 0.7   2.0 0.5 
N-methylformamide 1.7 0.9   2.3 0.9 
N-formylmorpholine 1.7 0.9 0.5 0.9 2.1 0.8 
Ethylene carbonate 2.2 1.2  1.1   
N-methylpyrrolidone 2.4 1.2 0.6  15 1.4 
N-ethylacetamide 3.7 1.7  1.5  2.6 
N,N-dimethylacetamide  2.0  1.6   
n-Octadecanol  2.1 1.2  2.5  
Acetonitrile  2.2     
Octane-1,8-diamine  2.7 9.8    
N,N-Diethylacetamide  2.8  2.4  24 
n-Butanol  4.8 1.5   8.1 
Acetone  5.0    2.0 
Triphenyl phosphate  8.2 15     

Table 8 
The minimal Solvent-to-Feed ratio (SFmin) required to obtain an αij,min of 3 of the top 15 ILs for (i) n-hexane over (j) methanol, ethanol, n-propanol, 2-propanol, acetone 
and 2-butanone. The full list is present in the ESI.  

IL Solvent Minimum Solvent-to-Feed Ratio for αij,min of 3  

methanol ethanol n-propanol 2-propanol Acetone 2-butanone 

[N1122OH]+[DEP]− 0.6 0.5 0.2 0.4 0.4  
[EMIM]+[EPO3H]− 0.7 0.5 0.5 0.5  0.6 
[BMPIP]+[SCN]− 0.7 0.5   0.8  
[HO-PMMOR]+[NTf2]− 0.7 0.5 0.3 0.5 0.5  
[BMIM]+[SCN]− 0.7 0.6 0.4    
[CpMIM]+[DCA]− 0.8 0.6 0.4 0.6 0.8  
[(HOP)MIM]+[DCA]− 0.8 0.6 0.8  0.7  
[EMIM]+[TFA]− 0.8 0.6 0.5    
[HO-PPy]+[DCA]− 0.8 0.6 0.5 0.6 0.7  
[BMIM]+[TOS]− 0.8 0.6 0.4  1.6  
[EMIM]+[SCN]− 0.8 0.6 0.5    
[EMIM]+[ESO4]− 0.8 0.6 0.5  1.1  
[4BMPy]+[SCN]− 0.8 0.6   1.0  
[MMIM]+[MSO4]− 0.8  0.4    
[(BzM)MIM]+[DCA]− 0.8 0.6 0.5 0.6 0.8  

*All abbreviations can be found in the symbol list. 

Table 9 
The minimal Solvent-to-Feed ratio (SFmin) required to obtain an αij,min of 3 for four DESs for (i) n-hexane over (j) methanol, ethanol, n-propanol, 2-propanol, acetone 
and 2-butanone. The full list is present in the ESI.  

DES Solvent (mole ratio) Minimum Solvent-to-Feed Ratio for αij,min of 3  
methanol ethanol n-propanol 2-propanol acetone 2-butanone 

CC:ethylene glycol (1:3) 0.4 0.9 0.8 0.7 0.7 0.5 
CC:glycerol (1:1) 0.4 0.9 0.8 0.7 0.7 0.5 
CC:glycerol (1:2) 0.9 0.7 0.5 0.7 2.4 1.3 
[N3333][Br]:1,6-hexanediol (1:2) 1.2 0.7 0.4 0.8 0.7 1.1 

*CC: Choline Chloride, [N3333]+: tetrapropyl ammonium. 
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even further. This also explains why a lower relative volatility is seen 
with ketones, as they cannot donate a hydrogen bond, and can only 
interact via hydrogen bond acceptation. The [N1122OH]+-based IL in-
corporates a diethylphosphate, [DEP]− , anion, while the DES has 
ethylene glycol as the counterpart. These counterparts induce signifi-
cantly different interactions, as [DEP]− primarily accepts hydrogen 
bonds, whereas ethylene glycol forms hydrogen-bond networks and can 
both accept- and donate hydrogen bonds [87]. Overall, both solvents 
can entrain the oxygenates with low SF ratios and can facilitate the 
removal of hydrocarbons. 

Thus far, solvents have been discussed that increase the volatility of 
the n-hexane, while entraining the oxygenates. Considering that the 
oxygenates are minor compounds in many hydrocarbon streams, sol-
vents that may induce the opposite effect are also evaluated, see 
Table 10. Apolar solvents, such as C6 to C16 alkanes, and to a lesser 
extent toluene and chloroform, are predicted to be able to separate the 
oxygenates as low-boiling solute. This is in line with the earlier 
mentioned azeotropic distillation with alkanes [88–91], where the more 
polar compounds, in that case water, could be collected over the top. At 
much higher SF ratios, also the IL [BMIM]+[BOB]− appears to repulse 
the oxygenates and entrain the hydrocarbon. This is unexpected, as the 
ionic nature of the ILs repel alkanes significantly, as could be seen in the 
apolar separations. However, the imidazolium cation in combination 
with the structurally similar bis(oxalato)borate [BOB]- may cause a 
strongly ordered cation–anion stacking [92] and shields the charges 
sufficiently to induce a relative volatility increase towards the 
oxygenates. 

5. Conclusions 

An easily accessible approach is presented which uses an open access 
γ∞

i database and the three-component Margules equation to allow fast 
pre-selection of solvents, including ILs and deep eutectic solvents, for 
extractive distillation fluid separations at isobaric conditions. In this 
manner, binary and ternary vapor–liquid equilibria can be determined 
under both isothermal and isobaric conditions and the solvent-to-feed 
effect can be determined. From our model validation, it was 
concluded that this simple and accessible method is most suitable for 
systems without hydrogen bonding, and when highly non-ideal systems 
are described, average deviations of up to 10% can be observed, which is 
less accurate than specialized software packages such as UNIFAC. From 
this, it follows that for such non-ideal systems, the advantage of this 
method which requires no specialized software or equipment, should be 
balanced against desired accuracy. 

Generally, the infinite diluted selectivity (S∞
ji ) is often determined as 

an early indication of the applicability of the solvent for certain indus-
trial separations. Although the S∞

ji gives a measure of the solvent’s 

affinity, it cannot evaluate non-idealities that occur at finite concen-
tration, e.g. the occurrence of an azeotrope or a pinch-point. Never-
theless, via this approach, a strong correlation could be made between 
the S∞

ji and the minimal solvent-to-feed ratio (SFmin) at isothermal 
conditions. 

The identified molecular solvents based on the proposed pre- 
selection methodology for industrial examples are in line with litera-
ture results or are already applied on industrial level. This indicates the 
validity of this pre-selection method, though the absolute value of the 
SFmin should be taken with caution, as a significant accuracy margin 
could be present. For each separation example, various solvents were 
identified. It should be realized that structurally similar solvents, for 
which the γ∞

i are not known, can potentially perform similarly. It was 
seen that overall either small polar molecules (ethylene glycol, dime-
thylsulfoxide) and/or cyclic molecules (Sulfolane, n-formylmorpholine) 
are preferred. Potential alternatives to be considered are ethylene car-
bonate (already present in the evaluation), dihydrolevoglucosenone 
[16] and γ-valerolactone [93]. 

The method has also proven to be useful in the pre-selection of ILs, 
and potentially DESs. In the vast variety of possible combinations, the 
morpholinium and the ammonium-type cation were identified to have 
the highest potential to increase the relative volatilities. The similar 
ammonium based ILs/DESs are highly interesting and should be a first 
point of attention in new solvent development, based on the choline 
chloride-based DES and [N1122OH]− -based IL comparison shown. The 
morpholinium cation is also seen to exhibit preferential behavior and as 
Germani et al. [94] have shown, also structurally similar DESs can be 
made containing a morpholinium-type HBA. For the application of these 
novel solvents, additional properties such as (extreme) low vapor pres-
sure and degradation temperatures should also be considered. Although 
more γ∞

i values of DESs are required to evaluate more of these solvents, 
their potential was shown for aromatic/aliphatic separations. 
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Table 10 
The minimal Solvent-to-Feed ratio (SFmin) required to obtain an αij,min of 3 of solvents for (i) n-hexane over (j) methanol, ethanol, n-propanol, 2-propanol and acetone. 
No solvent was found with an αij,min of 3 for the n-hexane/2-butanone case. The full list is present in the ESI.  

Solvents Minimum Solvent-to-Feed Ratio for αij,min of 3  

methanol ethanol n-propanol 2-propanol acetone 

Cyclohexane 1.5 3.3  4.8  
n-Heptane 1.5 3.1 6.8 3.7 2.7 
n-Octane 1.3 3.2 13 4.5 2.7 
n-Nonane  2.5    
n-Hexadecane 1.5 3.9    
Sunflower Oil 3.8     
Toluene 4.2     
Chloroform 9.0     
Diisodecyl phthalate 12     
Dibutyl tetrachlorophthalate 12     
n-Octadecanol 22     
[BMIM]+[BOB]− 28 27 27   

*[BMIM]+[BOB]− : 1-butyl-3-methylimidazolium bis(oxalato)borate. 
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Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.seppur.2021.119230. 
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