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� A solvent screening approach for
extractive distillation was developed
and validated.

� The approach combines Isothermal
Titration Calorimetry (ITC) and
Molecular Modeling (MM).

� Three cases of polar mixtures were
applied for development and
validation of approach.

� Effects of potential solvents on the
relative volatility were successfully
predicted.

� Guidelines for solvent selection based
on ITC and MM reduce required labor,
time and material.
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a b s t r a c t

A solvent screening approach for extractive distillation, combining isothermal titration calorimetry (ITC)
and molecular modeling (MM), was investigated based on three close-boiling mixture cases. The inves-
tigated mixtures are octanoic acid (HOct) and levulinic acid (HLev); diethylmethylamine (DEMA) and
diisopropylether (DIPE); 2-butanol (2-BuOH) and 2-butanone (2-BuO). Solvent effects were predicted
based on ITC and MM. The correlation between the interaction energy of the solvent and mixture con-
stituents and the effect on the relative volatility (validated with VLE experiments) was shown.
Successful solvents showed moderate interactions (between binary mixture interaction energy and
�60 kJ/mol, with MM calculated). Too low interaction energy lacks effect and too high interaction energy
compromised regeneration. For mixtures without strong intermolecular interactions (e.g. 2-BuOH and 2-
BuO), a preferential exothermic interaction with the high-boiling component is needed. The developed
method with solvent selection guidelines offers an effective approach for systems with strong non-
idealities.
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Nomenclature

Abbreviations Explanation
2-BuOH 2-butanol
2-BuO 2-butanone
DBA dibutylamine
DBE dibutylether
DEG diethylene glycol
DEGDBE diethylene glycol dibutyl ether
DEMA diethyl methyl amine
DFT Density Functional Theory
Diglyme diethylene glycol dimethyl ether
DIPE diisopropyl ether
DMSO dimethyl sulfoxide
EtLev ethyl levulinate
EG ethylene glycol
GC, GC–MS Gas Chromatography (Mass – Spectrometry)
HexD hexadecane
HAc acetic acid
HBu butyric acid
HLev levulinic acid
HOct octanoic acid
HVal valeric acid
isoHVal isovaleric acid
ITC Isothermal Titration Calorimetry
LSER Linear Solvation Energy Relationship
5-m-2-one 5-methyl-2-hexanone
2MBA 2-methylbutyric acid
MIBK methyl isobutyl ketone
MeLev methyl levulinate
MeMeBu methyl-2-methylbutyrate
MeOCt methyl octanoate
MM Molecular Modeling
NRTL Non-Random Two Liquid model
OctOct octyl octanoate
PhOH phenol
PG Propylene Glycol
S Solvent

TBP tributyl phosphate
TBzA tribenzylamine
TDDA tridodecylamine
TOA trioctylamine
TOPO trioctylphosphine oxide
UNIFAC Universal (Quasi-chemical) Functional-group Activity

Coefficients
VLE Vapor-Liquid Equilibrium

Symbols
Symbol explanation, (Unit)
A, B feed components
½A� concentration of acid, (M)
½A
�
� concentration of acid in organic phase, (M)

Aij, Bij,Cij parameters of NRTL model, (-)
a relative volatility, (-)
BF3-affinity scale for interaction energy based on interaction

with BF3, (kJ/mol)
c0 initial concentration, (M)
Ka acid-dissociation constant, (-)
log P octanol-water partitioning, (-)
pKa acidity, (-)
pKb basicity, (-)
pKBHX hydrogen-bond basicity scale based on interaction with

4-fluorophenol, (-)
q density, (g/mL)
Q heat of mixing, (kJ/mol)
Qinj heat of injection, (kJ/mol)
S selectivity, (-)
S/F solvent-to-feed ratio, (-)
T temperature, (�C)
Tb boiling point, (�C)
Tm melting point, (�C)
xi liquid phase mole fraction of i, (-)
yi vapor phase mole fraction of i, (-)
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1. Introduction

Extractive distillation is a promising separation technique in
cases where ordinary distillation is hindered by for example the
presence of an azeotrope or a close-boiling system (Doherty and
Knapp, 2004). The solvent (entrainer) interacts with the compo-
nents in the mixture and may change their activity coefficients.
Thereby the relative volatility may be improved and/or it may lead
to breaking of an azeotrope. Thus, extractive distillation can be
used for separation of azeotropic mixtures that cannot be sepa-
rated by conventional distillation. Furthermore, where traditional
distillations are possible, but energy intensive, use of an entrainer
may reduce the energy demand compared to a conventional distil-
lation process (Doherty and Knapp, 2004). However, application of
extractive distillation also results in the presence of the entrainer
in one of the products and thus requires an additional separation
step for the overall process. Extractive distillation is for example
applied to separate close-boiling point hydrocarbons (Lei et al.,
2003), non-aromatics and aromatics (Wytze Meindersma et al.,
2005), azeotropic mixtures of butanes, butenes and butadiene
(White, 2007), and mixtures of acetone and methanol (Yeh et al.,
1988).

The choice of solvent is key for a successful and viable process.
In the ideal case a type of solvent screening would be performed
that avoids extensive and time-consuming vapor-liquid equilib-
rium investigations with a range of solvents for each mixture of
components. Ordinary characterization of VLE data with the use
of ebulliometers is time-consuming and requires significant
amounts of sample. With the aim to reduce the time and material
required several other techniques have been applied in the past,
such as application of special ebulliometers (Chen et al., 1990),
analysis based on continuous distillation (Bunch et al., 1963),
application of differential scanning calorimetry (Matricarde
Falleiro et al., 2010) and microfluidic measurements in combina-
tion with Raman spectroscopy (Liebergesell et al., 2017; Luther
et al., 2015). Although these techniques are able to reduce the
amount of sample required and/or the time required, versatile
application of these techniques is dependent on sampling and
analysis. Gas phase analysis can be difficult, and viscosity and heat
effects may affect experiments, including sampling (Liebergesell
et al., 2017; Luther et al., 2015; Matricarde Falleiro et al., 2010).

Several scales and methods have been developed for theoretical
solvent screening approaches, e.g. affinity scales such as the
BF3-affinity and hydrogen bond basicity pKBHX (Laurence et al.,
2011), and predictive software predicting the Gibbs excess energy
based on quantum-chemical calculations, often making use of
infinite dilution conditions for the activity coefficients such as
COSMO-RS (Eckert and Klamt, 2002). Methods based on
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COSMO-RS for screening of organic solvents and ionic liquids fol-
lowed by modeling in Aspen Plus were successfully applied, also
for finite concentration applications, for the solvent screening for
the process of dehydration of tert-butanol by extractive distillation
(Hu et al., 2019), and for separation of mixtures of hydrocarbons
and ethanol/water (Gutiérrez et al., 2012). Preselection of possible
solvents to reduce the number of experiments can also be
approached with Computer-Aided Molecular Design (CAMD), in
which potential solvent molecules are formulated based on build-
ing blocks and functional groups, mostly based on the UNIFAC
group contributions (Lei et al., 2003) and infinite dilution activity
coefficients. Because in most cases multiple solvents are suggested
based on this method additional screening of the solvents based on
other factors (e.g. availability, toxicity) is required (Lei et al., 2003).
CAMD can also be performed with the software packages Pro-
CAMD� (Harper and Gani, 2000). This was successfully applied for
solvent selection for e.g. mixtures of C8 - aromatics (Lek-utaiwan
et al., 2011), separation of hexane – methanol mixtures (Zhou
et al., 2019), separation of several binary mixtures of alcohols,
acetone, esters andwater (van Dyk andNieuwoudt, 2000), separation
of C4 and 1,3-butadiene as well as other hydrocarbon systems and
polar mixtures (Lei et al., 2003). Predictions based on infinite dilution
activity coefficients defining the selectivity at infinite dilution (Bastos
et al., 1985; Lei et al., 2003; Seader et al., 2011) and parametrizations
based on the linear solvation energy relationship (LSER) model
(Kamlet et al., 1983; Taft et al., 1985) have also been used.

For solvent selection, straightforward requirements are related
to availability, price, stability, toxicity, flammability, reactivity,
corrosivity, safety and the possibility of azeotrope formation with
one of the mixtures components (Doherty and Knapp, 2004; Kiss,
2013; Lei et al., 2003). Moreover, for the overall process optimiza-
tion, consideration of just thermodynamics or the selectivity at
infinite dilution, does not always lead to the selection of the right
solvent as these parameters mainly focus on the extractive distilla-
tion step (Gerbaud et al., 2019). For a viable process the regenera-
tion efficiency should be included which can be assessed through
entrainer flow rate and reflux or reboil ratio in the regeneration
step (Gerbaud et al., 2019; Kiss, 2013). This was for example suc-
cessfully applied by Kossack et al. (2008) by evaluating the sol-
vents based on minimum flowrate and energy demand, followed
by an optimization of the flowsheet structure.

Nevertheless, before being able to evaluate a solvent on a com-
plete flowsheet basis including primary distillation and recovery
operation, it is necessary to obtain insight in the vapor-liquid equi-
libria. Although generally accepted methods such as UNIFAC (Lei
et al., 2003; Fredenslund et al., 1975) and COSMO-RS (Eckert and
Klamt, 2002) are strong for prediction of vapor-liquid equilibria in
systems without strong intermolecular interactions, none of the
aforementioned methods are able to successfully predict the sol-
vent effects on the relative volatility for the complete range of avail-
able solvents and all types of mixtures that are to be separated in
(industrial) applications. This is partially a result of the required
data for the solvent screening analysis, such as phase diagrams,
equilibrium data and other solvent specifications. In particular,
non-ideality arising from strong intermolecular interactions and
association behavior, resulting in azeotropes and the potential of
a solvent to overcome the azeotrope can be difficult to predict,
because small deviations in predictions can have large implications
on overcoming an azeotrope or not. For systemswhere the common
approaches are less applicable, due to significant non-ideality (i.e.
resulting in azeotropes, tangent pinches) because of affinity
between the solvent and components in the mixture, or due to a
lack of data to be able to properly model the system, an alternative
method for predicting solvent effects or affinity in the system may
be a powerful approach. A method, based on either experimental
investigations, theoretical calculations or a combination of these,
that is able to predict the solvent effect on the relative volatility
behavior in extractive distillations for these caseswould be strongly
beneficial. The method can be verified by an experimental investi-
gation of the relative volatility in the pseudo-binary system that
includes the solvent.

In this work we explore the applicability of the experimental
technique isothermal titration calorimetry (ITC), the theoretical
molecular modeling (MM) approach, and the combination of the
two methods to predict solvent effects on relative volatility behav-
ior. The focus of the approach is on systems where other predictive
methods, e.g. based on UNIFAC are less applicable. It is possible to
set up a typical ITC experiment within half an hour per solvent,
after which the measurement time may vary from 6 to 24 h,
depending on the number of data points required. Typical ITC
experiments require only up to 2 mL of the solvent and mixture
components. Initiating the MM calculations typically takes up to
5 min per solvent, after which the calculation time is strongly
dependent on the complexity of the molecular structure and may
vary from several minutes to several hours. Both techniques are
thus not labor intensive, reasonably fast (using commercial MM
software) and do not require large amounts of chemicals. Thermo-
dynamics of interactions can be studied experimentally with ITC. It
is widely applied in the fields of biomolecular chemistry and
ligand-protein interactions (Falconer, 2016), and also for the study
of solvent-solute interactions in separation processes (Cuypers
et al., 2010a; Cuypers et al., 2010b; Sprakel and Schuur, 2018a).
Examples of isotherms and an accuracy analysis of the thermody-
namic data obtained with ITC for extraction processes were pub-
lished in previous work (Sprakel and Schuur, 2018a, b; Sprakel
and Schuur, 2019). Insights on the effects of molecular structure
on the thermodynamics of the interaction for acid-base interac-
tions in separation processes were published by Sprakel and
Schuur (2019), based on which also solvent selection approaches
may be improved. Another application of ITC is that is can be
applied to accurately measure the heat of mixing of two liquids
(Rodríguez de Rivera et al., 2009), which may be applied for inter-
actions of liquids applied in extractive distillation, also in cases
where no strongly bonding complexes are expected. With MM
the interaction energy of the interaction between solvent and
solute can be modeled (Cuypers et al., 2008, 2010a; Krzyzaniak
et al., 2011; Sprakel and Schuur, 2019), and solvent selection can
be based on the strength of interaction. Furthermore the geometry
and interactions of groups of solvent and solute molecules can be
studied (Cuypers et al., 2008, 2010a; Sprakel and Schuur, 2019).
For a full and detailed analysis of the interactions based on quan-
tum mechanics, additional molecular dynamics simulations would
be required in which large numbers of molecules are involved and
computation time is extensive. Because this work focuses on sim-
ulation as a quick screening tool, it was chosen to apply simple and
fast MM calculations with a small number of molecules.

Three binary mixtures were selected based on their polarity,
associating, and close-boiling behavior, i.e. a) octanoic acid (HOct)
and levulinic acid (HLev), b) diethylmethylamine DEMA and diiso-
propylether (DIPE) and c) 2-butanol (2-BuOH) and 2-butanone (2-
BuO). Table 1 shows the most important properties of the mixture
components, which are different types of polar components. The
case of HOct-HLev (DpKa ¼ 0:4;DTb ¼ 6 �C) was chosen because
the extent of the difference in acidity is in between that of the
cases of monochloroacetic acid (MCA) and dichloroacetic acid
(DCA) (DpKa ¼ 1:6;DTb ¼ 5 �C) reported by Jongmans et al.
(2012) and HVal and its isomer 2-methylbutanoic acid
(DpKa ¼ 0:1;DTb ¼ 10 �C) reported in earlier studies by us
(Sprakel et al., 2018, 2019). For the MCA-DCA case studied earlier
by Jongmans et al. (2012) moderate bases were found to be suc-
cessful solvents whereas strong bases were thermally unstable
and unsuitable as solvents. However, for separation of the valeric



Table 1
Physical properties of the mixture components.

Acid Octanoic acid Levulinic acid Diethylmethylamine Diisopropylether 2-Butanol 2-Butanone

Tb(�C) 239 245 63–65 68.5 99.1 79.5
Tm(�C) 16.5 33 �196 �60 �115 �86.7
pKa 4.9 4.5 3.65 (pKb) � 17(pKb) � 16 �20
logP 3.05 �0.49 0.958 1.52 0.683 0.29
q(g/mL) 0.91 1.13 0.72 0.725 0.806 0.805
Functional groups Acid Acid, ketone Tertiary amine Ether Alcohol Ketone
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acids moderate bases did not have a significant effect on the rela-
tive volatility (Sprakel et al., 2018, 2019). Valeric acids are less
strong than MCA and DCA, and in addition the smaller DpKa of
0.1 might have caused the more difficult resolution. Applying
stronger bases was problematic in terms of operational stability
and regeneration. This implies that for separation of weak acids
by extractive distillation, a DpKa larger than 0.1 is required to allow
for successful separation based on a difference in acidity. To further
investigate on the minimumDpKa for extractive distillation of weak
acids using basic entrainers, here we report a further study on this
topic with the case of HOct-HLev (DpKa ¼ 0:4). The mixture of
DEMA-DIPE (DpKb � 14;DTb ¼ 3� 6 �C) consists of an ether and
amine base with a very low relative volatility (Sprakel et al.,
2018, 2019) but a large difference in basicity and therefore there
is a large potential for extractive distillation, possibly with acidic
entrainers. The mixture of 2-BuOH-2-BuO is industrially relevant
since most of the 2-BuO worldwide produced is through dehydro-
genation of 2-BuOH, after which a purification step is required
(Detlef Hoell et al., 2009), moreover with this case an alcohol and
ketone are added to the family of mixtures investigated, thereby
covering a more extensive part of the group of polar compounds.
In this case, hydrogen bonding ability is the most pronounced dif-
ference between the compounds in the mixture.

For all three cases, first the relevant intermolecular interactions
were modeled with MM, then ITC was performed and finally the
solvent effects on the VLE behavior were measured to validate
the screening approach based on MM and ITC. For comparison pur-
pose, also traditional VLE prediction with the UNIFAC method
using ASPEN Plus software was performed.
2. Materials and methods

2.1. Chemicals

All chemicals were used without further purification and pur-
chased from Sigma-Aldrich (acetic acid (� 99:5%), butanoic acid
(99.0%, HBu), 2-butanol (>99.5%, 2-BuOH), 2-butanone (>99.5%, 2-
BuO), m-cresol (� 98%), cyclohexanol (� 99%), cyrene (99.0%),
dibutylamine (� 99:5%, DBA), dibutylether (� 99:3%, DBE), diethy-
lene glycol dibutyl ether (� 99%, DEGDBE), diethylene glycol
dimethyl ether (� 99:5%, diglyme), diisopropylether (� 99%,
DIPE), dimethyl sulfoxide (99.9%, DMSO), dodecane (� 99%), ethyl
levulinate (99%, EtLev), ethylene glycol (� 99:8%, EG), glycerol
(99.0%), glycol (99.8%), heptane (99%), hexadecane (99%, HexD),
isovaleric acid (99%, isoHVal), itaconic acid (� 99%), levulinic acid
(98%, HLev), 5-methyl-2-hexanone (98.0%, 5-m-2-one), 2-
methylbutyric acid (� 98%, 2MBA), methyl isobutyl ketone
(� 99:7%, MIBK), methyl levulinate (�98.0%, MeLev), methyl-2-
methylbutyrate (� 98%, MeMeBu), methyl octanoate (99%,
MeOct), octanoic acid (� 98%, HOct), 1-octanol (� 99%), octyl
octanoate (�98%, OctOct), phenol (� 99:5%, PhOH), 1,2-propane
diol (� 99%), propylene glycol (99.0%, PG), sulfolane (99%), triben-
zylamine (� 99%, TBzA), 2,2,4-trimethylpentane (� 99:5%), tri-
octylamine (98%, TOA), trioctylphosphine oxide (99%, TOPO),
valeric acid (� 99%, HVal)), Acros Organics (tributylphosphate
(TBP, 99%), beta-cyclodextrin (� 98%), N,N-diethylmethylamine
(� 98%, DEMA)), TCI-GR (18-crown-6 (>98%), N,N-
diethylmethylamine (� 98%, DEMA)), Fischer Scientific (oleic acid
(� 99:5%), tridodecylamine (95%, TDDA)), VWR International
(toluene (>99.5%)), Merck KGaA (diethylene glycol (99%, DEG), ace-
tone Lichrosolv� (� 99:8)), Alfa Aesar (n-heptane anhydrous (99+
%)), Honeywell (p-xylene (99%)), BASF (Dehypon G162) and Fluka
(ethylbenzene (98%)).
2.2. Molecular modeling

Molecular modeling (MM) using Wavefunction’s Spartan’16
Parallel software was applied to model the heat of interaction
between the solvent molecules and the components of the mix-
tures studied. The geometry of the molecules or groups of mole-
cules was optimized using DFT-xB97X-D-6-31G* level of
calculation and parametrization. A conductor-like polarizable con-
tinuum model (CPCM) solvation using a high dielectric constant of
37 (default value for a polar component) was used to incorporate
the effect of the polar environment. If present in Spartan’s SSPD
database, those geometries were used as initial geometries. In
other cases the initial geometry for the geometry optimization
was obtained from molecular mechanics simulation, followed by
an optimization using DFT-xB97X-D-6-31G* and further applica-
tion of the solvation in the calculation. The geometry of each of
the molecules of was thus first optimized individually. By combin-
ing the molecules with individually optimized geometry and struc-
tures, and minimizing the energy of their ensemble, the interaction
energies were calculated. Also for these calculations first the
geometries were optimized based on molecular mechanics simula-
tion, followed by DFT-xB97X-D-6-31G* and further application of
the solvation in the calculation. For the calculations up to two
molecules the final geometries are not dependent on the initial
geometry. For the 3-molecule ensembles different initial geome-
tries resulted in small deviations of the final energy of the ensem-
ble, however the number of local minima was limited. For this
purpose the lowest-energy minimum was used. As this screening
method is intended as a fast and simple screening method, no
molecular dynamics simulations or Monte Carlo simulations were
performed.

Next to the interaction energy between solvent and each of the
two compounds in the mixture, the interaction energy of two sol-
vent molecules was also calculated, as well as the interaction
energy of these solvent-solvent ensembles with a third component,
being either a solvent molecule or one of the molecules of the mix-
ture studied. The interaction energy of the binary ensemble with a
third component from the binary mixture that is to be separated
was then determined relative to the interaction with a third sol-
vent molecule, as is schematically shown in Fig. 1. These interac-
tion energies were calculated between a solvent and the high-
boiling mixture component, i.e. HLev, DEMA and 2-BuOH with
the DFT-xB97X-D-6-31G* level of calculation and CPCM solvation
using a default dielectric constant for a polar solvent of 37. Initial
geometries, optimized geometries and lowest-energy minima



Fig. 1. Schematic description of the MM calculation of the energy of interaction of 2 solvent molecules (methyl levulinate, MeLev) with a third molecule of mixture
component (octanoic acid, HOct) relative to the interaction energy with a third solvent molecule. Calculations were performed using Wavefunction’s Spartan Parallel’16
software with DFT-xB97X-D-6-31G* level of calculation.
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were obtained as previously described for the interaction of one
solvent molecule and one molecule of mixture component.

It is unrealistic to assume that solvent molecules are always
freely accessible, and interactions on a 1:1 basis typically yielded
large interaction energies with the solutes for a range of solvents.
Therefore, rather than basing solvent selection criteria on 1:1 com-
plexations, to distinguish between solvents calculations based on
the third molecule interactions with two solvent molecule ensem-
bles were used. Including even more molecules in the model may
possibly further improve the calculations, although at the cost of
strongly increased computational time which is not intended for
this quick screening method.

Especially for calculations with multiple molecules and mole-
cules with multiple interacting sites there are various options of
optimizing the geometry and energy towards a local minimum.
To minimize the chance of reporting local minima and considering
that this screening method is intended as a fast and simple tech-
nique, duplo calculations for each three molecule ensemble were
performed with different starting geometries and the standard
deviations in the calculated energies were determined. Addition-
ally, in case of a very strong deviation (>10 kJ/mol) for the duplo
calculations additional calculations were performed to aid
approaching the global energy minimum. Deviations were indeed
stronger for molecules with multiple interacting sites, e.g. glycerol
and the larger esters and ethers. Including all solvents studied, on
average the standard deviation in the differences of the duplo cal-
culations equaled 13 kJ/mol. This indicates the importance of per-
forming the geometry optimization with multiple initial
geometries to avoid finding only local minima, especially in the
case of multiple or larger molecules. The effect of the increased
number or size of molecules could be addressed by applying
molecular dynamics simulations with large groups of molecules.
These simulations would induce strongly increased computational
costs and are therefore not applied in this quick screening method
based on MM.
2.3. ITC

ITC experiments were performed in a TA Instruments TAM III
Microcalorimeter operated at 20 �C based on dynamic correction.
In each experiment a reference cell was used that contained water
with a heat capacity equal to that of the sample cell including sam-
ple. A total of 283 mL of titrant was titrated in 20 subsequent peri-
odical injections into the sample cell. Golden stirrers operated at
1.33 Hz were used to mix the sample. An injection interval of
55 min was applied to ensure that the signal was back at the base-
line. Interval injection was preferred over continuous injection,
because the measurement of the heat of mixing is subject to sev-
eral errors that are induced by temperature differences between
sample and titrant, variations of sample volume and viscosity
affecting the heat released from stirring and variations in the stir-
ring speed itself (Rodríguez de Rivera et al., 2009). These variations
are expected to have less effect when ITC is operated with period-
ical injections, as in that case the absolute signal is stronger and
the time intervals allow for baseline stabilization. The heat of inter-
action as a result of each injection was measured for the combina-
tions of solvents and components of the mixtures studied, from
which the accumulated heat of mixing versus the mixture compo-
sition could be derived.

2.4. Vapor-liquid equilibria (VLE)

Vapor-liquid equilibria (VLE) were obtained using Fischer
Labodest VLE602 ebulliometers in which a magnetically stirred
equilibrium cell is present that is connected to a Cottrell circula-
tion pump. The cell is heated with an immersion heater. The pres-
sure can be set between 100 mbar and atmospheric pressure using
either an Edwards E2M1.5 or Pfeiffer DUO 3 vacuum pump. The
power supplied to the reboiler and the heating mantle temperature
can be set. The equilibrium temperature of the mixture as well as
the liquid temperature in the reboiler were measured using Pt-100
thermocouples. For each sample composition the equilibrium cell
was filled with 80 mL of sample (including the solvent). When
equilibrium temperature was reached after 30–90 min samples of
both the liquid phase and the condensed vapor phase were taken.

2.5. GC and GC–MS

Samples from the VLE-experiments were dissolved in acetone
and analyzed in triplo by gas chromatography (GC) with a Varian
CP-3800 with FID detector (280 �C, standard error �1% for
liquid phase samples and �3% for vapor phase samples of lower
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concentration) and an Agilent DB-WAX column (60 m * 0.25 mm *
0.25 lm). For the DEMA-DIPE case the internal standard of dodecane
was applied, for the other cases heptane was applied as the internal
standard. The temperature profiles of the GC oven for the different
cases are shown in Table 2. For the DEMA-DIPE case some of the
sampleswere analyzedwith a 7890AMs5975CAgilentGC–MS (stan-
dard error �1% for liquid phase samples and �3% for vapor phase
samples of lower concentration) with FID and an Agilent HP-5Ms,
HP19191S-433 column with helium as the carrier gas.

3. Results and discussion

3.1. Binary VLE data

Binary VLE data for the three studied cases is shown in Fig. 2.
For the cases of DEMA-DIPE and and 2-BuO – 2-BuOH data on
the relative volatility are previously published as Sprakel et al.
(2018, 2019), and used in this work for the development of the sol-
vent screening approach. For the case of HOct-HLev (Fig. 2a) the
relative volatility is rather high up to x = 0.8 considering the small
difference in natural boiling points (DTb ¼ 6 �C, see Table 1). The
equilibrium line does however show a tangent pinch, making it
more difficult to obtain highly pure HOct, and application of a
solvent-based separation can be beneficial. In contradiction to
what would normally be expected, at a lower pressure the relative
volatility is lower. This may be a result of the non-ideal dimeriza-
tion behavior in the vapor phase, with the high-boiling levulinic
acid being the stronger acid and therefore having a lower com-
pressibility factor. For DEMA-DIPE (Fig. 2b) the relative volatility
(average a = 1.05) is very low as most of the points are (almost)
on the y ¼ x line, and based on this VLE behavior, it is clear that
ordinary distillation cannot be applied to separate this mixture, a
solvent-based approach is suggested. For the case of 2-BuO-2-
BuOH (Fig. 2c) the equilibrium line shows the shape of ideally
behaving liquids (average a = 1.9 at 1000 mbar). Based on the
VLE-behavior of the 2-BuO – 2-BuOH mixture, ordinary distillation
is certainly technically feasible. However, based on the work of
Blahusiak et al. (2018) energy efficiencies in distillation processes
may be significantly reduced upon increasing the selectivity up
to a = 3. Thus also in this case, adding solvent may be beneficial
for the overall economics of the separation.

3.2. Initial solvent selection

A first selection of the solvents applied in each case was made
based on a variety of different solvent types containing different
functional groups and covering the full range of solvents, i.e. from
highly polar and active solvents that specifically interact with the
components through e.g. hydrogen bonding, to apolar and inactive
solvents without specific interactions with the components. In
each of the cases the boiling point Tb of the solvent was also con-
sidered as it should not be too close to that of the mixture compo-
nents. Table 3 shows the total list of solvents applied in the three
cases studied, including properties such as pKa/pKb, the BF3-
affinity and the hydrogen bond basicity pKBHX (Laurence and Gal,
2009; Laurence et al., 2011). However, as can be seen in the table,
Table 2
Oven temperature of GC and GC–MS for analysis of liquid phase and condensed gas phase c
temperature increases have linear profiles).

Case DEMA-DIPE (GC) DEMA-DIPE (GC–MS)

Time (min) T (�C) Time (min) T (�C)

0–1 40 0–4 45
3–4 50 32–34 160
7–10 250 47–49 250
the data available within these scales is far from complete and
although several solvents will have comparable values because of
structural resemblance it is difficult to select solvents purely on
these data. Therefore promising results in literature were also used
to form the group of selected solvents, as well as qualitative func-
tional group based predictions on deviations of Raoult’s law
(Doherty and Knapp, 2004), complemented with a selection of sol-
vents based on different functional groups, e.g. alcohols, acids,
bases, alkanes and ethers.

3.2.1. Octanoic acid/Levulinic acid
In the HOct-HLev mixture, HOct is the most volatile component,

therefore a high-boiling solvent should either attract HLev, or repel
HOct more than HLev in order to increase the relative volatility of
HOct. In case a low-boiling solvent is applied the opposite holds.
Because of the difference in pKa of the acids, a group of basic sol-
vents was selected (i.e. trioctylamine (TOA), tridodecylamine
(TDDA), tribenzylamine (TBzA), tributylphosphate (TBP), tri-
octylphosphine oxide (TOPO)), next to solvents with other func-
tional groups (i.e. alcohols (glycerol and Dehypon G162, a C16

Guerbet alcohol with 2 ethylene oxide groups)), an alkane (hexade-
cane), sulfolane and an ether (18-Crown-6). Because of promising
results with applying esters having similar molecular structures
as the mixture components for separation of valeric acid and its
isomers (Sprakel et al., 2018, 2019), several esters were also inves-
tigated (methyl levulinate (MeLev), methyl-2-methylbutyrate
(MeMeBu), methyl octanoate (MeOct), ethyl levulinate (EtLev)
and octyl octanoate (OctOct)).

3.2.2. DEMA/DIPE
As neither DEMA nor DIPE is clearly most volatile, solvents were

selected based on expected differences in interaction with both of
the components (Sprakel et al., 2018, 2019). Because of the basic
nature of DEMA, acids were selected (acetic acid (HAc), valeric acid
(HVal) and oleic acid), but also bases were selected (dipropy-
lamine, dibutylamine). Because of expected hydrogen bonding
with both DEMA and DIPE and predicted deviations from Raoult’s
law (Doherty and Knapp, 2004; Robbins, 1980), phenolics and alco-
hols were selected (phenol (PhOH), m-cresol, ethylene glycol (EG),
diethylene glycol (DEG) and propylene glycol (PG)). Deviations
from Raoult’s law are also expected for the solvent iso-octane that
was chosen. For resemblance with DEMA the solvents dipropy-
lamine (DPA) and dibutylamine (DBA) were chosen and for resem-
blance with DIPE the solvent diethylene glycol dimethyl ether
(diglyme) was chosen.

3.2.3. 2-BuO – 2-BuOH
Because of the hydrogen bond donating and accepting func-

tional groups in the mixture of 2-BuO and 2-BuOH several solvents
were chosen that can either accept a hydrogen bond (DMSO,
diglyme, dibutyl ether (DBE), MeLev, 5-methyl-2-hexanone (5-m-
2-one), cyrene), donate a hydrogen bond (glycol, 1-octanol, PG,
glycerol) or both (butanoic acid (HBu). P-Xylene and ethylbenzene
were chosen based on promising results in the separation of the
alcohol-ketone mixture of methanol and acetone (Kossack et al.,
2008; Sprakel et al., 2018, 2019).
omposition of ebulliometer experiments (only the plateaus are given, all intermediate

HOct-HLev 2-BuO-2-BuOH

Time (min) T (�C) Time (min) T (�C)

0–5 45 0–4 45
19–29 250 14.50–15.50 150

18–20 250



Fig. 2. Binary VLE data for (a) octanoic acid (HOct) and levulinic acid (HLev) at
500 mbar (open symbols) and 200 mbar (closed symbols), (b) diethylmethylamine
(DEMA) and diisopropylether (DIPE) with average a = 1.05 at 1000 mbar, data from
Sprakel et al. (2018, 2019), and (c) 2-butanone (2-BuO) and 2-butanol (2-BuOH)
with average a = 2.0 at 1000 mbar, data from Sprakel et al. (2018, 2019).
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3.3. Solvent interaction simulation with MM

The interaction energy was calculated between solvent and
high-boiling mixture component, i.e. HLev, DEMA and 2-BuOH,
see Table 4 (first columns for each case). Solvents are sorted from
most exothermic to most endothermic interaction in their binary
system with the high-boiler. Next to the 1:1 interactions of solvent
and high-boiler, also interactions of ensembles of two solvents
with a third molecule have been calculated, these results are given
in the second and third column for each of the systems.

Based on prior work by Jongmans et al. (2012), too strong
exothermic interactions should be avoided because of regeneration
problems, and in general it is assumed that solvents with an inter-
mediate interaction strength may increase a, without compromis-
ing the regeneration. Solvent interactions with the high-boiling
component should be stronger than the interaction between the
mixture components, i.e. �21 kJ/mol for the case of DEMA-DIPE,
�31 kJ/mol for the case of 2-BuO-2-BuOH and �38 kJ/mol for
HOct—HLev. Fig. 3a shows a schematic representation of the
regions of the calculated direct interaction energy with the high-
boiling component where solvent effects on a are expected, assum-
ing that an exothermic interaction energy of more than �60 kJ/mol
is too strong. For moderately endothermic interaction energies a
negative effect on a is expected as a result of repulsion of the
low-boiling component, however no specific values for this region
were predicted in this work.

Assuming a maximum (exothermic) interaction energy of
�60 kJ/mol, the list of selected solvents based on the direct inter-
action energy with the low-boiling component calculated with
MM includes for HOct-HLev 18-Crown-6, OctOct, MeLev, EtLev,
TBP and glycerol, for DEMA-DIPE cyclohexanol, m-cresol, EG, PG,
DEG, DBA, DBE, DPA, diglyme and PhOH, and for 2-BuO-2-BuOH
DBE, ethylbenzene, diglyme, 1-octanol, 5-m-2one, cyrene, MeLev,
DMSO, EG, HBu and PG. The boundaries for the solvent affinities
that were considered for further studies are graphically displayed
in Fig. 3b.

To further study on the effect of solvent properties on the inter-
action energies using MM, also the interaction energy of two sol-
vent molecules with a third molecule from the mixture was
calculated and listed in Table 4. To avoid the risk of not selecting
suitable solvent, the guidelines for selecting solvents based on
MM calculations of ensembles of two solvent molecules with a
third molecule should not be applied too strict (i.e. ±the standard
deviation of 13 kJ/mol) and it is therefore suggested not to exclude
solvents if the calculated values are not significantly out of the
desired range.

The values obtained for the solvent cyrene in the case with 2-
BuO-2-BuOH are extremely high as a result of very strong (calcu-
lated) interaction energy of 2 cyrene molecules with a third mole-
cule. Theoretically, a good solvent will attract a molecule of the
high-boiling component over an additional solvent molecule, and
thus show a negative relative interaction with the high-boiling
component. Moreover, a smaller negative value for the interaction
of the low-boiling component (compared to the high-boiling) rela-
tive to interaction with the solvent should be beneficial, indicating
less affinity with the low-boiling component. However, since most
interactions between the components take place in the liquid
phase, this last assumption was not taken into account in the selec-
tion of solvents.

Considering the calculated values for interaction of the ensem-
ble of two solvent molecules with a third solvent molecule (rela-
tive to a third solvent molecule), the solvent TBP could be
excluded for the case with HOct-HLev based on calculated exother-
mic interactions with the low-boiling component and endothermic
interaction with the high-boiling component as a third molecule to
the solvent ensemble. Thus, the list of selected solvents for further
studies by ITC and VLE includes for HOct-HLev 18-Crown-6,
OctOct, MeLev, EtLev and glycerol, for DEMA-DIPE cyclohexanol,
m-cresol, EG, PG and PhOH, and for 2-BuO-2-BuOH ethylbenzene,
1-octanol, 5-m-2one, MeLev, DMSO, EG and PG.



Table 3
Solvent properties (Christian Laurence and Gal, 2009; Laurence et al., 2011) for solvents applied in the three separation cases investigated.

Solvent Abbreviation Tb(�C) pKb pKa BF3-affinity pKBHX

Acetic acid HAc 118.1 4.8
Butyric acid HBu 163 4.8
m-Cresol 203 10.1 (see PhOH)
18-Crown-6 438 1.2
Cyclohexanol 160 1.14
Cyrene 116
Dehypon G162 >350 16–18
Diethylene glycol DEG 245
Dimethylsulfoxide DMSO 190 105.34 2.54
Dipropylamine DPA 110 11 (see TOA) 2
Dibutyl amine DBA 159 11 (see TOA) 2.11
Dibutylether DBE 142 � 17(pKb) 78.57 0.88
Diglyme 162 (see DBE) (see DBE)
Ethylbenzene 136 �0.36
Ethylene glycol EG 195 0.97
Ethyl levulinate EtLev 204 25 (see MeOct) (see MeMeBu)
Glycerol 290
Hexadecane HexD 286.8 – –
Methyl-2-methylbutyrate MeMeBu 102.8 25 (see MeOct) 1.11 (ethyl-isovalerate)
Methyl levulinate MeLev 193–195 25 (see MeOct) (see MeMeBu)
Methyl octanoate MeOct 194–195 25 75.55 (ethyl acetate) (see MeMeBu)
Iso-octane 99.3
1-octanol 1-Oct 196 1.04
Octyl octanoate OctOct 306–307 25 (see MeOct) (see MeMeBu)
Oleic acid HOl 360 5.0 – –
Phenol PhOH 181.7 9.98 �0.07
Propylene glycol PG 187 (see EG)
Sulfolane 285 51.32 1.47
Trioctylamine TOA 365–367 10 135.87 (triethylamine) 1.57
Tributylphosphate TBP 289 84.75 (trimethylphosphate) 2.66
Tribenzylamine TBzA 380–390 �1.5
Trioctylphosphine oxide TOPO 310 (50 mmHg) 119.28 (triethylphosphine oxide) 3.59
Tridodecylamine TDDA >400 10 (see TOA) (see TOA)
Valeric acid HVal 185.4 4.8 – –
p-xylene 138 �0.29
5-methyl-2-hexanone 5-m-2-one 144 � 19� 20 74.84 1.13 (heptane-4-one)

Table 4
Interaction energy calculated with Spartan Parallel’16 (DFT-xB97X-D-6-31G* level of calculation) for interaction between the solvents of each of the cases with the high-boiling
component (first column) and the interaction of the ensemble of 2 solvent molecules with a third mixture component relative to interaction with a third solvent molecule (2nd
and 3rd column, see Fig. 1).

HOct-HLev DEMA-DIPE 2-BuO – 2-BuOH

Solvent Interaction
energy
with HLev

Interaction
with mixture
component

Solvent Interaction
with DEMA

Interaction
with mixture
component

Solvent Interaction
with 2-BuOH

Interaction with
mixture
component

HOct HLev DIPE DEMA 2-BuO 2-BuOH

Dehypon G162 �68 23.6 15 HVal �69 16 16 PG �47 39 5.4
TOA �62 �34 �29 PhOH �59 8.4 �42 HBu �46 18 13
TOPO �61 �23 �22 PG �58 �4.2 �14 EG �45 29 �0.7
glycerol �57 �21 �28 m-cresol �58 �11 7.4 DMSO �44 �3.8 �22
TBP �52 �8.7 8.2 EG �57 15 �25 MeLev �41 12 �2.1
EtLev �47 �5.4 �3.8 cyclo-hexanol �51 2.3 �10 cyrene �40 650 640
MeLev �46 �28 �21 DEG �50 68 91 5-m-2-one �38 11 �5.7
OctOct �42 11.2 �5.5 DBA �30 �1.5 21 1-octanol �37 �18 �7.1
18-Crown-6 �40 22 �37 DBE �30 9.6 36 diglyme �33 21 19
TBzA �32 �9.3 12 diglyme �28 21 27 ethyl-benzene �32 5.6 6.0
MeMeBu �27 �22 14 DPA �24 3 10.2 DBE �31 6.7 12
MeOct �26 34 32 iso-octane �20 4 �0.85 p-xylene �25 1.0 2.1
sulfolane �26 �13 �16 TPA �23 1.5 �5.9
HexD �25 13 11 glycerol �18 58 �1.3

sulfolane �13 0.2 �20

8 L.M.J. Sprakel et al. / Chemical Engineering Science 210 (2019) 115203
3.4. Solvent interaction measurements with ITC

For HOct-HLev, the heat of mixing measured with ITC for each
of the solvents and mixture components is shown in Fig. 4a for
interaction with HOct and in Fig. 4b for interaction with HLev.
These curves are accumulative, i.e. each point represents the total
amount of heat taken up or released by the sample as a results of
all previous injections divided by the total number of moles in the
sample. Theoretically, the curve that was measured by titrating
HOct into solvent should exactly meet the curve obtained by titrat-
ing solvent into HOct. The measured curves typically meet each
other but with small off-sets. These differences are a result of
experimental errors, enhanced by the accumulative nature of the
curve itself. The interaction with TOA and TBP is clearly exothermic



Fig. 3. Expected solvent effect based on direct interaction energy calculated with MM, with (a) general representation of boundaries and region for positive effect (less
exothermic than �60 kJ/mol and more exothermic than the interaction between the binary mixture components) and negative effect (no specific boundaries were defined in
this work), and (b) specific regions for expected positive solvent effects for the three cases studied.

Fig. 4. Heat of mixing (accumulative, per mole of sample including titrant) of
solvent for the HOct-HLev case at 20 �C with (a) HOct over the full range of HOct
mole fractions and (b) HLev over the full range of HLev mole fractions.
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and strong for both acids, which is explained by the basic character
of these solvents. Also with Dehypon G162 a small exothermic
interaction is observed, which is not so obvious. From the organi-
zation of the three molecule ensembles, a clear multiple interac-
tion of the acid molecule with both the alcohol and the ether
functionalities in the Dehypon G162 was observed. Most other sol-
vents show a small endothermic heat of mixing for each of the
acids. The heat of mixing of MeLev and EtLev with HOct are two
exceptions to this, these show a more endothermic mixing
enthalpy with HOct than the mixing enthalpy of HLev with HOct.
The interaction is more endothermic because both MeLev and
EtLev are esters and thus only hydrogen bond acceptors with
weaker hydrogen bonds than the acid-acid dimers of HOct and
HLev.

Comparing the absolute values for the interaction energy
between solvent and acid from ITC (Fig. 4) with those from MM
(Table 4), it is clear that the heat measured in ITC is significantly
lower than the direct interaction energy calculated with MM. The
direct interaction energy from MM only involves interactions
between one solvent molecules and one solute molecule. When
the relative interaction energy of a third solute molecule (relative
to a third solvent molecule) from Table 4 is compared with the
ITC results at low molar ratio it is clear that the MM values are
already more in the same range of values and thus also more real-
istic. These values do however not match exactly which may be
explained by considering that in the MM calculation a very limited
ensemble of only three molecules was calculated, whereas in ITC
the net heat effect of all ongoing interactions and restructuring
in the solvent upon titration of the acid is measured. Moreover,
breaking of acid dimers in the titrant upon dilution through titra-
tion reduces the heat measured in the ITC measurements. In the
MM calculations with three molecules, already some solvent-
solvent interactions and geometric rearrangements are taken into
account, resulting in more realistic energy values than MM calcu-
lations with only two molecules.

Considering regeneration problems with TBP and TOA
(vide infra), a maximum cumulative exothermic heat effect of 4
to 5 kJ/mol mixture can be set as guideline. Based on the ITC results
in Fig. 4 EtLev and MeLev, showing moderately endothermic heats
of mixing (maximally about 1.5 kJ/mol mixture), are selected for
further study in VLE measurements and for the other solvents only
a small or no effect on a is expected based on the small heats of
mixing.

The disadvantage of this type of measurement is that solvents
that are solid at operational temperatures of the ITC (e.g. sulfolane,
18-Crown-6) cannot be taken into account as they cannot be
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titrated and will show melting energy or enthalpy of dilution. To
overcome this problem, it was attempted to perform a direct mea-
surement of the heat of mixing of HOct and HLev in the presence of
each of the solvents (Fig. 5a), i.e. both titrant and sample are a mix-
ture of the specific solid solvent and one of the acids. However,
from Fig. 5a it can be concluded that in this case the differences
in the energy between the solvents are very small in terms of
endothermic / exothermic heat of mixing. Therefore based on this
type of experiment no solvent effects on the relative volatility can
be predicted. A possible option for screening of these solvents
would be adjusting the temperature of the ITC experiment.

Although the accumulative nature of the heat of mixing curves
does not allow for direct titration into solvents that are solid at
room temperature, it is possible to measure the heat of mixing at
lower solvent fractions without using the accumulated values. This
was applied in another attempt to incorporate solvents that are
solid at room temperature. The non-accumulative ‘heat of injec-
tion’ is shown in Fig. 5b, in which each data point only represents
the energy released by the last injection per mole of titrant (either
the acid HOct or the solvent (symbols with vertical line)). Because
of the non-accumulative nature of these curves, the lines starting
for low and high HOct mole fraction are not expected to match
around a mole fraction of 0.5. Qualitatively, the solvents in
Fig. 5b show the same order of the energy from exothermic to
endothermic as in Fig. 4a, but now it is possible to include TOPO
and 18-Crown-6. TOPO has a strong exothermic heat of injection
with HOct and the heat of injection with 18-Crown-6 is relatively
small, thus both of these solvents are not selected for further study
in VLE measurements.

For the case of DIPE-DEMA the heat of mixing with the solvents
was also determined, see Fig. 6a and b. After demonstrating the
curves in Fig. 4 obtained by experiments starting at high solvent
fraction reach overlapping values for the heat of mixing as exper-
Fig. 5. (a) Heat of mixing (accumulative, per mole of sample including titrant) of
HLev and HOct at 20 �C in presence of solvent (�50 vol% in both titrant and sample
cell) and (b) Heat of injection per mole of titrant for (symbols without vertical line)
titration of HOct to solvent (not accumulative) at 20 �C and (symbols with vertical
line) titration of solvent to HOct.
iments that started at low solvent fraction, it was not considered
necessary to perform all measurements over the full range of com-
positions, and to limit labor intensity and use of chemicals, only
the domain of high solvent fraction was measured for this system.
Cyclohexanol and PG show the largest (endothermic) interaction in
the range from �5 to +5 kJ/mol mixture where reversibility of the
intermolecular interactions is expected upon titration with DIPE
(Fig. 6a). Therefore these two solvents were selected for study in
VLE measurements. EG and DEG were not tested as similar results
as for PG are expected because of the strong similarity in molecular
structure. HVal and m-cresol show too strong interaction
(��10 kJ/mol) and the other solvents have only a small heat of
mixing with DIPE, therefore these solvents are all excluded from
the list of selected solvents for further study.

For the DEMA-DIPE case the non-accumulative ‘heat of injec-
tion’ is shown in Fig. 6c and d, to be able to include PhOH in the
screening. Also in this case, the qualitative results in terms of
endothermic / exothermic energy relative to the ‘heat of injection’
with DEMA or DIPE and the order of solvents are equal to the
results of Fig. 6a and b. The ‘heat of injection’ of the solid PhOH
with DIPE was strongly exothermic and therefore PhOH was also
not selected for further study.

For the case of 2-BuO-2-BuOH (Fig. 7) none of the applied sol-
vents show a strongly exothermic interaction and also none of
the solvents shows a more endothermic interaction with 2-BuO
than 2-BuOH. For most of the solvents, i.e. HBu, MeLev, cyrene,
ethylbenzene, p-xylene, 5-m-2-one and diglyme, the interaction
energy with 2-BuO is very low. Thus, none of these solvents was
selected for further study. The list of solvents selected based on
MM was reduced to 1-octanol, PG and EG based on the ITC
measurements.

3.5. Pseudo-binary VLE data

For validation of the solvent selection procedure based on MM
calculations and ITC measurements, the pseudo-binary VLE data
were also measured for the solvents that were excluded based on
ITC and MM. For the case of HOct-HLev VLE data were measured
with the solvents at a solvent-to-feed ratio of 1 at high HOct con-
centration, considering the shape of the equilibrium line (Fig. 2a).
It appeared that TOA has too strong interactions, since the mixture
was not fully stable in operation with the ebulliometer and a very
strong complex was formed that dissociated very slow and an
increase in concentrations was seen in the samples after a couple
of days. Similar results were obtained for TDDA, where also other
peaks showed up in GC indicating reaction products. The mixture
with TBP was also not stable in operation, a lot of undefined peaks
appeared in the GC chromatogram. The system with glycerol was
very unstable, and the possibility of the presence of two liquid
phases could not be excluded. Although sulfolane was stable in
operation, up to 20 wt% of sulfolane was detected in the condensed
vapor phase samples, while the boiling point is 40 �C higher than
the high-boiler HLev. Apparently there is solvent non-ideality
and this solvent cannot be applied.

Pseudo-binary VLE data for the remaining solvents are shown in
Fig. 8. At both operating pressures (Fig. 8) the application of the
solvent MeLev results in an increase of the relative volatility of
HOct over HLev. At a pressure of 500 mbar (Fig. 8b), it can be seen
that OctOct and MeOct have a negative influence on a, followed by
smaller negative effects of hexadecane, MeMeBu, TBzA (showing
some thermal instability indicated by a color change of the mix-
ture), Dehypon G162 (also some thermal instability) and TOPO.
There was no (significant) effect of EtLev and 18-Crown-6 on a.
Only MeLev showed a clear and significant an improvement of
the relative volatility. At an operating pressure of 200 mbar
(Fig. 8a, Table 5 (left), Fig. 9), similar results were obtained and



Fig. 6. ITC measurements of solvents for the DEMA-DIPE case at 20 �C, with (in subfigures (a) and (b)) the heat of mixing (accumulative, per mole of sample including titrant)
for (a) DIPE and (b) DEMA, and (in subfigures (c) and (d)) the heat of injection (not accumulative, per mole of titrant) for (c) DIPE and (d) DEMA.

Fig. 7. Heat of mixing (accumulative, per mole of sample including titrant) of solvents for the 2-BuO-2-BuOH case at 20 �C with (a) 2-BuO and (b) 2-BuOH.
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for most of the solvents there was no (significant) effect on the
measured relative volatility as for most of the solvents the relative
volatility is close to unity. One of the exceptions is OctOct, which
has a less strongly negative influence in this case. There is also a
small apparent positive effect on the relative volatility visible
when EtLev and 18-Crown-6 are applied as solvents, whereas
MeMeBu and TOPO appear to have (almost) no influence. For HexD
and MeOct the addition of solvent resulted in a HLev being the
most volatile compound, in specific separations (depending on
feed and product composition and the VLE data over the full range
of compositions) these solvents inducing inverted relative volatil-
ity may also be applied.
For DEMA-DIPE the carboxylic acids had too strong interactions
with the mixture components and m-cresol was not fully miscible
with the mixture, see also Sprakel et al. (2018, 2019). EG was
excluded in the VLE measurements because it was not fully misci-
ble with the binary mixture. When diglyme was applied DEMAwas
the most volatile component as it was in the binary mixture, how-
ever for all other solvents DIPE was the most volatile component.
The majority of the solvents (i.e. amines, ethers and alkanes) had
(almost) no influence on the relative volatility (Table 5 (middle)).
The alcohols cyclohexanol, PhOH and PG have the most positive
effect on the relative volatility. For the solvent PhOH it should be
mentioned that although equilibrium could be reached during



Fig. 8. Pseudo-binary VLE data for levulinic acid and octanoic acid with several solvents at a volume based solvent-to-feed ratio of 1 at (a) 200 mbar and (b) 500 mbar. The
error bars indicate the standard error of 1% error in the liquid phase composition and 3% standard error in the vapor phase composition that results from the GC analysis, see
also Section 2.5.

Table 5
Relative volatility a for different solvents applied in the studied cases, from pseudo-binary VLE measurement with solvent (Data from Fig. 8 for HOct-HLev (see also Fig. 9 for the
error in the relative volatility) and for DEMA-DIPE and 2-BuO – 2-BuOH previously published in Sprakel et al. (2018, 2019).

HOct-HLev DEMA-DIPE 2-BuO-2-BuOH
xHOct � 0:9, 200 mbar, xDEMA � 0:5, 1000 mbar xBuO � 0:4, 1000 mbar

No solvent S/F = 1 No solvent S/F = 1 S/F = 3 No solvent S/F = 1

1.2 1.05 1.9

Relative volatility DIPE over DEMA
TOA Not stable Carboxylic acids Too strong interaction DMSO 2.9
TBP Not stable EG / DEG Not fully miscible EG 2.6
MeLev 2.5 m-cresol unstable PG 2.2
EtLev 1.5 PhOH (possibly unstable) 6.7 8.6 HBu 2.1
18-Crown-6 1.4 PG 1.8 2.8 1-octanol 1.8
TOPO 1.3 Cyclohexanol 1.5 1.1 diglyme 1.6
MeMeBu 1.2 DPA 1.0 1.0 DBE 1.6
Dehypon G162 1.0 DBA 1.0 1.1 5-m-2-one 1.6
TBzA 0.88 DBE 1.0 1.0 Ethylbenzene 1.4
OctOct 0.80 iso-octane 1.0 1.0 MeLev 1.3
HexD 0.62 Diglyme 0.9 0.8 p-xylene 1.2
MeOct 0.56 cyrene 1.1

0.0 0.5 1.0 1.5 2.0 2.5
0.0

0.5

1.0

1.5

2.0

2.5

no solvent

MeLevMeOct

HexD

OctOct
MeMeBu

EtLev

α A
sp

en
 P

re
di

ct
io

n

αVLE Measurements

Fig. 9. Parity plot of pseudo-binary relative volatility a of HOct (xHOct ¼ 0:9Þand
HLev at 200 mbar predicted with Aspen Plus and NRTL based on UNIFAC versus a
measured in VLE experiments with several solvents (solvent mole fraction = 0.5).
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the experiments, there was a significant color change of the sample
mixture towards dark brown, indicating thermal instability. For
the separation of 2-BuO – 2-BuOH the solvent glycerol showed lim-
ited miscibility with the mixture and no a could be measured, the
other results are shown in Table 5 (right), see also Sprakel et al.
(2018, 2019). DMSO, PG and EG result in the largest increase of
relative volatility. The effect of EG is stronger than that of PG,
probably a result of increased functional group density. In general,
the less polar and less active solvents have a negative effect on the
relative volatility for this case.
3.6. Evaluation of MM and ITC criteria using experimental VLE data

Solvents were selected based on MM calculations and with ITC
measurements the list of selected solvents was further reduced to
just a few promising solvents of which VLE needed to be measured.
In this procedure, a few criteria were applied. The relative volatility
can be increased by either inducing positive deviations from
Raoult’s law for the interaction with the low-boiler, or by inducing
negative deviations from Raoult’s law for the interaction with the
high-boiler. Also a combination of both is possible.
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For negative deviations from Raoult’s law, i.e. attraction of the
high-boiler

1) In MM, the interaction energy between solvent and high-
boiler should be higher than the interaction energy of the
high-boiler and the low-boiler, but lower than 60 kJ/mol to
facilitate regeneration.

2) MM calculations of ensembles with two solvent molecules
should yield a higher exothermic interaction for the high
boiler than for the low-boiler, and also higher exothermic
interaction for the high-boiler than for interaction of the
two solvents with a third solvent molecule.

3) ITC measurements should yield an exothermic interaction of
the high-boiler with the solvent, under the condition that
ITC measurements should yield a maximum exothermic
interaction of 5 kJ/mol mixture for the high-boiler with the
solvent.

For positive deviations from Raoult’s law, i.e. repulsion of the
low-boiler

4) In MM, the interaction energy between the solvent and the
low-boiler should be endothermic or less exothermic than
the interaction energy between the solvent and the high-
boiler.

5) ITC measurements should yield less exothermic interaction
of the low-boiler with the solvent, preferably even endother-
mic, under the condition that ITC measurements should
yield a maximum exothermic interaction of 5 kJ/mol mix-
ture for the high-boiler with the solvent.

In all cases

6) When the solvent shows a similar heat of mixing with the
high-boiler as the heat of mixing that the low-boiler shows
with the high-boiler, then it is questionable whether a sol-
vent effect can be expected.

For verification of the selection method based on above guide-
lines, for all solvents the pseudo-binary VLE data were measured.
For the case of HOct-HLev, EtLev and MeLev were selected as sol-
vents based on MM and ITC, and their positive effect on awas con-
firmed in the pseudo-binary VLE measurements (Table 5). For the
DEMA-DIPE case, the positive effect was confirmed for cyclohex-
anol and PG. EG could not be evaluated, because it was not fully
miscible in VLE experiments. For the case of 2-BuO – 2-BuOH,
DMSO, PG and EG showed increased a in the pseudo-binary VLE
measurements. According to guideline 6 above, DMSO was not
selected as candidate. Since this solvent did show good character-
istics, we conclude that guideline 6 should not be applied (for other
systems this guideline was irrelevant). Although on the basis of
MM and ITC 1-octanol was selected, the measured a showed no
improvement. For 1-octanol strong interactions between 2-BuOH
and 1-octanol were measured and calculated with both ITC and
MM, although the effect on a is small. The small effect may be a
result of the similar functional group of 1-octanol and 2-BuOH, this
exception should be taken into account when considering solvents
with a functional group equal to those of the binary mixture.

Based on the measured pseudo-binary VLE data for the three
cases of binary mixtures and solvents studied with MM and ITC,
several trends based on both techniques can be derived. In MM cal-
culations interactions between the solvent and the high-boiling
component should be stronger than the interactions between the
mixture components and weaker than an exothermic interaction
energy of 60 kJ/mol. For the DEMA-DIPE case where there was no
significant relative volatility, the solvents that increase a showed
interaction energies in the range of 50–60 kJ/mol with DEMA, indi-
cating that for this difficult separation, stronger interaction with
the components is required compared to the other studied cases.
Moreover, the calculated value for the relative interaction of an
ensemble of two solvent molecules with a third molecule of the
high-boiling component (relative to a third solvent molecule)
should preferably be exothermic, although a light endothermic
effect could also work on the condition that there is a clear differ-
ence in the interaction with the low-boiling component. Especially
for the cases with the HOct-HLev and with DEMA-DIPE case, this
trend was clear. The trend of increasing direct interaction energy
and relative exothermic interaction energy with the high-boiling
component as a third molecule (Table 4) with increasing effect
on a (Table 5 (right)) is the least clear for the 2-BuO – 2-BuOH case,
possibly because of less specific interactions with these mixture
components. The solvent selection would have been further
improved for these cases with weaker intermolecular interactions,
i.e. DEMA-DIPE and 2-BuO – 2-BuOH, by considering that a positive
solvent effect ona is favored by a less exothermic interaction with
the low-boiling component relative to interaction with a solvent
molecule. In subsequent ITC measurements, where lower absolute
interaction energies are measured due to more complex ensembles
of interaction, the interaction energy should be less exothermic
than 5 kJ/mol of mixture in the measurement cell. Furthermore, a
very low heat of mixing with the low-boiling component indicates
minimum interaction between the solvent and low-boiling compo-
nent, based on which a large effect on the relative volatility is unli-
kely. Moreover, when a larger endothermic heat of mixing with the
low-boiling component is measured for the solvent compared to
heat of mixing of the mixture components, then more repulsive
(less attractive) forces between solvent and low-boiling compo-
nent are expected and thus an increase of a.

3.7. Screening of solvent effects with Aspen plus

As a comparison, a solvent screening with Aspen Plus software
was performed. The NRTL model was applied to model the VLE, in
combination with UNIFAC estimates for the missing NRTL param-
eters based on infinite dilution activity coefficients, since no binary
interaction parameters are available in the database. The modeling
was performed with the pseudo-binary system option with a sol-
vent mole fraction of 0.5 and xHOct ¼ 0:9. This resulted in negative
expectations for TOA, HexD, OctOct, MeMeBu and sulfolane. On
the other hand, for MeLev, EtLev, MeOct and glycerol a positive
effect on the relative volatility was predicted. The prediction of
the pseudo-binary VLE for the other solvent TBP was not possible
as UNIFAC is unable to provide binary parameters for the phos-
phate group.

When these predictions are compared with the determined val-
ues for the relative volatility for the stable solvents (from Table 5
(left)), see Fig. 9, the predicted values are far from the values mea-
sured in VLE experiments for MeOct and MeLev and in general too
low for the other solvents. Glycerol and TOA appeared unstable in
the VLE measurements. Only for MeLev and EtLev the prediction of
a positive effect on a is correct, although it is under-predicted.
Although the quantitative predictions were off, the ranking of the
solvents based on the UNIFAC predictions is correct (except for
MeOct). For MeOct, a positive effect on the relative volatility was
predicted by UNIFAC that is not measured in the VLE experiments.

Although MeLev and EtLev could successfully be selected as
potential solvents, solvent screening based on Aspen Plus was
not able to predict on the minimal or negative effect on a for the
other solvents. Furthermore, screening of phosphate group con-
taining solvents is not possible as UNIFAC is unable to provide bin-
ary parameters for the phosphate group. These results on the
separation of HOct and HLev lead to the conclusion that for this
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case with highly non-ideal VLE behavior, Aspen Plus using UNIFAC
may be applicable for a pre-selection of most groups of solvents
and binary mixtures, but is not for all solvents effective and it
should be realized that a good solvent might be discarded whereas
other solvents might be overlooked. The use of MMwith ITC can be
an additional tool for systems that are strongly hydrogen bonding
or even proton exchanging, like HOct and HLev where UNIFAC-
based predictions have difficulties.
4. Conclusion

An approach for solvent screening combining isothermal titra-
tion calorimetry (ITC) and molecular modeling (MM) was devel-
oped and evaluated based on three cases of mixtures of close-
boiling compounds (octanoic acid (HOct) and levulinic acid (HLev),
diethylmethylamine (DEMA) and diisopropylether (DIPE), and 2-
butanol (2-BuOH) and 2-butanone (2-BuO)).

It was shown that for these systems with strong hydrogen
bonding standard predictive methods (e.g. UNIFAC) are less reli-
able or cannot be applied as a result of missing parameters, and ini-
tial predictions of solvent effects on relative volatility can be done
using MM, and measured using ITC. MM was applied using a nor-
mal desktop PC without the requirement of advanced modeling
expertise. The interaction energy calculated with MM should be
larger than the interaction energy of two mixture molecules and
less exothermic than �60 kJ/mol. Calculated interactions based
on three molecules ensembles resulted in interaction energies that
are more in the range of those measured in ITC. An exothermic (or
a small endothermic interaction) of a two molecule solvent ensem-
ble (relative to interaction with an additional solvent molecule)
with the high-boiling component also indicated a positive effect
on the relative volatility. For the cases with weaker intermolecular
interactions, a less exothermic interaction of solvent with the low-
boiling component than with the high-boiling component indi-
cated a positive solvent effect on the relative volatility.

Determining heats of mixing experimentally in ITC for selected
solvents can further narrow down the list of solvents to be mea-
sured in labor intensive VLE experiments. Using VLE, it was con-
firmed that the cumulative mixing energy as measured by ITC
should not exceed +5 kJ/mol mixture or �5 kJ/mol mixture.

The developed and experimentally evaluated approach and
guidelines for solvent effect prediction based on MM and ITC suc-
cessfully predicted the solvent effects for each of the cases studied.
No solvents with a positive effect on the relative volatility were
missed in the predictions. An advantage of ITC is that it is possible
to perform analysis at various experimental conditions and/or
compositions and actual interaction energies are measured. Espe-
cially in the case of strong interactions between the binary mixture
components and solvents, application of ITC is advantageous as
UNIFAC predictions are less accurate for those specific cases and
specific interactions between the components. In these cases,
MM and ITC may even be combined with extensive initial CAMD
based solvent screening. Using this approach significantly reduces
the time and material required for solvent screening because only
for a limited number of solvents labor and material intensive VLE
experiments are necessary. Additionally, the effect of (adjust-
ments) of molecular structure on the relative volatility can be stud-
ied with MM and MM allows for the design and development of
new solvents for separation of close-boiling mixtures.
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