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Bio-based solvents as entrainers for extractive
distillation in aromatic/aliphatic and oleﬁn/paraﬃn
separation†
Thomas Brouwer

and Boelo Schuur

*

The use of a wide range of bio-based solvents as entrainers in extractive distillation applications was
investigated. The separation of hydrocarbon mixtures containing aromatic and aliphatic compounds is
highly relevant, and the use of bio-based solvents for this separation was studied using the model system
of methylcyclohexane and toluene. Additionally, the use of bio-based solvents for the diﬃcult oleﬁn/
paraﬃn separation was studied using the model system of n-heptane and 1-heptene. From all of the biobased solvents studied, Cyrene™ showed the highest relative volatility in the methylcyclohexane–toluene
system. At compositions up to 40 wt% of methylcyclohexane in the hydrocarbon mixture, with a relative
volatility of 3.17 ± 0.16 at 1000 mbar, the selectivity was comparable with the state-of-the-art industrial
solvent Sulfolane™. At higher methylcyclohexane fractions, Cyrene™ outperforms Sulfolane™, resulting
in a 43% reduction of the minimum reﬂux ratio, which is an excellent measure of energy eﬃciency. With
regard to the relative volatility of n-heptane over 1-heptene, Cyrene™ also induces an increase in the
relative volatility, but not as much as the industrial benchmark n-methylpyrrolidone (NMP). A relative volaReceived 25th May 2020,
Accepted 6th July 2020

tility of 1.20 was measured at a solvent-to-feed ratio of 3 (mass basis), which can be further increased by

DOI: 10.1039/d0gc01769h

the addition of extra Cyrene™. This leads to the prospect that Cyrene™ may be used for extractive distillation in oleﬁn/paraﬃn separations, replacing NMP which is subject to severe environmental restrictions by

rsc.li/greenchem

the REACH agreement due to toxicity.

1.

Introduction

Distillation is the workhorse in the chemical industry when it
comes to separation. Although it is eﬃcient and highly
eﬀective in many applications, this mature technology can also
be energy intensive and thus costly when it comes to mixtures
that are diﬃcult to separate by distillation due to a pinch
point or azeotrope, or simply due to low relative volatility. Up
to 50% of the total costs of a chemical plant are due to separations,1 with much of it due to the use of heat as the separation agent.2 For mixtures that are diﬃcult to separate by distillation, extractive distillation is commonly used, in which the
addition of a high-boiling solvent helps to reduce the energy
requirements by overcoming azeotropes and increasing the
relative volatility.
Well-known industrial solvents in the petroleum industry
include Sulfolane™,3 n-methylpyrrolidone (NMP)4,5 and N,N-

Sustainable Process Technology Group, Process and Catalysis Engineering Cluster,
Faculty of Science and Technology, University of Twente, Enschede, The Netherlands.
E-mail: b.schuur@utwente.nl; Tel: +31 53 489 2891
† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0gc01769h

This journal is © The Royal Society of Chemistry 2020

dimethylformamide (DMF).6 The application of these traditional solvents is not always as benign as desired; for
instance, NMP is going to be banned for certain industrial
applications due to the REACH legislation.7 Therefore, increasingly more attention has been given to the search for alternative, more benign, solvents. For example ionic liquids (ILs),8
deep eutectic solvents (DESs)9 and switchable solvents10 are
among the studied alternatives. Bio-based solvents may be
considered another class of solvents, including both natural
DESs (mixtures exhibiting an eutectic behaviour)11,12 and
single-component molecular bio-based solvents.13,14 The
single-component solvents are most similar to traditional solvents in terms of molecular properties but they diﬀer in the
feedstock.13,14
In this contribution, our study to find bio-based alternative
solvents for extractive distillation is described, aiming at replacing fossil-based solvents to minimize the environmental
impact associated with solvent production. In the comparison
of the sustainability aspect of bio-based solvents and traditional solvents, the diﬀerence of the feedstock is apparent.
In contrast to traditional solvents that are almost all derived
from fossil oil,15 the feedstock for bio-based solvents is
diverse, and includes lignocellulosic biomass,17 fermentation
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broths18 or (air-captured) carbon dioxide.19 On the condition
that access to such bio-based chemicals involves clean processes, this approach can lessen the impact on the environment due to the use of carbon from the short carbon cycle.20
As lignocellulosic biomass consists mainly of C5- and C6sugars and lignin, a large variety of platform chemicals may be
derived from them. Access to highly interesting chemistry can
be realized by pyrolysis; see for example the route to dihydrolevoglucosenone in Fig. 1. Upon further refinement, from
biomass-derived sugars, for instance, propylene glycol, levulinic acid, γ-valerolactone, glycerol and furfural can be produced.17 With an additional synthetic step, the variety of accessible bio-based chemicals increases even further, e.g. nucleophilic addition of methanol to produce cyclopentyl methyl
ether,21 fermentation of glycerol to propionic acid,22 trimerization of acetone to isophorone,23 and esterification of acetic
acid and glycerol to triacetin24 and levulinic acid and ethanol
to ethyl levulinate.25 Fast (catalytic) pyrolysis or hydrolysis of
lignin can yield aromatic chemicals such as guaiacol,26
phenol27 and acetophenone.28 Ethylene carbonate can be produced by the cycloaddition of carbon dioxide to epoxides.19,29
Dihydrolevoglucosenone, or Cyrene™, shown in Fig. 1, has
been mentioned as a promising bio-based alternative polar
aprotic compound. It was synthesized in 1978 by Brimacombe
et al.30 by the reduction of levoglucosenone and also shown by
the group of Weckhuysen.31 Levoglucosenone itself can be
obtained by the fast pyrolysis of cellulose.32–35 The recent
rediscovery of Cyrene™ has resulted in various application
assessments, including as a solvent for several reactions (fluorination,34 Menschutkins-,34 Sonogashira- and Cacchi-type
annulation,16,36 basic reactions,16 acyl substitution,16 Suzuki–
Miyaura cross-coupling,16,37 amide synthesis,16,38 urea synthesis,39 MOF synthesis,40 solid-phase synthesis41), as a starting material for platform chemicals,42 as a hydrotropic solvent
due to the capabilities via its germinal diol43 and as a solvent
for liquid exfoliation in graphene processing.44
We decided to include Cyrene™ in the aforementioned
range of bio-based solvents to be evaluated as an entrainer in
two highly relevant industrial extractive distillation processes.
The separation of methylcyclohexane (MCH) and toluene is a
model system for the separation of aromatics and aliphatics.
Although this particular separation is challenging due to the
close boiling nature of the binary mixture, it also represents a
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wider range of separations in a complex industrial hydrocarbon mixture. Relatively low-boiling aromatic compounds
(BTX, i.e. benzene, toluene, and xylenes) are to be entrained
from a wide range of aliphatic compounds which can be as
volatile as the BTX compounds, but also much heavier. The
addition of a solvent must therefore achieve a reversal of the
boiling point order, hence separation of all aliphatic compounds over the top of the distillation column as the
distillate.45,46 For this challenging task, many solvents do not
show high-enough selectivity.46 The solvent screening results
of this study will include a comparison with Sulfolane™ to
identify which of the bio-based solvents perform similarly or
better, and may be applied in a wider range of separations of
aromatics and aliphatics. Furthermore, for promising solvents,
the application as an entrainer in another challenging separation problem, the olefin/paraﬃn separation,47 will be investigated, for which n-heptane and 1-heptene were chosen as the
model system.
A first estimate, or performance prediction, was performed
using the modified UNIFAC (Do) model,48 known to be among
the best predicting models for vapour–liquid equilibria.49

2. Experimental section
2.1.

All the applied chemicals, detailed in the ESI,† were used
without any additional purification.
2.2.

5370 | Green Chem., 2020, 22, 5369–5375

Experimental setup

Fischer Labodest VLE602 ebulliometers were used for the
measurement of the isobaric vapour–liquid equilibria (VLE).
Each mixture, containing the binary mixture and optionally a
solvent, was heated to reach an equilibrium temperature at a
pre-set pressure. For each measurement, a total amount of
about 85 g of the liquid was added in the ebulliometer, which
ensured adequate liquid and vapour flows throughout the
ebulliometer system. Each measurement was left to equilibrate
for approximately 60 min, and after reaching the equilibrium,
0.5–1.0 mL of liquid samples was taken from the liquid and
condensed vapour flows. A solvent-to-feed ratio of 1 was used
if not specified otherwise. A 50/50 wt% mixture of MCH and
toluene was used for the screening of the bio-based solvents,
while a 90/10 wt% mixture was used for the measurements
with n-heptane/1-heptene. Distillation results are typically
reported in mole fractions, so these were calculated as well.
2.3.

Fig. 1 Synthetic steps of a bio-based solvent via pyrolysis of cellulose
to levoglucosenone which is subsequently hydrogenated to dihydrolevoglucosenone (Cyrene™).16

Materials

Analysis method

2.3.1. Gas chromatography. A Thermo Scientific Trace
1300 gas chromatograph with two parallel ovens and a TriPlus
100 Liquid Samples autosampler was used for the analyses.
The samples of the MCH/toluene system were analysed using
an Agilent DB-1MS column (60 m × 0.25 mm × 0.25μm) with
an injection volume of 1 μL diluted in analytical acetone. A
ramped temperature profile was used, in which the initial
temperature was 50 °C, followed by a ramp of 10 °C min−1 to

This journal is © The Royal Society of Chemistry 2020

View Article Online

Open Access Article. Published on 07 July 2020. Downloaded on 9/17/2020 8:02:53 AM.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Green Chemistry

Paper

200 °C. The second ramp of 50 °C min−1 to 320 °C completed
the program, which lasts 20 min. The FID temperature was
330 °C. A column flow of 2 mL min−1 with a split ratio of 5, an
airflow of 350 mL min−1, a helium make-up flow of 40 mL
min−1 and a hydrogen flow of 35 mL min−1 were used.
2.3.2. 1H NMR. The samples of the n-heptane/1-heptene
system were analysed by proton Nuclear Magnetic Resonance
(1H NMR) spectroscopy using a Bruker 400 MHz spectrometer.
The samples were diluted in deuterized chloroform. The intensities of the characteristic peaks of n-heptane, 1-heptene,
Cyrene™ and NMP of respectively 0.74 ppm, 5.74 ppm,
3.95 ppm and 2.80 ppm were used to determine the
composition.

3. Results and discussion
The potential of various bio-based solvents to increase the relative volatility in the MCH–toluene binary mixture was evaluated experimentally by measuring the pseudo-binary vapor–
liquid equilibrium (VLE), pseudo-binary meaning that the
composition of the solvent is not taken into account in the calculations for the MCH–toluene binary mixture. The relative
volatility (αij ) is the ratio of the activity coeﬃcients (γi) and the
saturated vapour pressures (Poi ) of both compounds, as shown
in eqn (1).
αij ¼

γ i Pio
γ j Pjo

ð1Þ

The saturated vapour pressures are pure component properties, whereas the activity coeﬃcients are dependent on the
mixture composition, and hence, are aﬀected by the presence
of a solvent. By predicting the activity coeﬃcients using the
mod. UNIFAC (Do) model,48 the corresponding eﬀect of the
solvent on the relative volatility can be predicted. All relative
volatilities mentioned in this paper are pseudo-binary relative
volatilities, i.e. the solvent is not taken into account. This is a
common practice in studies on entrainer performance in
extractive distillation, and mostly those solvents with much
higher boiling points than the mixtures are selected.4,50
3.1.

Relative volatility screening

The eﬀect of the bio-based solvents in this study on the relative
volatility in the MCH–toluene binary mixture was studied at a
composition of 50/50 wt% of MCH and toluene. The predicted
relative volatility using the mod. UNIFAC (Do) model is compared with the experimentally obtained values using a
dynamic equilibrium measurement with an ebulliometer. The
parity between the model and the experiment is shown in
Fig. 2. Several bio-based solvents, such as furfural,
γ-valerolactone, phenol and levulinic acid, perform very well,
showing only slightly lower relative volatilities than was
observed with Sulfolane™. Among these solvents, furfural is
already a known extractive distillation solvent in the purification of C4-hydrocarbons,51 and phenol has been mentioned
decades ago.52 Levulinic acid and γ-valerolactone have, to the

This journal is © The Royal Society of Chemistry 2020

Fig. 2 The screening results of sixteen bio-based solvents regarding
the relative volatility of a 50/50 wt% MCH/toluene mixture with a
solvent-to-feed ratio of 1 (mass basis) at 1000 mbar. On the x-axis, the
experimental relative volatility is plotted against the relative volatility predicted by the mod. UNIFAC (Do) model on the y-axis. Additional literature values are included.53–55 The error bars indicate the standard deviation of duplo measurements.

best of our knowledge, not been identified as potential entrainers in the separation of aromatics and aliphatics by extractive
distillation. Numerous other solvents induce significantly
lower relative volatility, which is either the result of a lack of
polarity or significant intramolecular hydrogen bond formation. Exceptionally well-performing is Cyrene™, which
shows a relative volatility of MCH over toluene of 3.17 ± 0.16,
which is higher than the relative volatility observed with
Sulfolane™. This is an indication that Cyrene™ is likely to
perform similarly to or even better than Sulfolane™.
From Fig. 2, it can further be concluded that the mod.
UNIFAC (Do) predictive model, even though being among the
best predictive models for this task,49 shows significant deviations in the predictions. Although many predictions are accurate within a deviation of 10%, there are several solvents for
which a larger inaccuracy was observed. From the previous
work,49 at infinite dilution, the activity coeﬃcient deviation of
the mod. UNIFAC (Do) model was on an average 24.3%. This
prediction is however more accurate for similar molecules, but
can also be highly inaccurate, for instance between aliphatic
compounds and aprotic and protic compounds (56.8% deviation). These trends are shown in Fig. 2, where the performance prediction of the aprotic polar solvent, acetophenone, is
>10%. The deviation decreases if the polar character is
decreased, such as in isophorone. Overall, these results are in
agreement with the earlier conclusions at infinite dilution.49
3.2. Quasi-binary isobaric vapour liquid equilibrium diagram
for methylcyclohexane and toluene with Cyrene™ as an
entrainer
Based on the excellent results for the MCH–toluene separation,
the use of Cyrene™ for extractive distillation of this mixture
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was further studied for the entire pseudo-binary composition
range and compared with the eﬀect of Sulfolane™ on the
MCH–toluene pseudo-binary VLE. For each measurement,
the solvent-to-feed (S : F) ratio was maintained at 1 (mass
basis) and the pressure was varied between 1000, 800 and
500 mbar. In Fig. 3, the composition profile at 1000 mbar can
be seen. Similar results have been obtained for the other
pressures and can be found in the ESI.† It can be seen that at
smaller MCH mole fractions, until approximately 0.4, the
relative volatility induced by Cyrene™ appears to be comparable with that of Sulfolane™, or slightly less. However, at
higher fractions of MCH, with Sulfolane™, a distinct pinch
point is observed, whereas with Cyrene™ in that part of the
diagram, a much higher relative volatility is observed, resulting in the absence of the pinch point or at least a much less
severe pinch point.
This is likely due to phase splitting that can occur for
Sulfolane™ at high MCH content, while for Cyrene™ this is
not observed. Phase splitting reduces interactions of the
solvent towards both toluene and MCH, hence diminishing
the solvent eﬀects on the relative volatility and resulting in a
pinch point. Furthermore, an insignificant Cyrene™ fraction
was found in the vapour phase, which varies between 0.07
and1.62 wt% mainly depending on the solvent-to-feed (S : F)
ratio and the operational pressure. The stability of Cyrene™
was confirmed by 1H NMR (see the ESI†) after its recovery
using a rotary evaporator.
To explain the observations in the VLE experiments, the
charge distributions in n-heptane, 1-heptene, toluene, MCH
and Cyrene™ have been simulated using the COSMO-RS
software (Conductor like Screening Model for Realistic
Solvents). Based on density functional theory, the molecular
geometries have been optimized, and then the screening

Fig. 3 The pseudo-binary isobaric vapour liquid equilibrium diagram
with Sulfolane™ and Cyrene™ as the solvents with a solvent-to-feed
(S : F) ratio of 1 on mass basis at 1000 mbar. The literature values of
Quiggle et al.56 were used as the binary reference. The UNIQUAC ﬁt
parameters are presented in the ESI.†
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charge around the surface of the molecules was calculated
and plotted. For the five molecules in this study, the socalled σ-profiles are shown in Fig. 4, together with the surfaces. Negative screening charge density indicates an electropositive region, while positive screening charge density
corresponds with an electronegative region. Cyrene™ is the
most polar of the displayed molecules, which is reflected in
both a peak at a positive screening charge density and a
peak at a negative screening charge density. n-Heptane and
MCH, in contrast, exhibit a single peak around 0, exemplary
for their apolar character. This charge mismatch causes net
repulsive interactions, resulting in high activity coeﬃcients.
The π-orbitals in the unsaturated hydrocarbons responsible
for the electric quadrupole moments result in screening
charge profiles that are oﬀ-centred, i.e. with clear maxima at
the positive screening charge, and most pronounced for
toluene, also at the negative screening charge. The presence
of these positive and negative screening charges induces
attractive dipole–dipole interactions, and for this reason
both unsaturated hydrocarbons are less repelled by Cyrene™
than their corresponding saturated hydrocarbons. As a
result, their activity coeﬃcients are lower which results in an
increased relative volatility, as indeed is shown in Fig. 3 for
the MCH–toluene system.
The energy requirements of a distillation column (reboiler
and condenser) are highly dependent on the minimal reflux
ratio (Rmin), which influences the amount of liquid that needs
to be evaporated in the reboiler. The Rmin was estimated by the
graphical McCabe–Thiele approach57 and found to be 2.21 for
Sulfolane™ and only 1.25 for Cyrene™. This shows the strong
eﬀect of removing the pinch point when replacing Sulfolane™
with Cyrene™, resulting in a significant decrease of 43% in
Rmin, which could correspond to a reduction in the reboiler
duty of approximately 30%, depending on the exact conditions
of operation.

Fig. 4 The charge distribution (σ-proﬁle) of toluene, methylcyclohexane, n-heptane, 1-heptene and Cyrene™. Calculated with
COSMOthermX C30_1705 using the TZVP-parameterization.
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3.3.

Olefin/paraﬃn separation: n-heptane and 1-heptene

]Based on the potential of Cyrene™ as a bio-based alternative
for Sulfolane™, there may be other applications where
Cyrene™ can replace polar non-protic entrainers. An important class is the separation of olefin/paraﬃn. Therefore the
evaluation of Cyrene™ was extended towards olefin/paraﬃn
separation. The model system of n-heptane and 1-heptene was
selected because of the experimentally convenient boiling
temperatures, and was examined at a single binary composition of 90 wt% n-heptane and 10 wt% 1-heptene. This is the
composition where the solvent eﬀect for the MCH–toluene separation with Cyrene™ was the largest. As can be seen in Fig. 5,
Cyrene™ increases the relative volatility from 0.83 to 1.03 (S : F
= 1 on mass basis) and 1.20 (S : F = 3) due to the impact of the
diﬀerence in screening charge distributions between
n-heptane and 1-heptene, as shown in Fig. 4. The experiments
thus showed that it was possible to achieve the desired natural
boiling order reversal eﬀect. In comparison with one of the
industrial standards, NMP, which induces a higher relative
volatility of 1.65 (S : F ratio = 1), the performance of Cyrene™
is clearly lower. This is due to the less pronounced positive
screening charge area of 1-heptene compared to toluene; see
Fig. 4. Nevertheless, the eﬀect of Cyrene™ can be further
enhanced by using a larger S : F ratio.
Furthermore, we speculate that the eﬀect of the solvent
will be more pronounced in the industrially relevant separation of butadiene,47 as butadiene has twice the amount of
unsaturated bonds in comparison with 1-heptene. This
allows for significantly more dipole interactions of the
solvent via the π-bonds, which lowers the activity coeﬃcient,
and thus increases the relative volatility towards the satu-
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rated compound. This has been shown by De Oliveira et al.
for 1,3-butadiene and isobutene in the presence of
NMP.58,59
Based on the observed results for the studied systems, we
conclude that the bio-based solvent Cyrene™ has the potential
of phasing out toxic solvents such as NMP60 in extractive distillation applications.

4.

Conclusion

From a wide-range screening of bio-based solvents to separate
a 50/50 wt% mixture of MCH and toluene, Cyrene™ was seen
to most eﬀectively entrain toluene to induce an excellent relative volatility of 3.17 ± 0.16, being even higher than the industrial state-of-the-art Sulfolane™. Especially at higher MCH
fractions, Cyrene™ significantly induces the relative volatility
in the system, whereas the use of Sulfolane™ in this composition range results in a pinch point. The absence of the
pinch point when using Cyrene™ lowers the minimum reflux
ratio from 2.21 for Sulfolane™ to 1.25 for Cyrene™, corresponding to an expected energy usage reduction of approximately 30%.
The potential of Cyrene™ was additionally evaluated for the
olefin/paraﬃn separation of n-heptane and 1-heptene. Based
on the observed relative volatility towards n-heptane of 1.03
and 1.20 for the S : F ratio of 1 and 3 respectively, we expect
that the use of Cyrene™ for the industrially highly relevant
butadiene splitting is also suitable. This oﬀers the opportunity
to replace NMP, which is subject to strong environmental
restrictions.
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Fig. 5 The relative volatility of n-heptane over 1-heptene without a
solvent, with Cyrene™ at a S : F ratio of 1 and 3 and with n-methylpyrrolidone (NMP) at 1000 mbar and S : F = 1 with a feed composition of
90 wt% n-heptane and 10 wt% 1-heptene. S : F ratios are all on mass
basis. These are single experiments. An overall uncertainty of experimental and analytical error of 3% was found for similar experiments.
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