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ABSTRACT: Bioisoprene, which can be produced from renew-
able feedstocks through fermentation, is a promising alternative to
petroleum-derived isoprene. However, challenges including the
selection of feasible recovery techniques for bioisoprene should be
addressed to achieve economic and technical competitiveness. In
this work, ionic liquids (ILs) are first introduced as solvents for the
recovery of bioisoprene. To describe the thermodynamic behavior,
the UNIFAC-IL model is first extended to the bioisoprene systems
as it combines gas−organic chemicals in IL-containing systems.
Using a computer-aided IL design (CAILD) method, six out of
248 742 structurally constrained ILs are screened as optimal
candidates for their further performance evaluation. Simulation
results indicate that all six ILs have much better process
performance than that of the alternative, isopropyl myrisate. Moreover, [N1,1,3,0][DMP] is identified as the best IL with the
lowest solvent flow rate and the highest recovery ratio of isoprene. This work shows the potential of using ILs for the recovery of
bioisoprene from fermentation off-gas.

1. INTRODUCTION

Isoprene (2-methyl-1,3-butadiene) is an important commodity
chemical for producing a wide variety of industrial products
including cis-polyisoprene or synthetic rubber used in tires, as
well as elastomers used in surgical gloves, motor mounts,
fittings, rubber bands, and shoes. Isoprene was first produced
synthetically in 1860 by the pyrolysis of natural rubber.1 Since
the 1970s, most isoprene production on an industrial scale
comes from petrochemical resources and was first commer-
cialized by a company now known as Nippon Zeon (Tokyo,
Japan).2 In the process of petroleum steam cracking, isoprene
can be selectively and efficiently extracted from complex
mixtures of hydrocarbons by extractive distillation using polar
organic solvents.3 Therefore, on a large scale, isoprene with a
competitive price can be produced from fossil feedstocks.
Nonetheless, the current supply and demand balance, as well as
the demand for processes based on sustainable feedstocks
within the global isoprene industry, is at risk in the coming
years. Furthermore, isoprene supply is further limited as
availability of crude C5 feed streams for isoprene extraction is
declining since the trend of using light hydrocarbons or natural
gas as a feedstock in the refining industry.1

With a growing industrial demand for isoprene and a
simultaneous environmental imperative to reduce greenhouse
gases, bioisoprene produced from renewable sources (e.g.,
glucose, sucrose) through fermentation is being considered as
a potential alternative to petroleum-derived isoprene. To
improve the yield of diene products, Abdelrahman and co-
workers proposed a hybrid process of combining fermentation

and thermochemical catalysis for reviewable isoprene produc-
tion.4 A most recent work shows that fermentation via
mesaconic acid is also possible but provides a few extra
benefits over the Escherichia coli process.5 Compared to the
isoprene production from petrochemical resources, the bio-
logical process is more sustainable and environmentally
friendly. Nevertheless, the costs of bioisoprene are slightly
higher than the actual market price of its fossil counterparts
and its global contribution is still small. The results obtained
by Morais and co-workers reveal that the isoprene production
by bacteria is able to substitute the petroleum-based process,
with reasonable energy and material efficiency, but improve-
ments are still required.6 Current state-of-the-art technology
has led to improved sugar conversion in the fermentation
process of isoprene, and since the product has a boiling point
of 34 °C, it can be recovered from the fermentation off-gas in a
continuous process.1 Nonetheless, an advanced bioprocess that
is capable of lowering the unit cost of bioisoprene is essential
for its further commercial production.
The fermentation process to produce bioisoprene is aerobic

and oxygen is continuously supplied by air, while the generated
isoprene is released into the vapor phase (off-gas) together
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with water vapor, residual air gases (i.e., N2, O2), and produced
gas (i.e., CO2). This is unusual for fermentation processes
since the product usually resides in the liquid water phase. In
principle, when the product is found in the vapor phase, it
leads to a particularly attractive downstream process (as the
product is separated from liquid byproducts, water, and cells
merely by phase separation). However, the concentration of
bioisoprene (vapor phase) in the off-gas is very low under
aerobic conditions, while the concentration of isoprene (liquid
phase) from the petrochemical source for extractive distillation
is 10−20%.2 Therefore, the recovery efficiency of bioisoprene
from off-gas in the downstream process is essential for its
replacement of petroleum-derived isoprene.
Various methods7,8 have been proposed for the recovery of

bioisoprene from off-gas, and among them, separation
techniques of activated carbon absorption and solvent
extraction have been mainly studied. Mcauliffe’s work shows
that >80% bioisoprene can be recovered from the off-gas using
an activated carbon absorption method,9 and its separation
performance is also verified in Zou’s work.2 This method is
attractive to recover bioisoprene with low concentration at the
laboratory level; however, its application in large-scale isoprene
recovery is still limited.2 For the recovery technique of solvent
extraction, unlike the polar solvents such as acetonitrile, N-
methylpyrrolidone, and dimethylformamide used in the
extraction process of isoprene from petrochemical feed
streams, isopropyl myristate and isoparaffin are suggested for
the recovery process of bioisoprene since both of them can
extract isoprene efficiently from the off-gas. Recent work shows
that the mixture of methyl carbitol and sulfolane is also capable
of extracting isoprene.2

As most separation processes, the problem of solvents’
escape into the atmosphere because of their high volatilities
and the high energy requirements for their regeneration is also
encountered in bioisoprene recovery using conventional
organic chemicals as solvents. On the other hand, ionic liquids
(ILs) that are completely composed of ions are being
considered as potential alternatives for organic solvents in
many separation processes (e.g., CO2 capture, azeotropic
separation) since they present some attractive features
including nonvolatility, low melting point, and high thermal
and chemical stability.10 To date, the cost of ILs is one of the
main limitations to their utilization. The current expense of an
IL is suggested as 30 $/kg by BASF from IL bulk production,11

while the market price of a benchmark organic solvent (i.e.,
isopropyl myristate) is 2−3 $/kg. However, the cost of ILs is
decreasing with the development of cost-effective synthetic
methods and the application of inexpensive raw materials.12,13

As reported, large-scale production of triethylammonium
hydrogen sulfate ([HNEt3][HSO4]) will reduce the cost as
low as 1.24 $/kg,14 which shows that ILs have the potential to
compete with conventional organic chemicals in terms of
solvent cost.
In biotechnology, the application of ILs has been studied in

various fields, ranging from solvents for extraction to reaction
media for biotransformation.15−21 Additionally, the toxicity
mechanism of ILs has been investigated for their environ-
mental and health concerns,22−26 and newly synthesized ILs
completely derived from nature are being emerged since they
are inexpensive, biocompatible, and biodegradable with low
toxicity.13 Although the use of ILs offers unexpected
opportunities in biotechnology, investigations regarding their
application in the process of bioisoprene production have

never been reported so far. This work aims to investigate the
possibility of using ILs for the recovery of isoprene from
fermentation off-gas. Considering different ILs generally
presenting very distinct properties and separation perform-
ances, the selection of suitable ILs is essential for the
bioisoprene recovery as well as other IL-based processes.
Both experimental and nonexperimental IL screening methods
have been proposed and applied in various studies. When
sufficient experimental data are available, the experimental
based screening method is attractive since it can provide more
reliable results. Due to a lack of sufficient experimental data of
ILs for the bioisoprene system, a non-experimental-dependent
IL screening/design method, i.e., a computer-aided ionic liquid
design (CAILD) method,27 is considered in this work. In
CAILD, UNIFAC-IL models28,29 are used for the thermody-
namic calculations and group contribution-based methods are
used for the prediction of physical properties such as melting
point temperature and viscosity. To describe the thermody-
namic behavior of the bioisoprene systems involving ILs, the
UNIFAC-IL model is extended using a wide range of
experimental data from published works and a certain number
of pseudo-experimental data from COSMO-RS calcula-
tions30−32 (Section 2). To evaluate the process performance
of the selected IL candidates, process simulation is performed
before their further experimental verification. Meanwhile, the
isoprene separation process using isopropyl myristate is also
simulated and compared. The simulation studies are presented
in Section 4, followed by our conclusions.

2. IL SCREENING
Under aerobic fermentation conditions, bioisoprene is
produced as a vapor-phase product released into the off-gas
together with normal air components (e.g., N2, CO2, O2) and
water vapor. Generally, water is removed using a dehumidifier
unit before the further separation and recovery of isoprene.
Therefore, the selected solvents should be able to extract
bioisoprene efficiently and selectively from the air components
remained in the fermentation off-gas. To find suitable ILs for
this bioseparation task, the design method of CAILD is
considered. As the successful application of CAILD largely
depends on the availability and reliability of the property
prediction methods, group contribution-based physical prop-
erty prediction models and thermodynamic calculation models
such as UNIFAC-IL and COSMO-RS are considered in this
work

2.1. Extension of the UNIFAC-IL Model. So far,
UNIFAC has been extended to many IL-containing systems
and some UNIFAC-based models have also been developed.
Among these models, UNIFAC-Lei29,33,34 has been widely
used in various systems by many authors and COSMO-
UNIFAC35,36 that combines the a priori COSMO-SAC model
with the original UNIFAC model has a strong predictive power
for fluid-phase equilibria. However, both models treat the
cation and the anion as a whole group, which may limit the
design space and the flexibility of the CAILD problem. In this
work, therefore, the UNIFAC-IL model37 that treats all
substituent groups, cations, and anions as separate groups is
considered. In its current version, the UNIFAC-IL model does
not consider components such as N2, and O2 that are involved
in the bioisoprene system production and therefore an
extension of this model is required for this application. As
for most model development studies with UNIFAC-IL,33,37−43

the original UNIFAC method44 (see eqs A1−AAA12 in
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Appendix A) is applied for this extension. To extend the
UNIFAC-IL model, the IL molecules should be decomposed
properly into separate functional groups, and their dimension-

less van der Waals volumes and areas, Rk and Qk, can be
estimated, respectively, by the rules of Bondi as eqs 1 and
245−47

Table 1. Group’s Information about Rk and Qk for the Extension of the UNIFAC-IL Model
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=
×

R
V N

Vk
k A

VW (1)

=
×

Q
A N

Ak
k A

VW (2)

where Vk and Ak denote, respectively, the van der Waals group
volumes and surface areas of group k, which can be calculated
from correlations with molecular volumes and surface areas or
from quantum chemical calculations. NA is the Avogadro’s
number with a value of 6.023 × 1023/mol, and VVW and AVW
are the standard segment volume and surface area (of the
ethylene group in polyethylene) with the values of 15.17 cm3/
mol and 2.5 × 109 cm2/mol, respectively. In this work, most of
the Rk and Qk values for the involved functional subgroups are
taken from the published works and the parameters of the
remaining subgroups are calculated from COSMO-RS, as
shown in Table 1.
So far, there are three main decomposition methods for IL

molecules: (1) division into one cation-based group and one
anion group; (2) division into several substituent groups with
the cation and anion treated as a whole group; (3) all
substituent groups, cations, and anions are treated as separate
groups. As mentioned above, the third decomposition method
is used as it can significantly increase the number of cation−
anion combinations and consequently enlarge the design space
and the flexibility of the CAILD problem.15,42,48 Numerous
experimental data at a range of temperature of 283.15−384.15
K and pressure of 0.05−973 bar49−66 are collected for the
regression of αnm and αmn by minimizing the average absolute
relative deviation (AARD, %) between experimental and
calculated activity coefficients, as shown in eq 3. In this
regression, additional generated pseudo-experimental data at a
range of temperature of 298.15−343.15 K and 1 bar from the
COSMO-RS model are also included due to the insufficient
experimental data available for some IL group−gas systems.

∑ γ γ
γ

= =
−

×
N

OF AARD
1

100%
N

i i

i1

exp calc

exp
(3)

where γi
exp and γi

calc are the activity coefficients of molecule i
from experimental and UNIFAC calculation values, respec-
tively. N represents the total number of regressed data points.
As presented in Table 1, three gases (N2, O2, CO2), four

conventional main groups, and 20 IL main ionic groups are
involved in this UNIFAC-IL model extension. In this
regression, the AARD (%) values between experimental and
calculated activity coefficients of N2, O2, and CO2 are 10.2, 9.2,
and 12.1%, respectively, showing the reliability of this extended
UNIFAC-IL model. The detailed information about exper-
imental and calculation data can be found in the Supporting
Information. Comparisons between the experimental and
calculated activity coefficients are presented in Figure 1. The
current extended UNIFAC-IL interaction parameter matrix is
given in Figure 2. Comparisons of some experimental data that
are not used in the regression and their corresponding
predicted values from the extended UNIFAC-IL model, as
presented in Figure 3, illustrate the good predictive perform-
ance of this extended model. Group interaction parameters in
the extended UNIFAC-IL model are given in Appendix B.
2.2. Computer-Aided Optimal IL Design. To find

attractive ILs using CAILD as a screening method, reasonable
constraints and the design objective should be properly set for

its corresponding optimization problem. For example, to avoid
the solidification of ILs, their viscosities should be relatively
low (e.g., less than 50 cP), considering its significant impact on
the practical process operations, and their melting point
temperatures must be at least 5 K less than the temperature at
every point in the whole process.
To select suitable solvents for gas separation, both the

solubility and selectivity of the targeted component(s) are
generally considered in the design stage of solvents. Generally,
normal air component gases (e.g., N2, O2) in the bioisoprene
system have very low solubility in ILs under atmospheric

Figure 1. Comparison between experimental and calculated activity
coefficients of N2, O2, and CO2 using the extended UNIFAC-IL
model.

Figure 2. Current extended UNIFAC-IL interaction parameter
matrix.
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pressure at room temperature from the published experimental
works, and another air component gas, CO2, is soluble in some
ILs under high pressures at room temperature. Since the
operation of the isoprene recovery process is under
atmospheric pressure in this case, it would be reasonable to
set the infinite dilution solubility coefficient of isoprene as the
objective function and set the infinite dilution selectivity
coefficients as thermodynamic property constraints in the IL
design stage. Based on the design objective functions and the
constraints on the IL structure and properties, the CAILD can

be formulated as a mixed-integer nonlinear programming
(MINLP) problem (which is summarized in Table 2).
To predict the Tm and η of ILs, group contribution-based

models developed by Lazzuś69 and our group70 are employed,
respectively. By solving the formulated MINLP problem, we
find that all top optimal ILs from 248 742 structural
constrained ILs are the combinations of cation subgroup
[C3H7N] and anion group [DMP], which can be explained
based on the desired interactions between them and the groups
of isoprene and the other gas components (i.e., N2, O2, CO2)
for the separation purpose. Although more identified optimal
ILs (e.g., 7 ILs, 10 ILs) can be evaluated by the process
simulation method, only top-six optimal ILs are selected as
solvent candidates for their further performance evaluation as
this is enough to demonstrate the performance of the identified
ILs, as well as the reliability of the CAILD solution. The
detailed information about the identified optimum ILs from
the CAILD solution are presented in Table 3. Their melting
points and viscosities are less than 295 (K) and 50 (cP),
respectively, as expected from the imposed constraints. The
designed targets (i.e., infinite dilution solubility coefficients) of
the ILs are ranked as follows: [N1,1,3,0][DMP] > [N1,3,0,0‑CC]-
[DMP] > [N1,2,3,0][DMP] > [N2,3,0,0‑CC][DMP] =
[N1,3,0,1‑CC][DMP] > [N1,3,3,0][DMP]. Moreover, ammo-
nium-based cations generally have lower toxicity compared
to that of the aromatic cations such as imidazolium and
pyridinium rings,26 which could improve the availability of
these designed ILs in terms of environmental and health
concerns.

3. PROCESS DESIGN AND SIMULATION
Two metabolic pathways, i.e., the 2C-methyl-D-erythritol 4-
phosphate (MEP) pathway and the mevalonic acid (MVA)
pathway, are known to synthesize isoprene.71−73 So far, the
MVA pathway is the best-characterized one as it has been

Figure 3. Comparisons of experimental data49,62,67,68 and predicted
values for xgas−P covering [CH3OC2mIm][Tf2N]-N2 at 303.15 K (○)
in (a), [emIm][EtSO4]-CO2 at 303.15 K (◊) in (b) and 323.15 K
(Δ), and [emIm][BF4]-CO2 at 298.2 K (⎔) and 313.2 K (+). Lines
are predicted results using the UNIFAC-IL model extended in this
work.

Table 2. CAILD-Based MINLP Problem Formulation

objective function (maximization) =
γ ∞S

Miso
1

IL iso

Siso, infinite dilution solubility coefficient of isoprene
MIL, molar mass of IL
γiso

∞, infinite dilution activity coefficient of isoprene

molecular structural constraints38

∑ =∈ C 1i C i
i, cation; j, anion; k, substituent
ci, occurrence of cation i

∑ =∈ a 1j A j aj, occurrence of anion j

∑ − ∑ == ∈x C v 0l
N

l i C i i1
C, set of cations; A, set of anions
S, set of substituents; l, side chains

∑ − + ∑ ∑ − =∈ = ∈v C v x n(2 ) (2 ) 2i C i i l
N

k S kl l kl1
xl, occurrence of side chain l
vi, valence of cation i

∑ − =∈ v x n(2 ) 1k S kl l kl vkl, valence of substituent k in side chain l

≤ ∑ ∑ ≤= ∈n x n nk
L

l
N

k S l kl k
U

1 nkl, number of substituent k in side chain l

≤ ∑ ≤∈n x n nkl
L

k S l kl kl
U

nk
L, minimum number of substituent k in the whole molecule
nk
U, maximum number of substituent k in the whole molecule
nkl
L , minimum number of substituent k in side chain l
nkl
U, maximum number of substituent k in side chain l
N, number of side chains

physical property constraints Tm < 298.5 (K) Tm, melting point temperature
η < 50 (CP) η, viscosity

thermodynamic property constraints β = >γ
γ

∞

∞ 150z
P

Piso,
z

s
z

iso
s

iso

βiso,z, infinite dilution selectivity coefficient
z, air component (i.e., N2, O2, CO2)
γz
∞, infinite dilution activity coefficient of air component z

Pz
s, vapor pressure of air component z

Piso
s, vapor pressure of isoprene
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exploited industrially for the production of isoprenoids in both
yeast and bacteria.74 The production of bioisoprene from
glucose in the presence of oxygen via E. coli engineered with
the MVA pathway can be expressed as shown in Figure 4,
where the mass yield of isoprene on glucose is 25.2%.

As presented in Figure 4, E. coli engineered with the MVA
pathway to isoprene requires two O2 per isoprene produced,
while four CO2 and 5H2O are generated as well. For this
reason, most produced H2O should be discharged from the
fermentor, while isoprene, CO2 and a small amount of H2O are
removed as the fermentation off-gas (Figure 4). Depending on
the components in the off-gas of the bioisoprene system, a
bioisoprene production process involving the IL-based
extraction recovery technique is proposed, as shown in Figure
5. In addition to recovery techniques for organic solvent-based

extraction and activated carbon, a dehumidifier unit is required
before the contact of the steam with IL solvents since moisture
may affect their absorption capacity. After removing the water
from the fermentation off-gas, the remaining vapor compo-
nents are sent to the absorption column, where the normal air
components (i.e., N2, O2, and CO2) escape from the top of the
column and isoprene is retained by the IL solvent. Due to the
big volatility difference of isoprene and the IL solvent, isoprene
can be easily recovered from the IL solvent using a simple flash
unit. However, the operating temperature of the flash unit is
limited since isoprene decomposes at 120 °C (https://
pubchem.ncbi.nlm.nih.gov/compound/Isoprene). For this rea-
son, here, a vacuum flash evaporation is considered to recover
the product from the solvent as much as possible. Finally, a
liquid isoprene product can be obtained after the condensation
of vapor isoprene from the top of the flash unit.
Process simulation as a discipline uses mathematical models

as a basis for analysis, prediction, testing, and detection of a
process behavior unrelated to whether the process is existing in
reality or not. Process simulation is there to increase the level
of knowledge for a particular process and chemical engineering
in general (https://simulatelive.com/simulate/steady-state/
process-simulation-as-the-key-discipline-of-chemical-
engineering). In this work, Aspen Plus is employed as a
simulator for the detailed process simulation, where all six
optimum IL candidates identified from the CAILD method are
considered. So far, ILs should be defined as pseudo-
components since they are not included to the component
database in Aspen Plus. For this reason, the properties of ILs
including molecular weights and critical properties need to be
specified prior to performing the calculations. Meanwhile, an

Table 3. Detailed Information about Identified Optimum ILs from the CAILD Method

Figure 4. MVA pathway for producing isoprene from glucose in the
presence of oxygen (Glc, glucose; AcCoA, acetyl-coenzyme A;
NADPH, nicotinamide adenine dinucleotide phosphate/reduced
form; and ATP, adenosine triphosphate).
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appropriate thermodynamic method is also required to
simulate the process of IL-containing systems. Critical
properties of ILs are calculated from the fragment contribu-
tion-corresponding states method proposed by Huang et al.,75

and some temperature-dependent properties can be estimated
from the method developed in our previous work.15 Mean-
while, UNIFAC is selected as the thermodynamic method for
process simulation as was the case also in the design stage of
CAILD. Group van der Waals parameters (Rk, Qk) and group
interaction parameters (αmn, αnm) required for the use of
UNIFAC-IL model are taken from both the published
works37,76 and the current work.
In this work, the task of the bioisoprene recovery process is

to separate isoprene from N2, O2, and CO2 in the dehumidified
off-gas by the IL solvent and then recover isoprene from the IL
solvent. In this process, isoprene should be recovered as much
as possible, while the other air components (i.e., N2, O2, and
CO2) should be less retained. So far, isopropyl myristate is
studied as the most promising organic solvent for the recovery
of isoprene. Therefore, it is very important to compare the
performance of the identified optimal ILs with the perform-
ance of this benchmark organic solvent. For the purposes of
comparison, the bioisoprene recovery process of using
isopropyl myristate as a solvent is also simulated and
optimized. The simulation of this recovery process is
performed in Aspen Plus (V8.6), where the absorption column
is modeled by the RadFrac block and the IL regeneration unit
is modeled by flash evaporation.

4. RESULTS AND DISCUSSION

In the design step of process simulation, key operating
variables such as the number of stages and the flow rates of the
solvent are optimized by sensitivity and tradeoff analyses. As
demonstrated, sensitivity analyses of the flow rates of the
solvent with the different number of stages (N) for using
[N1,3,3,0][DMP] and isopropyl myristate as solvents are
provided in Figures 6 and 7, respectively. As expected, the
retained isoprene (%) increases with increasing solvent flow
rate and the number of column stages. As shown in Figure 6,
the IL-based process has a large difference in retained isoprene
(%) with different numbers of stages in the region of a low
solvent flow rate. In contrast, this happens in the region of high
solvent flow rate using isopropyl myristate (see Figure 7).
Nonetheless, N = 4 is the optimal number of stages for both
processes since the difference of retained isoprene (%) is very
small at high product recovery region between N = 4 and 5.
The simulation results with IL ([N1,3,3,0][DMP]) show much
better process performance than that with isopropyl myristate

in terms of the solvent flow rate and the percentage of product
recovery.
To evaluate the influence of the solvent flow rate on the

other containing gas components in off-gas, the analysis of the
recovery percentage of isoprene and retained air gas
components (N2 + O2 + CO2) with a certain number of
stages (N = 4) is also provided. As shown in Figures 8 and 9,

Figure 5. Bioisoprene production process using the IL-based recovery technique.

Figure 6. Retained isoprene (%) against the mass flow rate of
[N1,3,3,0][DMP] in the absorption column with different numbers of
column stages (N).

Figure 7. Retained isoprene (%) against the mass flow rate of
isopropyl myristate in the absorption column with different numbers
of column stages (N).
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air gas components exhibit a linear relationship with the flow
rates of both [N1,3,3,0][DMP] and isopropyl myristate. The
simulation results indicate that these gas components are
generally more easily to be retained in isopropyl myristate than
in [N1,3,3,0][DMP] with the same isoprene recovery, showing
the better selectivity of [N1,3,3,0][DMP] for isoprene over the
other air gas components. Based on the tradeoff analysis, the
number of stages and the flow rate of the solvent yielding the
best performance of isoprene recovery and retained air
components can be achieved for certain cases.
Considering that the percent isoprene (⌀iso) and the levels

of other gases such as CO2 and O2 in the off-gas have
significant impact on its separation process, a sensitivity
analysis on the composition of the off-gas is also necessary.
According to the MVA pathway to produce isoprene, the
composition of the dehumidified off-gas can be calculated from
the flow rate of compressed air and the volumetric productivity
of isoprene. Using deep-tank culture conditions, a volumetric
productivity of 2 g/(L h) with a yield of 11% isoprene from
glucose has been obtained in Cervin’s work.77 Based on this
condition, five bioisoprene systems with different percentages
of isoprene are studied in this work, as given in Table 4.
Sensitivity analyses of different volume percentages of isoprene
using IL ([N1,3,3,0][DMP]) and isopropyl myristate are
presented in Figures 10 and 11, respectively. The simulation

results show that the solvent flow rate in the IL-based process
is more sensitive to the composition of the bioisoprene system
than that in the isopropyl myristate -based process. This can be
explained by the much lower flow rate of IL, which is required
to achieve the same recovery of isoprene. The simulation
information about the recovery process for the bioisoprene
system using all identified ILs and isopropyl myristate is

Figure 8. Retained isoprene and N2 + O2 + CO2 (%) against the mass
flow rate of [N1,3,3,0][DMP] in the absorption column with the
number of column stages N = 4.

Figure 9. Retained isoprene and N2 + O2 + CO2 (%) against the mass
flow rate of isopropyl myristate in the absorption column with the
number of column stages N = 4.

Table 4. Compositions of Studied Off-Gas Systems for
Sensitivity Analysis

off-gas
isoprene
(% v/v)

N2
(% v/v)

O2
(% v/v)

CO2
(% v/v)

composition of
system 1

1.89 75.47 15.09 7.55

composition of
system 2

2.75 73.40 12.84 11.01

composition of
system 3

3.57 71.43 10.71 14.29

composition of
system 4

4.35 69.56 8.70 17.39

composition of
system 5

5.08 67.80 6.78 20.34

Figure 10. Retained isoprene (%) against the mass flow rate of
[N1,3,3,0][DMP] in the absorption column with different percentages
of isoprene in the off-gas (N = 4).

Figure 11. Retained isoprene and CO2 (%) against the mass flow rate
of isopropyl myristate in the absorption column with different
percentages of isoprene in the off-gas (N = 4).
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summarized in Table 5. The simulation results show that all six
ILs have much better process performance than that of

isopropyl myrisate and that [N1,1,3,0][DMP] is identified as the
best IL with the lowest solvent flow rate and the highest
recovery ratio of isoprene. We should note that the lower and
upper explosion limits of isoprene in air are 1 (% v/v) and 9.7
(% v/v), respectively. However, based on the literature search
performed, studies on the explosion limits in the bioisoprene
system have not yet been reported and this must be
investigated before any practical implementation.

5. CONCLUSIONS
In summary, we have investigated the possibility of using ILs as
solvents for the recovery of isoprene from fermentation off-gas.
To describe the thermodynamic behavior of bioisoprene
systems involving ILs, the UNIFAC-IL model that combines
gas−organic chemicals is extended using a wide range of
experimental data from published works and a certain number
of pseudo-experimental data from COSMO calculations. Based
on this extended thermodynamic model, a CAILD-MINLP
problem is formulated and solved, from where six out of
248 742 structural constrained ILs are selected and further
evaluated by means of process simulations in Aspen Plus. For
comparison purposes, the isoprene recovery process using the
typically used isopropyl myristate is also simulated and
optimized. Simulation results show that all six ILs have much
better process performance than that of isopropyl myristate
and that [N1,1,3,0][DMP] is identified as the best IL with the
lowest solvent flow rate and the highest recovery ratio of
isoprene.
Although experimental verification of these ILs is required

for their further industrial application, the process simulation
results indicate that the IL-based recovery technique has the
potential to improve the economic and technical competitive-
ness of the bioisoprene production process. In this work, we
find that all identified ILs are the combinations of a cation
subgroup [C3H7N] and an anion group [DMP] because of
their interactions with the groups of isoprene and other gas
components in the off-gas, which could be a guidance for the
experiment works in the future. We hope that the promising
performance of the identified ILs will invite more systematic
experimental validations. This work is focused on the

bioisoprene recovery process; however, the UNIFAC-IL
model and the design method can potentially be extended to
the other bioseparation processes such as bio-oxidation of
alcohols and bio-oxidation of 5-hydroxymethyl-2-furfural,
where the bioproducts need to be recovered from diluted
solutions.

■ APPENDIX A. ORIGINAL UNIFAC MODEL
UNIFAC is a functional-group-based semiempirical prediction
method, where the activity coefficient for each species in the
system is split into two components: a combinatorial γi

C and a
residual component γi

R. For the molecule i, the activity
coefficients are broken down as follows

γ γ γ= +ln ln lni i i
C R

(A1)

The combinatorial component of the activity is related to the
entropic effects accounting for the size and shape of molecules,
which can be expressed via the van der Waals volume (Rk) and
surface area (Qk) parameters of each functional group. The
residual component of the activity is due to energetic
interactions between groups present in the system and
represents the enthalpic contribution and is expressed as the
binary interaction parameters (αnm, αmn). γi

C and γi
R can be

calculated by eqs A2−A6 and A7−A12, respectively.
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where Fi and Vi represent auxiliary properties for component i;
the pure component parameters qi and ri, respectively, denote
the relative molecular surface areas and molecular van der
Waals volumes, which are obtained from the sum of the group
area Qk and group volume Rk parameters, respectively. vk

(i) is
the number of groups of type k in molecule i.
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ψ α= [− ]Texp ( / )nm nm (A11)

Table 5. Simulation Results for the Bioisoprene Recovery
Process Using Different Solventsa,b,c

solvents
flow rate of the
solvent (kg/h)

recovery
ratio (%)

purity of the
product (%)

[N1,1,3,0][DMP] 48 85.05 99.50
[N1,3,0,0‑CC]
[DMP]

56 84.73 99.50

[N1,2,3,0][DMP] 53 84.28 99.50
[N2,3,0,0‑CC]
[DMP]

57 83.17 99.50

[N1,3,0,1‑CC]
[DMP]

57 83.17 99.50

[N1,3,3,0][DMP] 63 82.84 99.50
isopropyl
myristate

340 76.77 87.15

aFlow rate of the dehumidified off-gas, 100 (kg/h). bComposition of
the dehumidified off-gas (% v/v): isoprene, 4.35; N2, 69.56; O2, 8.70;
CO2, 17.39.

cUnit operating conditions: absorption column (P = 1
bar, N = 4); flash unit (P = 0.01 bar, T = 100 °C).
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ψ α= [− ]Texp ( / )mn mn (A12)

where Γk and Γk
(i) denote the residual activity coefficient of

group k and the residual activity coefficient of group k in pure
component i, respectively; θm is the fraction of group m in a
mixture of the liquid phase and Xm/Xn is the fraction of group
m or n in the mixture; ψnm and ψmn are the group interaction
parameters that can be calculated by eqs A11 and AAA12
based on the value of UNIFAC group interaction parameters
(αnm, αmn) between groups m and n.

■ APPENDIX B. PHASE EQUILIBRIUM EQUATIONS
The vapor−liquid equilibrium (VLE) conditions in phase
equilibrium can be expressed as

φ γ=Py P xi i i i i
s

(A13)

where P is the system pressure and γi is the activity coefficient
of component i; yi, and xi denote the mole fractions of
component i in vapor and liquid phases, respectively; the
fugacity coefficient of component i (φi) that was calculated by
the Redlich−Kwong equation of state and the saturated vapor
pressure of component i (Pi

s) can be estimated by the DIPPR
equation (see eq A14)

= [ + + + ]P A B T C T D T(Pa) exp ( / ) lni i i i i
Es i (A14)

where the values of the different compound-specific parameters
(Ai, Bi, Ci, Di, and Ei) are taken from the DIPPR database
(https://dippr.aiche.org/SampleDb).
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