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1 | INTRODUCTION

lonic liquids (ILs) as innovative fluids have been widely studied in dif-
ferent fields as many of them have very attractive properties including
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Abstract

lonic liquids (ILs) have received much attention in both academia and industries due to
their superior performance in many applications. Efficient recovery/recycling of ILs
from their dilute aqueous solutions is essential for the acceptance and implementation
of many IL-based technologies by industry. In this work, a practical and cost-effective
hybrid process design method that combines aqueous two-phase extraction,
membrane separation, and distillation operating at their highest efficiencies is proposed
for the recovery of hydrophilic ILs from dilute aqueous solutions. The application of
this hybrid process design method is illustrated through case studies of recovering
two hydrophilic ILs, n-butylpyridinium trifluoromethanesulfonate ([C4Py][TfQ]) (CAS
number: 390423-43-5) and 1-butyl-3-methylimidazolium chloride ([C4mIm][CI]) (CAS
number: 79917-90-1), from their dilute aqueous solutions. For the recovery of
10 wt.% [C4Py][TfO] from aqueous solution, the hybrid process using (NH4),SO, as
the salting-out agent could reduce the total annual cost (TAC) and energy consumption
by 57% and 91%, respectively, compared with the pure distillation processes. In the
case of recovering 10 wt.% [C,mIm][CI] from aqueous solution, the reduction in TAC
and energy savings of the hybrid process with salting-out agent (NH,4),SO3 could reach
49% and 87%, respectively, compared with the pure distillation process. Furthermore,
uncertainty analysis through Monte Carlo simulations show that the proposed hybrid
process design is more robust to uncertainties in energy prices and other material

(e.g., equipment and solvent) costs.

KEYWORDS
agueous two-phase extraction, hybrid process design, ionic liquid aqueous solution, ionic liquid
recovery

negligible vapor pressure, good thermal and chemical stability, and
excellent catalysis performance. Some ILs also exhibit good solubility
and selectivity for different gases as well as many organic and inor-
ganic chemicals.? Besides these, ILs with desired properties can be
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easily tailored for specific applications through tuning their molecular
structures.® To date, different ILs have been used as absorbents in gas

separations,z’3 43

extractants in liquid-liquid separation,™” catalysts in
biomass conversion,®” electrolytes in batteries,®’ and so
on. However, most ILs are expensive, and they may have severe
health related hazards and need to be carefully used and must be
totally removed from any wastewater. For example, a well-known
hydrophilic IL, 1-butyl-3-methylimidazolium chloride ([C4smIm][CI]),
was reported has severe health related hazards.'® Both economic
and environmental concerns of applying ILs can be offset to some
extent if they can be recycled/recovered efficiently. Therefore, effi-
cient recycling/recovery of these high-value chemicals is essential
for the acceptance and implementation of IL-assisted technologies
by industry. So far, different separation approaches including
2 membrane separation,13 adsorption,14
(ATPE),*®

crystallization,!” and external force field separation®® have been

extraction,' distillation,*
aqueous two-phase extraction electrodialysis,*®
introduced to recover/recycle ILs in different situations. All these
separation approaches have their own advantages and disadvan-
tages.?? For example, membrane separation is a robust and energy-
efficient way to recover ILs, but its feasibility is related to the flux,
which largely limits its application in industry when large amounts
of permeate needs to be handled. Currently, distillation and extrac-
tion are two of the most popular used separation methods for the
IL recovery in both labs and industries.?°

As ILs generally have negligible vapor pressure, conventional dis-
tillation process is considered as the simplest operation for the recov-
ery of ILs from volatile components. The volatile compounds can be
removed by distillation, vacuum evaporation, and molecular distilla-
tion. In an IL-based process of the chlorination of butanediol (devel-
oped by BASF), the IL solvent is recycled by distilling water (formed as
by-product) for the next run without any further processing.?* In the
separation of methanol-trimethylborate mixtures using 1-ethyl-
3-methylimidazolium tosylate ([Co,mim][TOS]) as entrainer, the recov-
ery of IL is carried out by removing residual methanol in a falling film
evaporator, and the recycled [Comim][TOS] showed stable perfor-
mance for this azeotropic separation during a period of 3 months.?2

.2 applied molecular distillation to recover [Amim]

Huang et a
[CI] from aqueous solution of homogenous cellulose acetylation reac-
tion media, where the volatile impurities are distilled and the recycled
[Amim][CI] is reused five times in this cellulose acetylation process
without any change in IL-structure. On the other hand, extraction is
an efficient method that is usually preferred in the recovery of ILs
from nonvolatile and/or thermally sensitive substances. Generally, the
hydrophobic ILs can be easily recovered from hydrophilic solutes
through extraction with water. Ghatta et al. studied the synthesis of
5-hydroxymethylfurfural (5-HMF) from sugars in methyltrioctylammo-
nium chloride, and this hydrophobic IL media is recycled from extract-
ing 5-HMF with water.2* In the case of recycling IL from solutes
exhibiting immiscibility with water, organic solvents are generally
used. For example, in a commercialized Sonogashira coupling reaction
using tetraalkylphosphonium-based IL as the solvent, the Central

Glass Company (Japan) use an organic solvent (hexane) to extract the
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product, and the remaining IL-catalyst solution are reused several
times with very limited loss of the catalytic activity.2> However, the
safety, health, environmental issues may come up with the introduc-
tion of the organic solvent.

In the case of recovering ILs from their dilute aqueous solutions,
extraction methods typically require large solvent inputs to achieve
high IL recovery, while distillation methods are extremely thermally
inefficient due to the large amount of water needed to evaporate. For
example, many studies reveal that some ILs have excellent perfor-
mance in biomass pretreatment operations. However, large amounts
of dilute aqueous solutions containing ILs are produced during this
process.?®?” The disposal of these aqueous solutions will inevitably
cause the loss of these high-value chemicals, and some of disposed
ILs may even result in severe safety, health, environment issues. On
the other hand, ATPE that is based on the formation of aqueous
biphasic systems (ABS) is an efficient separation method in such cases
since most ILs are concentrated in one phase by adding a small
amount of salting-out agent.?° Inorganic salts are the most common
salting-out agents that have been used to induce the phase split of IL
aqueous solutions, including potassium salts (K,CO3;, K3PO,, and
KoHPO4),?®  sodium salts (NaCl, NagPO,, NapSOs, Nay,COs,
NaH,P0,),?’ and aluminum salts (Aly(SO4)s, AIK(SO4)1,H,0).3°
Besides inorganic salts, some more benign species such as organic

salts, carbohydrates and amino acids®3?

are also being studied as
salting-out agents to induce phase split in the recovery of ILs from
aqueous solutions.

In ABS, most ILs can be recovered from their dilute aqueous solu-
tions when suitable salting-out agents are introduced, however, the
IL-rich phase generally cannot meet the final purity requirement.
Meanwhile, the energy consumption would be very high if ILs are
recovered directly from distilling a large amount of water, even
though distillation is a simple and efficient method to process aqueous
solution with high IL concentration. Besides these, using membrane to
concentrate IL aqueous solutions is much more difficult than salt
aqueous solutions, and the membrane-based salt-water separation
technologies have been widely used in industry. As reported, hybrid
process schemes that combine two (or more) units operating at their
highest process efficiencies to perform one (or more) process tasks
are considered as potentially innovative and sustainable processing
options.®334 In this work, a hybrid process that combines ATPE, mem-
brane separation, and distillation operating at their highest efficiencies
are applied to recover ILs from dilute aqueous solutions. Although
such a hybrid process has significant energy-saving potential, some
challenges needed to be addressed for achieving the full potential of
the process. For example, as both the structure of ILs and salting-out
agents have significant impact on the formation of IL-ABS, it would be
challenging to find high-performance salting-out agent(s) for ATPE
process. Another challenge is how many salting-out agents should be
used for aqueous solutions with different IL concentrations. All these
questions are answered through case studies of recovering two well-
known hydrophilic ILs 1-butyl-3-methylimidazolium chloride ([C4mIm]
[Cl]) and n-butylpyridinium trifluoromethanesulfonate ([C4Py][TfO])
from their dilute aqueous solutions.
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2 | METHODOLOGY

In this work, a three-stage methodology that integrates salting-out
agent screening, process design-simulation, and process evaluation
(see Figure 1) is proposed for hybrid process design targeting the
cost-effective recovery of hydrophilic ILs from their dilute aqueous
solutions. The first design stage aims to select suitable salting-out
agents for a given IL aqueous solution. The selection method includes
two options: (1) salting-out agent(s) with high phase splitting ability
for the given IL aqueous solution are selected from a comprehensive
IL-ABS database and (2) a large number of potential salting-out
agent candidates are generated through manipulating properties at
the molecular level using computer-aided design technique and high-
performance salting-out agent(s) are identified by solving an
optimization-based mixed-integer nonlinear programming (MINLP)
problem. A machine learning model that was proposed in previous

work®?

is employed to describe the binodal curve behaviors of
generated IL-ABS. It is essential to highlight that in order to guarantee
the salting-out agent's compliance with the desired criteria and
performance requirements, iterations involving the modification of
design constraints and objectives are implemented in this design
stage. The second stage involves process design and simulation for
the recovery of ILs from dilute agueous solutions. In this stage, hybrid

separation scheme involving ATPE, distillation and reverse osmosis

Framework

(RO) membrane separation is proposed. Afterwards, the process is rig-
orously simulated in Aspen Plus, where ILs are defined as pseudo
components by specifying their critical properties and pure properties,
while the UNIFAC-IL model is used for the phase equilibrium calcula-
tions of IL-water system. In the third evaluation stage, the energy and
economic performance of different hybrid process schemes are thor-
oughly evaluated, and then Monte Carlo simulations are carried out to
study how the cost uncertainties affect economic performance of the

proposed hybrid process design.

2.1 | Selection of salting-out agent (stage-1)

211 | Option-a

The performance of the proposed hybrid process is highly dependent
on the formation of ABS in ATPE. The ability of a salting-out agent to
induce phase split of a given IL aqueous solution can be quantified
through the binodal curve of the formed aqueous biphasic system.
This curve denotes the separation between the two immiscible
phases, as shown in Figure 2. Clearly, the closer to the axis origin a
binodal curve is, the greater is the ability of a salting-out agent to cre-
ate biphasic systems. Therefore, it is possible to identify high-
performance salting-out agents for a given IL aqueous solution when

Workflow Models and Tools
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FIGURE 2 Binodal curve of ionic liquid-based aqueous biphasic
systems (xi, x], xB and xs, xI, x2 are the weight fractions of ionic
liquid and salting-out agent in the feed, top phase, and bottom phase,
respectively).

the system's binodal data are available. Most recently, a comprehen-
sive database covering 17,449 experimental binodal data points of
171 IL-based aqueous biphasic systems has been established previ-
ously.®> This database allows one to find one or more salting-out
agents to induce phase split for an included IL aqueous solution. In
addition, the binodal curve of IL-ABS can also be used to guide the
design of ATPS for the recovery of ILs form their dilute aqueous solu-
tions. As the example presented in Figure 2 shows, the weight fraction
of IL-rich phase will decrease when more salting-out agents are added
to the system, which means that less solution (top phase) needs to be
processed in further purification operations, but at the same time
more IL remains in the bottom phase. All these changes can be easily
quantified from the binodal curve, which is very important in the
design of ATPS extraction process.

212 | Option-b

Selecting suitable salting-out agents from database is a reliable way,
but it is severely limited by the available experimental binodal data.
On the other hand, the optimal design of compounds/systems
through manipulating properties at the molecular level is often the
key to considerable scientific advances and improved process systems
performance.®® In this respect, an optimal ABS design method that
was developed in previous work®’ provides the possibility of tailoring
high-performance salting-out agents at the molecular level. This
design method combines the computer-aided design technique and a
machine learning model that is able to describe the binodal curve
behaviors of IL-ABS. Similar to the design of many other compounds/

systems, a mathematical descriptor that can provide gquantitative

AI?BIFJ R NALJ‘;;f14

information of IL-ABS is also needed for the optimal design of salting-
out agents. As salting-out agents with different anions or cations gen-
erally present different phase splitting ability for different IL aqueous
solutions, group contribution (GC) methods can be applied to describe
the structure of the involved components in this salting-out selection
(design) method. In this work, all potential salting-out agent
candidates can be systematically generated from cation, anion, and
molecule groups given in Table S1 (see supplementary material).
High-performance salting-out agent(s) can be rapidly and reliably
determined by solving an optimization-based MINLP problem that
subjects to a series of design constraints, as described by Equation (3).
Detailed information of MINLP problem for salting-out agent design
can be found in Table S2 and the parameters of the machine learning-

based predictive model is given in Table S4.

max,y TLL-(=Sm) =f(zy, T H" G*)
s.t. salting — out agent structural constraints (1)

mass balance constraints
phase equilibria constraints

where TLL is the tie-line length (see Equation (2)) and St; is the slope
of the tie-line (see Equation (3)); r is an adjustable parameter describ-
ing the degree of influence from TLL and S;. The value of r should be
positive because, when IL-ABS has larger absolute values of Sy, (with
a certain value of TLL), they require less salting-out agent inputs.
Therefore, maximizing the objective function (in Equation ((1)) with
positive values of r will yield better solutions. Continuous variable z
denotes the ratio of added salting-out agent to the original IL aqueous
solution, while discrete variables y represent the structure of gener-
ated salting-out agents. T* is the system's temperature and G* is the
weight fraction of IL in the original IL aqueous solution. The structure
of the specific IL molecule is described by vectorH". x], x and xI, x&,
respectively, denote the weight fractions of ionic liquid and salting-

out agent in the top phase and bottom phase, as shown in Figure 2.

TLL:\/(Xg—xg)er(X,TL—Xﬁ)Z (2)
XL Xi
STL—Xgist 3)

The formulated MINLP problem is solved by a deterministic global
optimization solver LINDOGLOBAL in the modeling system GAMS.
This solver is based on the branch-and-bound algorithm and uses a
rigorous bound tightening procedure to compute tight bounds on the
feasible region of the MINLP problem. These help to reduce
the search space and improve the efficiency of the solver. The solver
also employs several cutting plane techniques and heuristics to accel-
erate the convergence to the global optimum. Given the limitations of
the ANN-GC model in accurately predicting binodal curves near the
axes, it may be necessary to adjust the composition of the generated

IL-ABS in certain cases to enhance the reliability of the results.
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(stage-2)

Hybrid process design and simulation

Different processing units have their own regions of efficient opera-
tions, the main concept of a hybrid process design is to ensure all
involved units are operating at their high efficiency regions. In this
work, the proposed hybrid process aims to combine ATPE, membrane
separation, and distillation operating at their highest efficiencies in the
recovery of ILs from dilute aqueous solutions. As shown in Figure 3,
an aqueous biphasic system can be created through adding a certain
amount of salting-out agent (determined in Section 2.1) to the dilute
IL aqueous solution, and most IL is concentrated in the top phase.
Then, the concentrated IL aqueous solution is sent to the distillation
column, where pure IL can be obtained by distilling the rest of water.
On the other hand, the salting-out agent aqueous solution is sent to a
RO membrane unit, where most of the water is removed. Together
with make-up agent, the remaining water and salting-out agent is
recycled back to the ATPE unit. In this hybrid process, the RO mem-
brane operates at high pressures to concentrate the salting-out agent
aqueous solution as much as possible. As a result, the spiral-wound
configuration is used because it offers high pressure resistance, high
packing density, high recovery rates, and ease of maintenance.
Process simulation is a good option to use following the design or
redesign of a process to check for feasibility and to analyze the effi-
ciency of the process prior to implementation. In this hybrid process
design, the process is rigorously simulated (Aspen Plus is used), and
the equipment sizes and key operating variables are identified through
a series of unit model calculations or sensitivity analysis. It is impor-
tant to note that many ILs have specific thermal decomposition tem-
peratures. Therefore, to prevent thermal decomposition, the
maximum operating temperature of the distillation column should be
lower than the IL's thermal decomposition temperature. This can
be achieved by adjusting the column's operating pressure. As ILs are
not included in the database of Aspen Plus, they are defined as
pseudo-components by specifying the critical properties that can be
obtained from a fragment contribution-corresponding states
method.3® In this work, Aspen Plus uses the UNIFAC-IL model®’ as a
thermodynamic tool to predict the VLE behavior of IL-water system
based on the molecular structure and composition of the components,
and the corresponding interaction parameters. Meanwhile, Aspen Plus

considers separation kinetics in the sizing of distillation columns by

Dilute IL agueous solution

!

FIGURE 3 Hybrid process scheme
for the recovery of ionic liquids from

dilute aqueous solutions. ATPE

IL + H,O

Salting-out agent

using rigorous tray models to estimate the mass transfer rate and tray
efficiency, which are used to determine the number of trays required
for a given separation task, and optimize the design of the column
for maximum separation efficiency. In addition, a sensitivity analysis is
performed to identify and optimize the key factors that influence the
performance of the process.

In this work, the process simulation is performed under the fol-
lowing assumptions: (1) the process is operating under steady-state
conditions, meaning that the process variables are constant over time;
(2) the physical properties of the materials used in the process are
constant over time; (3) the mixtures in the process are homogeneous,
meaning that the composition is the same throughout the mixture;
and (4) mixing is ideal, meaning that the components in the mixture
are evenly distributed. It is important to note that these assumptions
are not always accurate for real-world processes, and the accuracy of
Aspen simulation results depends on the validity of these assump-
tions. Therefore, it is crucial to further validate the simulation results
with experimental data and adjust the model as necessary to ensure
its accuracy.

2.3 | Process evaluation (stage-3)

Process evaluation a critical step that attempts to analyze and exam-
ine the effectiveness and efficiency of a process. Energy consumption
is a key indicator of any process evaluation, especially
energy-intensive processes. Generally, the energy consumption of a
separation process mostly comes from the input of thermal energy
and electricity, and the total energy consumption (TEC) can be
expressed by an equivalent electricity energy penalty by
Equation (4).° In order to quantify the energy performance of a pro-
cess, a specific energy consumption (SEC), as expressed by Equa-

tion (5), is introduced.

TEC=W.+Qun (4)
SEC:E (5)
my

where W, is the electricity consumption in compressor and pump, Qth

is the heat duty in the last flash, and 7 is the conversion efficiency of

Concentrated salting-out agent

aqueous solution Make-up

t
agen /J: @ H,0

Column

A

Concentrated IL
aqueous solution

Salting-out| agent+H,0

Ve
- > \&

Salting-out agent
aqueous solution
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thermal energy to electricity, which is estimated to be 0.3-0.4,** and
0.384 is used in this work. my is the mass flow of the recovered IL,
the units of TEC and SEC are MJ/h, MJ/kg IL, respectively.

Apart from energy consumption evaluation, economic evaluation
that aims to assess the cost effectiveness of a process is also playing
an important role in the decision-making process. The purpose of eco-
nomic evaluation is to identify the best course of action, based on the
available data. An economic evaluation will measure two parameters—
cost and outcome. As given in Table S5, the total annual cost (TAC) of
a process can be represented by the sum of the annualized capital
cost (ACC) and total operating expense (OPEX). The ACC is calculated
from the translation of the total capital expense (CAPEX) (see Equa-
tion 5), and the detailed calculations of CAPEX*?*%® are given in
Table S6. The purchased equipment cost of distillation column and
utility cost in OPEX are computed from Aspen Process Economic Ana-
lyzer (APEA). The equipment cost of flash tank for preliminary IL-
water separation and pumps are evaluated based on models proposed
by Couper et al.** All the equipment costs are updated to the year
2022 with the Chemical Engineering Cost Index.*> For the membrane
evaluation, the capital cost is scaled up according to the water treat-

146

ment, in which 3%$/kg per hour water treatmen Detailed calculation

methods can be found in Table Sé.

CAPEX
A= @i — 1) fir(L vy )

where ir and n, respectively, denote the annual interest rate (8%) and
the project lifetime (25 years).*’

On the other hand, the OPEX has two parts: one is the variable
operating cost (VOC) which includes the salting-out agent input/
make-up and the public utilities such as heat steam, cooling water and
electricity. The other part is the fixed operating cost (FOC) that con-
tains the maintenance, operating labor, etc. Detailed calculation
methods are presented in Table S7.° In the calculation of operating
cost, the following costs are considered for different types of utilities:
0.08%/kWh electricity; 0.0329%/ton cooling water; 24.7$, 31$, and
37.2%$/ton steam of low, medium, and high pressure, respectively. To
calculate cost of the solvent make-up, the price of different salts is
estimated to be 340%/ton (NH,;),SO4, 1450$/ton K3PO,, 900%/ton
KH,PO,, 350%/ton (NH4),SO3 under the industrial production. In
industry, the operating cost of a membrane separation process is gen-
erally calculated based on the amount of water treatment, and the
operating cost of salt-water membrane separation is much easier than
that of IL-water membrane separation. In this work, the operating cost
of membrane separation for salt-water and IL-water are assumed to
be 11.2$/ton water and 8.4$/ton water, respectively. The membrane
operating cost and the prices of electricity, utilities and solvents are
obtained from market inquiry and personal communication with engi-
neers in industry.

Uncertainty analysis aims to make a technical contribution to
decision-making through the quantification of uncertainties in the rel-
evant variables. It has been widely reported that the Monte Carlo

Method offer many advantages over conventional approaches in the

AI?BIFJ R NALJ‘S;f14

uncertainty studies, particularly those involving complex measurement
systems' outputs.*® In this hybrid process design, Monte Carlo simula-
tions are performed to quantify the variability of the economic perfor-
mance (TAC) with the uncertainties in energy prices (e.g., electricity
and steam), capital investment and other costs such as working capital
and solvent cost. Generally, energy prices are more sensitive than
other inputs within a time period, for example, price changes in 2022.
For this reason, energy prices with an uncertainty of +30% is used in
Monte Carlo simulations, and for other costs an uncertainty of +20%
is set. In this work, Monte Carlo simulations are carried out in Jupyter

Notebook, a web-based interactive computing platform.

3 | CASESTUDIES

1-Butyl-3-methylimidazolium chloride ([C4mIm][Cl]) is a highly effi-
cient direct IL-solvent for the dissolution and regeneration of cellulose
and large volumes of dilute IL aqueous solutions are produced during
the precipitation of the regenerated cellulose.?4?” As reported, this
hydrophilic IL has severe health related hazards.'® Therefore, efficient
recycling of [C4mIm][Cl] from these aqueous solutions is a critical step
for the commercialization of this IL-based pretreatment technology.
n-Butylpyridinium trifluoromethanesulfonate ([C4Py][TfO]) is another
well-known hydrophilic IL that has potential industrial applications.
Safety related properties have not been studied for this IL, but it is
also important to recover it from aqueous solutions during application.
In this section, the proposed hybrid process design method is applied
to the recovery of [C4mIm][CI] and [C4Py][TfO] from dilute aqueous
solutions and a representative concentration of 10 wt.% IL is studied.
Separation processes using only distillation or nanofiltration (NF)*3-
distillation (a hybrid process combines NF membrane separation and
distillation technologies) are also studied. In each case, four different
processes (including two hybrid processes with different salting-out
agents) are compared under the same IL purity requirement (>99.5%).
The parameters used for property predictions and process simulations
(in Aspen Plus) are given in Tables S8-510. Phase diagrams for the
[C4Py][TfO]-water and [CsmIm][Cl]-water systems are provided in
Figures S1 and S2, respectively. The equipment designs of ATPE unit,
distillation column and membrane wunit are provided in
Tables S12-514.

4 | RESULTS AND DISCUSSION

4.1 | Case 1—[C4Py][TfO] recovery

4.1.1 | Selection of salting-out agents (stage-1)

To find a suitable salting-out agent that can induce the phase split of
[C4Py][TfO] aqueous solution, this work first performs a data search
against the IL-ABS database. All the experimental [C4Py][TfO]-
involved ABSs are retrieved and then displayed in Figure 4. It is found

that all reported experimental salting-out agents have very similar
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FIGURE 4 Experimental binodal curves of [C4Py][TfO]-involved

aqueous biphasic systems.”®>*

ability of inducing a phase split in the [C4Py][TfO] aqueous solution.
Nonetheless, ammonium sulfate ((NH,),SO,4) at 298 K still shows a
slightly better ABS formation performance than the others.
When using computer-aided selection method, potassium dihydrogen
phosphate (KH,PQO,) was identified to have the best ABS creation
ability for [C4Py][TfO] aqueous solution. Model details from GAMS
solution of the MINLP-based IL-ABS design problem are given in
Table S8. The binodal curves of ABS formed by [C4Py][TfO]
+ (NH4)2S04 + H,0 and [C4Py][TfO] + KH,PO,4 + H,O are shown
in Figure 5. To achieve a more feasible IL-ABS, a (x],x) value of
(0.494, 0.023) is applied for [C4Py][TfO] + KH,PO4 + H,0, instead of
using a value of (0.880, 0.019) which was identified directly from
model optimization. Obviously, compared with (NH4),SO0,, less
KH,PO, input is needed to induce phase split in the [C4Py][TfO]
aqueous solution, but the highest reachable concentration of [C4Py]
[TfO] in (NH4),SO4-based ABS is higher than that of KH,PO,4-based
ABS. For an aqueous solution containing 10wt.% [C4Py][TfO], the
phase formation information of ABS [C4Py][TfO] + (NH4),SO,4 + H,0
and [C4Py][TfO] + KH,PO,4 4 H,0 is provided in Table 1.

41.2 | Process design and simulation (stage-2)

For the hybrid IL-water separation process, the key operation parame-
ters including the agent input amount, distillate mass flow and reflux
ratio are optimized. Taking [C4Py][TfO]-water separation as an exam-
ple, a series of sensitivity analysis are performed and the results of
this analysis are presented in Figures 5-7. Obviously, the reboiler heat
duty in distillation column decreases significantly with increasing the
input of (NH4),SO4. This is because when more salting out is added to
the system, more water is transferred to the bottom phase, which
means less water needs to be distilled in the distillation column. On
the other hand, the purity of water (at column top) will increase first

0.35
O Exp.((NH,),SO,)
—— ANN-GC model Cal. ((NH,),SO,)
0.30 Three-parameter model Reg. ((NH,),SO,)
—— ANN-GC model Cal. (KH,PO,)
E ®  (x, xd); 08, xB)
< 0.25 & (X, Xs)
2
© 0.20
()]
©
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()]
£
‘© 0.10 4
(%))
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)
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FIGURE 5 Experimental and calculated binodal curves of ABS

formed by [C4Py][TfO] + (NH4),S04 + H,0°° and [C4Py][TfO]
+ KH,PO,4 + H,0 (model parameters are given in Tables S3 and S4).

and then decrease with the increase of the salting-out agent input,
and for the purity of IL (at column bottom) it will also increase first
but then remain at a stable value, as shown in Figure S3. As expected,
the reboiler heat duty in distillation column increases gradually when
reflux ratio is increased. With such a change, the purity of both water
and IL will increase first and then remain at stable values, as illustrated
in Figure S4. The increase of distillate mass flow has similar impact on
the purity of water and IL, as presented in Figure S5. The details of
the equipment sizes and operation parameters are given in
Tables $12-S14. As reported,*” the thermal decomposition tempera-
ture of most ILs containing anion [TfQO] is above 600 K. Since the max-
imum operating temperature of the process is about 400 K, and

therefore no IL decomposition will happen in the whole process.

413 | Process evaluation (stage-3)

Different cost contributions to the total annual cost (TAC) of four sep-
aration processes targeting the recovery of 10% wt. [C4Py][TfO] from
aqueous solution (10 t/h) are given in Table 2. In this case, the TAC of
NF-distillation process is 2560k$ and the TAC of distillation process is
3769k$. For the hybrid processes with (NH4),SO4 and KH,PO.,, the
TACs are 1634k$ and 2371k$, respectively. To better illustrate
the difference in economic performance of each process, Figure 6 that
directly compares the TAC and every cost contribution of all studied
separation processes is also provided. Obviously, the hybrid process
using salting-out agent (NH,4),SO,4 or KH,PO,4 has much better eco-
nomic performance than the pure distillation and NF-distillation pro-
cesses. The hybrid process with KH,PO,4 could reduce TAC by 36%
and 8%, respectively, compared with the pure distillation and NF-
distillation processes. Remarkably, the reduction in TAC of using the
hybrid process with (NH,4),SO, could even reach 57% and 37%
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TABLE 1  ABS information of [C4mIm][CI] + K3PO4/(NH4)2SO3 + Ho0 and [C4Py][TfO] + (NH4)2S04/KH,PO,4 + H,0 for 10 wt.% IL

aqueous solutions

Aqueous solution

[C4mIm][CI] (10 wt.%)

Salting out-agent K3PO4

xi 0.384
X7 0.040
X0 0.576
xB 0.021
X8 0.335
xﬁzo 0.644
XL 0.070
Xs 0.296
XH,0 0.634
MY/ (T -+MP), 0.135
Mﬂ/(MuMs) 0.865
TLL 0.468
St -1.232

[C4PyY][TfO] (10 wt.%)

(NH4)2SO5 (NH4)2S04 KH,PO,
0.508 0.699 0.494
0.026 0.014 0.023
0.466 0.287 0.483
0.005 0.017 0.003
0.201 0.303 0.161
0.794 0.680 0.836
0.082 0.072 0.088
0.175 0.281 0.136
0.743 0.647 0.776
0.152 0.080 0.173
0.848 0.920 0.827
0533 0.740 0.509

—-2.877 —2.360 —3.563

Note: MT, mass of top phase, MB, mass of bottom phase.
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FIGURE 6 Total annual cost comparison for case | ((C4Py][TfO]-
water separation) of four different separation processes.

compared with the pure distillation and NF-distillation processes,
respectively. Membrane operating cost and FOC contribute more than
50% of TAC in the hybrid process with KH,PO,4 or (NH,4),SO,, while
Steam cost and FOC are the two major contributions to TAC in the
pure distillation and NF-distillation processes. Due to the introduction
of ATPE and membrane technologies, the energy-related cost of TAC
in hybrid processes with (NH4),SO, and KH,PO, are, respectively,
reduced by 91% and 80% compared with the pure distillation process.
The specific energy consumption (SEC) of pure distillation process is
11.95 MJ/kg [C4Py][TfO] recovery, and for the hybrid processes with
(NH4)»,SO4 and KH,PO,4 they are 1.05 and 2.39, respectively. When

compared to the NF-distillation separation process, 81% and 58%
energy savings are obtained by introducing ATPE technology to the
hybrid processes with (NH,4),SO,4 and KH,POy,, respectively.
Uncertainty analysis is performed to quantify the variability of the
economic performance with the uncertainties in energy prices (+30%)
and other costs (£20%). Figure 7 presents the total annual cost (TAC)
range of four different processes based on 10,000 Monte Carlo simu-
lations for the separation of [C4Py][TfO]-water. The uncertainties in
TAC are: +403.33k$ (25%) for the hybrid process with (NH4),SOu4,
+504.68k$ (21%) for the hybrid process with KH,PO,4, +724.95k$
(28%) for the NF-distillation separation process, and +1308.81k$
(35%) for the pure distillation process. Obviously, the economic per-
formance of hybrid processes with (NH4),SO,4 and KH,PO, are more
robust than that of NF-distillation and distillation processes. These
uncertainty study results demonstrate that the concept of a hybrid
process design has similar advantages to a diversified portfolio in

reducing the overall economic risk profile.

42 | Case 2—[C,mIm][Cl] recovery
421 | Selection of salting-out agents (stage-1)

For the case of [C;mIm][CI] agueous solution, the binodal curve data
retrieved from IL-ABS database are illustrated in Figure 8. It is found
that tripotassium phosphate (K3PO,) at 298 K presents the highest
ABS formation ability for [C4mIm][CI] aqueous solution. On the other
hand, ammonium sulfite ((NH4;)2SO3) was determined by computer-
aided design method to be the best salting-out agent for inducing the
ABS formation of [CsmIm][Cl] aqueous solution. Figure 9 presents
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FIGURE 7 Total annual cost range of four different separation processes based on 10,000 Monte Carlo simulations for case | ([C4Py][TfO]-

water separation).

TABLE 2 Cost contributions to total annual cost of different separation processes for the recovery of 10 wt.% [C4Py][TfO] from aqueous

solution (10 t/h).

Hybrid process

with

(NH,),504
ACC (10%$/y) 6.27
FOC (10°$/y) 805.12
Steam cost (10%$/y) 126.79
Cooling water cost (10°$/y) 6.68
Electrical cost (10°$/y) 40.77
Solvent make-up (10%$/y) 53.12
Membrane cost (10%$/y) 579.10
VOC-miscellaneous operating 16.46

materials (10%$/y)

the binodal curves of ABS formed by [C4smIm][CI] + K3PO4 + H,O and
[CamIm][CI] 4 (NH4),SO3 + H,0. Clearly, (NH4),SO5 has better phase
splitting ability than that of K3PO, in the aqueous solution of [C4mim]
[Cl]. Obviously, ATPE using (NH4),SO3 has higher recovery efficiency
and less salting-out agent input than ATPE using K3PO,4 under the con-
dition of no salting-out agent recycling. This means that less IL aqueous
solution needs to be recycled to ATPE unit in the hybrid process with
(NH4)>SO3, leading to the equipment cost reduction and energy sav-
ings. The ABS formation information of [C4mIm][Cl] + K3PO,4 + H,O
and [CymIm][CI] + (NH,4),SO5 + H, targeting the recovery of 10 wt.%
[C4mIm][CI] from aqueous solution is also provided in Table 1.

Hybrid process

with KH,PO, NF-distillation Distillation
8.41 21.69 37.05
895.91 1218.16 1645.16
341.34 858.36 1867.29
17.95 65.32 142.32
38.62 40.72 35.87
380.16 0.00 0.00
659.20 329.76 0.00
29.33 26.41 41.74
422 | Process design and simulation (stage-2)

By applying the same process design and simulation strategy that
used in Case 1, the equipment sizes and the key operation parame-
ters including the agent input amount, distillate mass flow and
reflux ratio are identified for this case, as summarized in
Tables S12-S14. It is worth mentioning that the thermal decompo-
sition temperature of is [CsmIm][CI] about 520 K*° and the maxi-
mum operating temperature of the process is lower than 470 K,
which means that the IL can stay thermal stability through the
whole process.
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FIGURE 9 Experimental and calculated binodal curves of ABS
formed by [C4mIm][Cl] + K3PO, + H,03 and [CamIm][CI]

+ (NH,4),SO3 + H,0 (model parameters are given in Tables S3
and S4).

the recovery of 10% wt. [C4mim][Cl] from aqueous solution (10 t/h)
are provided in Table 3. In this case, the TAC of NF-distillation process
is 2859k$ and the TAC of distillation process is 4677k$. For the
hybrid processes with K3PO,4 and (NH,),SO3, the TACs are 2696k$
and 2357k$, respectively. Figure 10 is provided to have a better illus-
tration of the difference in economic performance of each separation
process in this case. Similar to the first case, the hybrid process using
salting-out agent KzPO4 or (NH4)»,SO3 also outperform their counter-
parts, the pure distillation and NF- processes. Simulation and calcula-
tion results show that the hybrid process with KsPO,4 could reduce
TAC by 42% and 6%, respectively, compared with the pure distillation
and NF- distillation processes. The hybrid process with (NH4),SO4
even gives a better economic performance, and the reduction in TAC
could reach 49% and 18% compared with the pure distillation and
NF- distillation processes, respectively. In addition to Membrane oper-
ating cost and FOC, Solvent make-up and Steam cost also make cer-
tain contributions to TAC in hybrid processes, especially for the
hybrid process with K3PO,4. On the other hand, Steam cost contrib-
utes more than 65% and 47% of TAC in the pure distillation and NF-
distillation processes, respectively. In this case, the energy-related
cost of TAC in hybrid processes with K;PO,4 and (NH4),SO3 are,
respectively, reduced by 83% and 87% compared with the pure distil-
lation process. The SEC of pure distillation process is 11.52 MJ/kg
[C4mim][CI] recovery, and for the hybrid processes with KsPO,4 and
(NH,4),SO3 they are 2.01 and 1.44, respectively. When compared to
the NF-distillation process, 61% and 72% energy reductions are
achieved by using hybrid processes with K3;PO4 and (NH4),SOs3,
respectively.

For the uncertainty study of [Csmim][Cl]-water separation,
Monte Carlo simulations are also performed to quantify the variability
of TAC with the uncertainties in energy-related costs of +30% and
other costs of +20%. The TAC range of four different processes based
on 10,000 Monte Carlo simulations is illustrated in Figure 11. In this
case, the uncertainties in TAC are: +586.38k$ (22%) for the hybrid
process with K3PO,, +513.31k$ (22%) for the hybrid process with
(NH4),S03, +921.62k$ (32%) for the NF-distillation separation pro-
cess, and * 1921.35k$ (41%) for the pure distillation process. Similar

TABLE 3 Cost contributions to total annual cost of different separation processes for the recovery of 10 wt.% [C4mim][Cl] from aqueous

solution.
Hybrid process with KsPO,4 Hybrid process with (NH;),SO3 NF-distillation Distillation
ACC (10°$/y) 7.80 6.96 12.97 22.06
FOC (10%$/y) 899.27 861.40 1030.03 1342.77
Steam cost (103$/y) 498.06 349.59 1356.07 3061.69
Cooling water cost (10%$/y) 24.23 16.72 55.85 142.33
Electrical cost (10%$/y) 41.00 38.62 39.42 34.75
Solvent make-up (10%$/y) 720.07 408.82 0.00 0.00
Membrane cost (10°$/y) 471.02 648.13 329.76 0.00
VOC-miscellaneous operating materials (103$/y) 35.80 29.83 36.35 66.10
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to the case of [C4Py][TfO]-water separation, hybrid processes with
(NH4),S04 and KH,PQ, in the separation of [C4mim][Cl]-water also
have obviously higher robustness in economics than the NF-
distillation separation process, especially the distillation process.
These uncertainty study results suggest again that the concept of a
hybrid process design would definitely lower the overall economic risk

profile.
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FIGURE 10 Total annual cost comparison for case Il ([C4mim]
[Cl]-water separation) of four different separation processes.
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As illustrated above, the hybrid process with a salting-out agent
selected from the database or identified by the computer-aided
molecular design method presents better economic performance and
higher robustness in economics than the NF-distillation process, espe-
cially the pure distillation process in both cases. On the other hand,
the hybrid process using different salting-out agents will exhibit dif-
ferent economic performance, demonstrating the important effect of
the phase splitting ability of a salting agent on the overall economic
performance of the proposed hybrid process. In the first case, the
hybrid process with salting-out agent ((NH,4),SO,) identified from
database screening demands lower TAC and less solvent make-up
than that of the hybrid process with salting-out agent (KH,POj,)
determined by the computer-aided molecular design method. On the
contrary, in the second case, the hybrid process using (NH,4),SO3 (tai-
lored by the computer-aided design method) present better economic
performance and less solvent make-up than the hybrid process using
K3PO,4 (selected from database). These results suggest that the
salting-out agent screening approach that combines database screen-
ing and computer-aided design method would improve the chances of
achieving the best performing hybrid process design.

In addition, the results obtained in this study demonstrate the
sensitivity of the proposed hybrid process scheme to the selection of
salting-out agents. To address the challenge of salting-out agent
selection in a more systematic manner, we recommend implementing
a screening or optimization approach specifically focused on salting-
out agents. This approach could involve evaluating a wider range of
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salting-out agents, exploring different concentrations or combinations,
and conducting comprehensive experimental or computational studies
to identify the most suitable options. Furthermore, considering the
impact of process parameters such as temperature, pressure, and mix-
ing conditions on the performance of salting-out agents could provide
additional insights and contribute to the systematic resolution of this

challenge.

5 | CONCLUSION

This work presents a three-stage hybrid process design method that
aims to combine aqueous two-phase extraction (ATPE), membrane
separation, and distillation operating at their highest efficiencies for
the recovery of hydrophilic ILs from dilute aqueous solutions. In
stage-1, high-performance salting-out agents are reliably and effi-
ciently selected for ATPE through both database screening and
computer-aided solvent design methods. In stage-2, the equipment
sizes and operation parameters of the hybrid process are determined
through model calculations (e.g., membrane area and ATPE area) or
sensitivity analysis (e.g., reflux ratio, number of stages, and feed stage
location) in rigorous process simulations. In stage-3, the energy and
economic performance of the hybrid process is evaluated and the
impact of cost uncertainties on the economic performance is studied
through Monte Carlo simulations. Two case studies are performed to
test the applicability and effectiveness of this hybrid design method.
In the case of recovering 10 wt.% [C4Py][TfO] from aqueous solution,
the hybrid process with (NH,4),SO,4 and KH,PO, could reduce the
total annual cost (TAC) by 57% and 37%, respectively, compared with
the pure distillation process. For the recovery of 10 wt.% [Csmim]
[Cl] from aqueous, the reduction in TAC of using the hybrid process,
respectively, with K3PO4 and (NH4),SO5 could reach 42% and 49%
compared with the pure distillation process. Due to the introduction
of ATPE and membrane technologies, the energy-related cost of TAC
in hybrid processes with (NH4),SO4 and (NH,4),SO3 are, respectively,
reduced by 91% and 87% compared with the pure distillation process.
When compared to the NF-distillation process, 81% and 72% energy
savings are achieved by introducing ATPE technology to the hybrid
processes with (NH,4),SO,4 and (NH4),SOs, respectively. These results
suggest that the concept of combining different technologies operat-
ing at their highest efficiencies has great potential for process design
and intensification. Furthermore, Monte Carlo simulations indicate
that the hybrid process design would also improve the economic
robustness of the process, which is of great importance for the accep-
tance and implantation of this separation method in industry.

It is worth noting that the salting-out agent selection and process
design problems are solved independently in the present work, and a
more attractive global optimal solution might be attainable through
simultaneous design. However, computational efficiency could be a
limiting factor as the complexity and the design space of the global-
based MINLP problem will increase significantly. In this regard, more
advanced MINLP solving algorithms as well as more powerful com-

puters are highly desired. For the hybrid process design itself, the
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phase splitting ability of a salting agent in ATPE has an important
influence on the process performance. Comparisons of different
hybrid processes in two cases indicate that the salting-out agent
selection approach that combines database screening and computer-
aided design method would improve the chances of achieving the best
performing hybrid process design. In addition, there is a possibility
that salting-out agents identified by the computer-aided design
method may not work as expected due the uncertainties of the phase
behavior predictive model. Therefore, it is crucial to further validate
the results with experimental data and adjust the model as necessary
to ensure its accuracy. Efficient recovery of ILs from dilute aqueous
solutions is a critical step to make IL-based technologies cost-
effective and environmentally friendly. This work has the potential to
make a significant impact on the commercialization of IL-based tech-
nologies in various fields, especially in the pretreatment of lignocellu-
losic biomass, which would undoubtedly boost the development of
biorefineries. In addition, the hybrid design method proposed in this
work could potentially be extended to other solvent recovery applica-
tions, such as wastewater treatment in the pharmaceutical industry.

AUTHOR CONTRIBUTIONS

Yugiu Chen: Conceptualization (lead); investigation (lead); methodol-
ogy (lead); software (equal); writing - original draft (lead). Xinyan Liu:
Methodology (equal); software (equal); writing - review and editing
(equal). Yang Lei: Writing - review and editing (equal). Xiaodong
Liang: Project administration (equal); writing - review and editing
(equal). Rafiqul Gani: Methodology (equal); writing - review and edit-
ing (equal). Georgios M. Kontogeorgis: Funding acquisition (lead);

supervision (lead); writing - review and editing (equal).

ACKNOWLEDGMENTS

The authors thank the National Natural Science Foundation of China
(No. 22208253), the European Research Council (ERC) for funding
this research under the European Union's Horizon 2020 research and
innovation program (grant agreement no.832460), ERC Advanced
Grant project “New Paradigm in Electrolyte Thermodynamics.”

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the

supplementary material of this article.

ORCID

Yugiu Chen "2 https://orcid.org/0000-0003-0706-160X
Xinyan Liu "2 https://orcid.org/0000-0001-9828-8660
Xiaodong Liang "= https://orcid.org/0000-0002-2007-546X
Rafiqul Gani ") https://orcid.org/0000-0002-6719-9283

Georgios M. Kontogeorgis ' https://orcid.org/0000-0002-7128-1511

REFERENCES

1. Ventura SP, e Silva FA, Quental MV, Mondal D, Freire MG,
Coutinho JA. lonic-liquid-mediated extraction and separation pro-
cesses for bioactive compounds: past, present, and future trends.
Chem Rev. 2017;117:6984-7052.

85UB01 7 SUOLULLOD dA1IR1D) 3[cedldde 8y Aq peusenob ae sajoiie YO ‘8sn JO So|nI o} Akelq18UIJUQ AB]IM UO (SUONIPUOD-PUR-SLUIB)/WI0Y A8 |1 Ale.q1eu [Uo//Sciy) SUORIPUOD pue swie 1 8y} 88S *[£202/2T/80] Uo AkeiqiTauliuo Ao]im 9Bpaimou oluyoe | usiued Aq 86TST 0./2Z00T 0T/I0P/W0d A8 | Aeiq 1 puljuoaLde//sdny Wwolj pepeojumod ‘TT ‘S20Z ‘S06G.YST


https://orcid.org/0000-0003-0706-160X
https://orcid.org/0000-0003-0706-160X
https://orcid.org/0000-0001-9828-8660
https://orcid.org/0000-0001-9828-8660
https://orcid.org/0000-0002-2007-546X
https://orcid.org/0000-0002-2007-546X
https://orcid.org/0000-0002-6719-9283
https://orcid.org/0000-0002-6719-9283
https://orcid.org/0000-0002-7128-1511
https://orcid.org/0000-0002-7128-1511

13 of 14 AI?BIEI RNAL

2.

10.
11.

12.

13.

14.
15.

16.

17.

18.
19.
20.
21.
22.

23.

24.

CHEN ET AL

Liu X, Chen Y, Zeng S, et al. Structure optimization of tailored ionic
liquids and process simulation for shale gas separation. AIChE J. 2020;
66:€16794.

Chen Y, Liu X, Kontogeorgis GM, Woodley JM. lonic-liquid-based
bioisoprene recovery process design. Ind Eng Chem Res. 2020;59:
7355-7366.

Lei Y, Zhou Y, Wei Z, Chen Y, Guo F, Yan W. Optimal Design of an
lonic Liquid (IL)-based aromatic extractive distillation process involv-
ing energy and economic evaluation. Ind Eng Chem Res. 2021;60:
3605-3616.

Chen Y, Garg N, Luo H, Kontogeorgis GM, Woodley JM. lonic liquid-
based in-situ product removal (ISPR) design exemplified for an ABE
fermentation. Biotechnol Prog. 2021;37:€3183.

Amini E, Valls C, Roncero MB. lonic liquid-assisted bioconversion of
lignocellulosic biomass for the development of value-added products.
J Clean Prod. 2021;326:129275.

Bohre A, Modak A, Chourasia V, Jadhao PR, Sharma K, Pant KK.
Recent advances in supported ionic liquid catalysts for sustainable
biomass valorisation to high-value chemicals and fuels. Chem Eng J.
2022;450:138032.

Kim E, Han J, Ryu S, Choi Y, Yoo J. lonic liquid electrolytes for electro-
chemical energy storage devices. Materials. 2021;14:4000.

Cai Y, Chen Y, Zhang H, et al. Computer-aided multifunctional ionic
liquid design for the electrolyte in LTO rechargeable batteries. J Phys
Chem C. 2022;126:11498-11509.

PubChem. 1-Butyl-3-methylimidazolium chloride. 2023 https://
pubchem.ncbi.nlm.nih.gov/compound/1-Butyl-3-methylimidazolium-
chloride

Dibble DC, Li C, Sun L, et al. A facile method for the recovery of ionic
liquid and lignin from biomass pretreatment. Green Chem. 2011;13:
3255-3264.

Weerachanchai P, Lee J-M. Recyclability of an ionic liquid for biomass
pretreatment. Bioresour Technol. 2014;169:336-343.

Wang J, Luo J, Zhang X, Wan Y. Concentration of ionic liquids by
nanofiltration for recycling: filtration behavior and modeling. Sep Purif
Technol. 2016;165:18-26.

Zhang L, Cao W, Alvarez PJ, et al. Oxidized template-synthesized
mesoporous carbon with pH-dependent adsorption activity: a promis-
ing adsorbent for removal of hydrophilic ionic liquid. Appl Surf Sci.
2018;440:821-829.

Gutowski KE, Broker GA, Willauer HD, et al. Controlling the aqueous
miscibility of ionic liquids: aqueous biphasic systems of water-
miscible ionic liquids and water-structuring salts for recycle, metathe-
sis, and separations. J Am Chem Soc. 2003;125:6632-6633.

Wang X, Nie Y, Zhang X, Zhang S, Li J. Recovery of ionic liquids from dilute
aqueous solutions by electrodialysis. Desalination. 2012;285:205-212.
Konig A, Stepanski M, Kuszlik A, Keil P, Weller C. Ultra-purification of
ionic liquids by melt crystallization. Chem Eng Res Des. 2008;86:
775-780.

Hayashi S, Hamaguchi H-o. Discovery of a magnetic ionic liquid
[bmim] FeCly. Chem Lett. 2004;33:1590-1591.

Mai NL, Ahn K, Koo Y-M. Methods for recovery of ionic liquids—a
review. Process Biochem. 2014;49:872-881.

Zhou J, Sui H, Jia Z, Yang Z, He L, Li X. Recovery and purification of
ionic liquids from solutions: a review. RSC Adv. 2018;8:32832-32864.
Fernandez J, Neumann J, Thoming J. Regeneration, recovery and
removal of ionic liquids. Curr Org Chem. 2011;15:1992-2014.

Beste Y, Eggersmann M, Schoenmakers H. Extractive distillation with
jonic fluids. Chem Ing Tech. 2005;77:1800-1808.

Huang K, Rui W, Yan C, Huiquan L, Jinshu W. Recycling and reuse of
ionic liquid in homogeneous cellulose acetylation. Chin J Chem Eng
2013;21:577-584.

Ghatta AA, Wilton-Ely JD, Hallett JP. Strategies for the separation of
the Furanic compounds HMF, DFF, FFCA, and FDCA from ionic lig-
uids. ACS Sustain Chem Eng. 2019;7:16483-16492.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Plechkova NV, Seddon KR. Applications of ionic liquids in the chemi-
cal industry. Chem Soc Rev. 2008;37:123-150.

Hao Y, Peng J, Li J, Zhai M, Wei G. An ionic liquid as reaction media
for radiation-induced grafting of thermosensitive poly (N-isopropyla-
crylamide) onto microcrystalline cellulose. Carbohydr Polym. 2009;77:
779-784.

Swatloski RP, Spear SK, Holbrey JD, Rogers RD. Dissolution of cellose
with ionic liquids. J Am Chem Soc. 2002;124:4974-4975.

Deng Y, Long T, Zhang D, Chen J, Gan S. Phase diagram of [Amim] Cl
+ salt aqueous biphasic systems and its application for [Amim] Cl
recovery. J Chem Eng Data. 2009;54:2470-2473.

Li C, Han J, Wang Y, et al. Phase behavior for the aqueous two-phase
systems containing the ionic liquid 1-butyl-3-methylimidazolium tet-
rafluoroborate and kosmotropic salts. J Chem Eng Data. 2010;55:
1087-1092.

Neves CM, Freire MG, Coutinho JA. Improved recovery of ionic lig-
uids from contaminated aqueous streams using aluminium-based
salts. RSC Adv. 2012;2:10882-10890.

Wau B, Zhang YM, Wang HP. Aqueous biphasic systems of hydrophilic
ionic liquids + sucrose for separation. J Chem Eng Data. 2008;53:
983-985.

Wu B, Zhang Y, Wang H. Phase behavior for ternary systems com-
posed of ionic liquid + saccharides + water. J Phys Chem B. 2008;
112:6426-6429.

Babi DK, Holtbruegge J, Lutze P, Gérak A, Woodley JM, Gani R. Sus-
tainable process synthesis-intensification. Comput Chem Eng. 2015;
81:218-244.

Chen Y, Koumaditi E, Gani R, Kontogeorgis GM, Woodley JM. Com-
puter-aided design of ionic liquids for hybrid process schemes.
Comput Chem Eng. 2019;130:106556.

Chen Y, Liang X, Woodley JM, Kontogeorgis GM. Modelling study on
phase equilibria behavior of ionic liquid-based aqueous biphasic sys-
tems. Chem Eng Sci. 2021;247:116904.

Alshehri AS, Gani R, You F. Deep learning and knowledge-based
methods for computer-aided molecular design—toward a unified
approach: state-of-the-art and future directions. Comput Chem Eng.
2020;141:107005.

Chen Y, Meng X, Cai Y, Liang X, Kontogeorgis GM. Optimal aqueous
biphasic systems design for the recovery of ionic liquids. Ind Eng
Chem Res. 2021;60:15730-15740.

Huang Y, Dong H, Zhang X, Li C, Zhang S. A new fragment
contribution-corresponding states method for physicochemical
properties prediction of ionic liquids. AIChE J. 2013;59:1348-
1359.

Song Z, Zhou T, Qi Z, Sundmacher K. Extending the UNIFAC model
for ionic liquid-solute systems by combining experimental and com-
putational databases. AIChE J. 2020;66:€16821.

Liu X, Huang Y, Zhao Y, Gani R, Zhang X, Zhang S. lonic liquid design
and process simulation for decarbonization of shale gas. Ind Eng Chem
Res. 2016;55:5931-5944.

Liu X. Energy Efficient Hybrid Gas Separation Process with lonic Lig-
uids. 2019.

Abu-Zahra MR, Schneiders LH, Niederer JP, Feron PH, Versteeg GF.
CO, capture from power plants: part |. a parametric study of the
technical performance based on monoethanolamine. Int J Greenhouse
Gas Control. 2007;1:37-46.

Schach M-O, Schneider R, Schramm H, Repke J-U. Techno-economic
analysis of postcombustion processes for the capture of carbon diox-
ide from power plant flue gas. Ind Eng Chem Res. 2010;49:2363-
2370.

Couper J, Penney W, Fair J. Chemical Process Equipment-Selection and
Design. revised 2nd ed. Gulf Professional Publishing; 2009.

Mignard D. Correlating the chemical engineering plant cost index
with macro-economic indicators. Chem Eng Res Des. 2014;92:
285-294.

85UB01 7 SUOLULLOD dA1IR1D) 3[cedldde 8y Aq peusenob ae sajoiie YO ‘8sn JO So|nI o} Akelq18UIJUQ AB]IM UO (SUONIPUOD-PUR-SLUIB)/WI0Y A8 |1 Ale.q1eu [Uo//Sciy) SUORIPUOD pue swie 1 8y} 88S *[£202/2T/80] Uo AkeiqiTauliuo Ao]im 9Bpaimou oluyoe | usiued Aq 86TST 0./2Z00T 0T/I0P/W0d A8 | Aeiq 1 puljuoaLde//sdny Wwolj pepeojumod ‘TT ‘S20Z ‘S06G.YST


https://pubchem.ncbi.nlm.nih.gov/compound/1-Butyl-3-methylimidazolium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/1-Butyl-3-methylimidazolium-chloride
https://pubchem.ncbi.nlm.nih.gov/compound/1-Butyl-3-methylimidazolium-chloride

CHEN ET AL

46.

47.

48.

49.

50.

51.

52.

Khayet M, Matsuura T. Economics, Energy Analysis and Costs Evalua-
tion in MD. Membrane Distillation. Elsevier BV; 2011:429-452.

Huang Y, Zhang X, Zhang X, Dong H, Zhang S. Thermodynamic
modeling and assessment of ionic liquid-based CO, capture pro-
cesses. Ind Eng Chem Res. 2014;53:11805-11817.

Papadopoulos CE, Yeung H. Uncertainty estimation and Monte Carlo
simulation method. Flow Measur Instrum. 2001;12:291-298.

Maton C, De Vos N, Stevens CV. lonic liquid thermal stabilities:
decomposition mechanisms and analysis tools. Chem Soc Rev. 2013;
42:5963-5977.

Guo J, Xu S, Qin Y, et al. The temperature influence on the phase behav-
ior of ionic liquid based aqueous two-phase systems and its extraction
efficiency of 2-chlorophenol. Fluid Phase Equilib. 2020;506:112394.

LiY, Lu X, He W, Huang R, Zhao Y, Wang Z. Influence of the salting-
out ability and temperature on the liquid-liquid equilibria of aqueous
two-phase systems based on ionic liquid-organic salts-water. J Chem
Eng Data. 2016;61:475-486.

Zafarani-Moattar MT, Hamzehzadeh S. Salting-out effect, preferential
exclusion, and phase separation in aqueous solutions of chaotropic
water-miscible ionic liquids and kosmotropic salts: effects of tempera-
ture, anions, and cations. J Chem Eng Data. 2010;55:1598-1610.

53.

54.

AICBE R AL 2o

Gao J, Chen L, Xin Y, Yan Z. lonic liquid-based aqueous biphasic sys-
tems with controlled hydrophobicity: the polar solvent effect. J Chem
Eng Data. 2014;59:2150-2158.

Ventura SP, Sousa SG, Serafim LS, Lima AS, Freire MG,
Coutinho JA. lonic liquid based aqueous biphasic systems with con-
trolled pH: the ionic liquid cation effect. J Chem Eng Data. 2011;56:
4253-4260.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Chen Y, Liu X, Lei Y, Liang X, Gani R,
Kontogeorgis GM. A novel hybrid process design for efficient
recovery of hydrophilic ionic liquids from dilute aqueous
solutions. AIChE J. 2023;69(11):e18198. doi:10.1002/aic.
18198

85UB01 7 SUOLULLOD dA1IR1D) 3[cedldde 8y Aq peusenob ae sajoiie YO ‘8sn JO So|nI o} Akelq18UIJUQ AB]IM UO (SUONIPUOD-PUR-SLUIB)/WI0Y A8 |1 Ale.q1eu [Uo//Sciy) SUORIPUOD pue swie 1 8y} 88S *[£202/2T/80] Uo AkeiqiTauliuo Ao]im 9Bpaimou oluyoe | usiued Aq 86TST 0./2Z00T 0T/I0P/W0d A8 | Aeiq 1 puljuoaLde//sdny Wwolj pepeojumod ‘TT ‘S20Z ‘S06G.YST


info:doi/10.1002/aic.18198
info:doi/10.1002/aic.18198

	A novel hybrid process design for efficient recovery of hydrophilic ionic liquids from dilute aqueous solutions
	1  INTRODUCTION
	2  METHODOLOGY
	2.1  Selection of salting-out agent (stage-1)
	2.1.1  Option-a
	2.1.2  Option-b

	2.2  Hybrid process design and simulation (stage-2)
	2.3  Process evaluation (stage-3)

	3  CASE STUDIES
	4  RESULTS AND DISCUSSION
	4.1  Case 1-[C4Py][TfO] recovery
	4.1.1  Selection of salting-out agents (stage-1)
	4.1.2  Process design and simulation (stage-2)
	4.1.3  Process evaluation (stage-3)

	4.2  Case 2-[C4mIm][Cl] recovery
	4.2.1  Selection of salting-out agents (stage-1)
	4.2.2  Process design and simulation (stage-2)
	4.2.3  Process evaluation (stage-3)


	5  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


