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ABSTRACT

In order to design ionic liquids as absorbents for gas separation, a systematic computer-
aided ionic liquid design (CAILD) methodology is applied and demonstrated by three cases of
COz capture. Mixed-integer nonlinear programming (MINLP) problems are formulated, where
a mass-based Absorption-Selectivity-Desorption index (4SDI) integrating the most important
thermodynamic properties of ILs (i.e., gas solubility, selectivity, and desorption capacity) is
proposed as the objective function and calculated by the COSMO-GC-IL inputted COSMO-
SAC model. The physical properties of ionic liquids are implemented as optimization
constraints, which are estimated by semi-empirical models. The reliability of the

thermodynamic method for IL-gas systems is validated firstly by comparing a large number of
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experimental and calculated data of Henry's law constant of different gases in ILs. Then,
comparative CAILD studies are performed for CO, separation from flue gas (CO2/N2) to
demonstrate the importance of 4SDI for identifying practically attractive ILs. Afterwards, the
developed method is applied to design IL solvents for the separation of CO, from syngas
(CO2/Hz) and sour gas (CO2/H2S). The correspondingly designed ILs for each case ([OAc] and
COOH-functionalized pyridinium for CO2/Hz and CO2/N2; [AICI4]™ and long branched alkyl
substituted pyridinium for CO2/H»S) are analyzed from the o-profile point of view.

Keywords: Computer-aided ionic liquid design, Gas absorbent, MINLP, Absorption-

Selectivity-Desorption index, CO» capture

Introduction

Ionic liquids (ILs) possess a set of unique properties, such as negligible vapor pressure,
broad liquid range, and high chemical/ thermal stability. More importantly, the thermodynamic
and physicochemical properties of ILs can be fine-tuned by judicious combination of cation,
anion, and substitution groups to meet specific requirements in different tasks, making them
“designer solvents”.! Due to these attractive properties, ILs are widely expected as promising

solvents for various chemical processes,>”’

among which gas absorptions are extensively
concerned.®1?

To ensure a technically and economically feasible IL-based gas absorption process, the

selection of suitable IL absorbents is of the primary significance. For this purpose, however, the
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experimental trial-and-error approach is expensive, time-consuming, and even unrealistic
considering the huge library of possible cation-anion combinations. Therefore, computational
screening or design of ILs based on reliable theoretical methods is highly desirable.!?

Recently, studies on IL design employing the computer-aided molecular design (CAMD)
approach, i.e., computer-aided IL design (CAILD), have been continuously reported.'*!? As
demonstrated by these studies, CAILD reversely searches for the optimal IL structures to best
meet the required target properties on the basis of quantitative structure-property relationship
models.?° That is to say, reliable predictive property models and suitable property criteria are
two requisites in an effective CAILD. For gas absorption applications, the two requisites
naturally lie in the thermodynamic model and the absorption performance index.

Until now, the UNIFAC model, which is widely used in CAMD,?! has been successfully
extended to IL-containing systems and used as the predictive thermodynamic method in CAILD
by several researchers.!>?*>> However, since such UNIFAC-IL model requires experimentally-
fitted group interaction parameters, the current available parameter matrix is still far from
adequate to cover the large variety of ILs and the huge diversity of IL-involved applications. In
comparison to UNIFAC-IL, the COSMO-based activity coefficient models such as COSMO-
RS 2027 and COSMO-SAC?*- only require the quantum-chemically derived surface charge
density profiles (o-profile) and cavity volumes (Vcosmo) of molecules to predict the
thermodynamic properties of pure-component fluids and fluid mixtures, including IL systems.
Moreover, our very recent work has successfully developed a modified group contribution (GC)

method for the prediction of g-profiles and Vecosmo of ILs.>! This COSMO-GC-IL model can
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not only significantly reduce the computational cost to generate the required IL molecular
information, but also well distinguish between IL structural isomers by considering the
proximate effects. As the prerequisite to design IL absorbents, the fully predictive COSMO-
SAC model combined with the computationally efficient COSMO-GC-IL method is of high
potential for CAILD towards different gas separation tasks.

With respect to the other requisite for IL absorbents design, i.e., the absorption
performance index, most previous studies on computational IL selection only concentrated on
the capacity of ILs for the target gas components.>>> Recently, Farahipour et al.’® and Zhao et
al.’” proposed that the selectivity towards different components in the gas mixture and the
subsequent desorption capacity also play important roles in determining the applicability of IL
absorbents. The above property parameters are all closely related to the practical absorption
performance of ILs from different aspects. However, to the best of our knowledge, very scarce
studies have considered all the above properties simultaneously or compared the effect of
different target properties on IL selection. Moreover, since the molecular weights of different
ILs may vary in a large range and are often much higher than those of conventional organic
solvents, it is more straightforward to evaluate the separation performance of IL solvents on a
mass basis from practical point of view.

Taking account of all the essential aspects mentioned above, a CAILD method with a mass-
based Absorption-Selectivity-Desorption index (4SDI) integrating gas solubility, selectivity
and desorption capacity is applied for designing ILs as gas absorbents in this contribution. The

CAILD method and the mass-based performance index is validated by the flue gas (CO2/N»)
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separation and then applied to another two important CO, separation tasks from syngas (CO2/Hz)
and sour gas (CO2/H>S). Finally, different designed results are compared and analyzed from the

o-profile point of view.

Methods

The whole computer-aided IL absorbents design method is structured in Fig. 1, which
consists of four steps:

Step 1: Specify the target gas mixtures to be separated.

Step 2: Select IL group basis set. As the groundwork of the molecular design space,
potential IL types are collected according to previous knowledge and experience on the given
separation task.

Step 3: Formulate the MINLP problem for IL design by determining suitable objective
function and necessary constraints. Any thermodynamic properties of interest can be employed
as the objective function, while constraints on the structural feasibility and complexity as well
as the key physical properties of ILs should be considered (as introduced in Sections 2.1 and
2.2, respectively). Specifically, the COSMO-SAC model with required inputs from the
COSMO-GC-IL method is used for predicting thermodynamic properties and available semi-
empirical models are adopted for estimating physical properties.

Step 4: Solve the MINLP problem to search for optimal IL solvents. Here, the combined
simulated annealing (SA) and genetic algorithm (GA) extended by our previous work>® is used

since it merges the advantages of two algorithms to improve the searching ability towards
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optimum solutions. The conceptual optimal algorithm maintains: (a) selecting chromosomes as
parents from the random initial populations by the roulette wheel selection criterion; (b)
applying crossover and mutation operator to produce new offspring and employing simulated
annealing operator to decide whether the offspring remain; (c) decreasing the annealing
temperature and exchanging information among populations if the exchange criterion is
satisfied; (d) stopping the optimization or going back for loop until the stopping criterion is
reached. For the cases studies in this work, the numbers of generations and individuals are 500
and 51, respectively; the probabilities for mutation and crossover operators are 0.08 and 0.7,
the initial annealing temperature and annealing factor are set to 1.0x107 K and 0.985, which are
all tuned accordingly after several tests to achieve a balance between outcome and
computational consumption.

Objective functions for CAILD. As the designed ILs are novel and their chemical absorption
potential cannot be exactly described, only physical absorption of gases is taken into account
in the absorbent design in this work, which is widely employed in CAMD for gas separation
processes. 373
General thermodynamic performance indices in absorption. The IL solubility for gases is
directly related to the required solvent consumption and is therefore concentrated on by most
previous reports. In dilute solutions, the gas solubility in a solvent is in reverse proportion to
the Henry's law constant:

X =B /H;(T) (1)

where P; is the partial pressure of the gas above the solution; H;s represents the Henry's law

6



Post-print version of the paper by Jingwen Wang et al. in ACS Sustainable Chem. Eng. 2018,
6,9, 12025-12035. DOI: 10.1021/acssuschemeng.8b02321

constant of gas 7 in solution s and can be estimated as Eq. (2):
H, (M) =n"R (2)

In Eq. (2), 7 is the infinite dilution activity coefficient of the gas in the solution, which is
calculated by COSMO-SAC in this work; P° is the saturated vapor pressure of gas (see
calculation details in Table S1, Supporting Information).

In addition to the solubility for target gas component, the absorption selectivity of IL is
also very important, because practical gas absorption processes are commonly focused on
dealing with multi-component gas mixtures rather than single component gases. The solvent

selectivity towards target component i against other undesirable components j (Si;) is defined

as:

Sy, =—2= 3)

Another important concern in gas absorption process is whether the subsequent desorption

could be achieved elegantly for the sake of solvent reuse and energy saving. To this end,

Farahipour et al.’® proposed to evaluate the desorption capacity (D) of ILs as follows:
H abs
D=5 )

where H** and H% stand for the Henry's law constants at the assumed absorption and
desorption temperature, respectively. Considering CO» absorptivity and the high heat capacity
of ILs, the two temperatures are set at 298.15 K (ambient temperature) and 323.15 K in the
following CO> capture case studies, respectively, which are most commonly used to screen or

design IL solvents as CO, absorbents,316:30:40
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Mass-based criteria for gas absorption design. Through the definitions in Egs. (1) - (4), it can
be found that the above thermodynamic performance indices are all based on the Henry's law
constant of gases on a molar basis. That is to say, only the mole-based absorption performances
of ILs are estimated. However, from a practical point of view, it is more desirable to select ILs
with higher mass-based absorption performance. Moreover, when tackling practical separation
tasks, different thermodynamic performance indices usually present contradictory
dependencies on the solvents.'®372? For instance, solvent with high absorption capacity may
possess poor selectivity and/or desorption capacity, and vice versa. Thus, it is crucial to develop
mass-based performance indices considering overall absorption performance.

For this purpose, a mass-based Absorption-Selectivity-Desorption index, ASDI,
integrating the main thermodynamic properties of gas solubility, selectivity and desorption
capacity is proposed to evaluate the overall absorption and desorption performance of IL

candidates. Specifically, 4SDI is defined as:

ASDI =H ', x——xD'

)

where H', S’ and D' obtained as Egs. (6) - (8) are the mass-based Henry’s law constant,

selectivity and desorption capacity, respectively.

M

His'=H(T)x MI_L (6)
H. .
Syj'= = X& (7
H,, M,
abs
D'=D= :jg 8)

ils
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where Mu, Mi, and M; represent the molecular weights of IL, gas components i and j,

respectively. It should be noted that the mass-based D' remains the same as the mole-based D.
From the definition of ASDI, it is clear that smaller values of H (H"), 1/S (1/S") and D (D’)

of a component corresponds to higher solubility, selectivity, desorption capacity and hence a

lower ASDI value is favorable for the gas separation.

Constraints for CAILD. Structural constraints. In the CAILD, IL structures are encoded as

rooted trees which can guarantee the structural feasibility of ILs. Since a full description of this

molecular encoding method is given in our earlier work,*%4!

only the major features are briefly
introduced here. In a rooted tree structure of IL, cation core together with anion is regarded as
the root node while substitutes attached to the cation core are leaf nodes grown on the root node.
Each cation core and substitute node consists of four integer elements: node index, parent index,
group ID, and group valence; anion codes contain only one elements corresponding to its ID
(see the schematic exemplified by IL 1-(2-fluoro-2-hydroxypropyl)-3-propyl-imidazolium
tetrafluoroborate in Fig. S1, Supporting Information). In addition to ensure the IL structural
feasibility, the relative positions between groups can also be well recognized in this manner,
which facilitates the prediction of IL o-profiles and cavity volumes by the modified COSMO-
GC-IL method and thereby enables further thermodynamic prediction by COSMO-SAC.
Moreover, such a hierarchical data structure permits the complex manipulation of genetic

operators so that the CAILD problem could be solved by the combined SA and GA algorithm.

The size and structural complexity of the designed ILs are limited by the constraints in

Eqgs. (9) - (11):
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U
D n<ng, 9)
ieSub
)
2 msneg, (10)
ieC,CH
U
2, SN, ()
ieSub®

where i and n; refer to the group ID and the occurrence frequency of group i of substituents
listed in Table 1; Sub stands for the subset of substituent groups, while Sub” represents the
subset of functional substituent groups (i.e., substituent groups except for CHs, CHz, CH, C).
Eq. (9) limits the overall size of IL molecule with an upper bound (ng,, ) on the number of
substitutes; Eq. (10) restricts the number of branch chain structures (ng., ) and Eq. (11)
imposes an upper bound (n;’ub* ) on the number of functional substitutes. By definition, these
limitations on group numbers can be properly relaxed according to different requirements.

Physical property constraints. To ensure that the designed IL could act as liquid absorbents
under common operating conditions and have relatively low viscosity ( 77), the physical

properties of ILs are constrained as follows.

T, <298.15K (12)
1 <100cP (13)

For the estimation of melting point (Tm) of ILs, the GC model developed by Lazzas** is

used:
Ca,sub An
T, =2887+ ) nAt + ) nAt, (14)
i=1 j=1

where n, and n; are the occurrence of the groups i and j in the IL, At; and At, are the
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contribution of the cation group i and the anion group j to the T,, . The viscosity of ILs is
calculated by a GC-based feed-forward artificial neural network (FFANN) model.** Both the
two above methods are parametrized from a large number of experimental data and have been
proven to be reliable prediction tools for estimating IL physical properties in IL

selection, !8:2%-35.38.39

Method validation

Thermodynamic model validation for IL-gas systems. Since thermodynamic property
prediction is the prerequisite to design IL absorbent, the reliability of the thermodynamic
method should be evaluated beforechand. As mentioned above, the COSMO-SAC model
inputted from COSMO-GC-IL is employed for predicting thermodynamic properties in CAILD.
This method has been demonstrated to be able to accurately predict the activity coefficients of
different organic solutes in ILs as well as liquid-liquid equilibria of IL-involved polar and non-
polar systems.*! Here, the prediction ability of the method for different IL-gas systems is further
evaluated.

Firstly, COSMO-SAC predictions on the Henry's law constants of different gases in ILs
inputted from the COSMO-GC-IL method are compared to those directly inputted from DMol?
calculation (i.e., the DMol®> module in the Accelrys Materials Studio 6.1 software package).**
The involved gases cover not only those relevant to different CO> capture occasions, such as
COz, N2, Hz, and H5S, but also those widely studied C; - C4 hydrocarbons (CH4, C2H2, CoHa,

CyHs, C3Hg, CsHs, C4Hs, and CsHio). The studied ILs are also of different characteristics of
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cation and anion types (see the detailed data in Table S2 - S6, Supporting Information). As
depicted in Fig. 2a, the predictions in these two cases are in very close agreement. The average

relative deviation (ARD) between them is evaluated by:

DMol® COSMO-GC-IL
1 ‘Hi/s - Hi/s

ARD = 3" o

ils

x100% (15)

where N is the total number of data points. The ARD for the total 835 data points in this
comparison is only 3.83%. This fact demonstrates that the employed COSMO-GC-IL is an
accurate input method for the COSMO-SAC model for estimating thermodynamic properties
of [L-gas systems.

Furthermore, the predicted Henry's law constants in the above data set are further
compared to the experimental data. As seen in Fig. 2b, the predicted data are basically evenly
located in a small range close to the diagonal. From a quantitative point of view, over 73% of
these 835 data points present a relative deviation lower than 20%, resulting in a total ARD of
15.63%. Therefore, the COSMO-GC-IL inputted COSMO-SAC method can be employed as a
reliable tool for predicting the thermodynamic properties in CAILD of gas absorbents.
Objective function validation with the flue gas separation case study. In CAILD, the target
properties in the objective function also play a crucial role in the practical applicability of final
selected ILs. However, in previous literature, the effect of different target properties on IL
selection was scarcely compared and no CAILD has employed the proposed ASDI as the
objective function. Therefore, in this section, the importance and suitability of ASDI for

designing practically applicable IL absorbents are addressed by the case study on the flue gas
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separation. The post-combustion flue gas separation is the most widely studied CO» capture
scenario, where the flue gas could be roughly modelled as a CO»/N> mixture with the CO2 mole
fraction of 3% - 15%.%%-40

To demonstrate the importance of the proposed ASDI, comparative CAILD based on
different objective functions, namely H, H', 1/S’, D' and ASDI, are performed. All the groups in
Table 1 are selected as the group basis set for CAILD, and the conditions for absorption are set
at 298.15 K and atmospheric pressure. The CAILD tasks can be generally expressed as:

min. fy (fo =H,H 1/, D', ASDI )

S.t.

Chemical complexity constraints:

>0 <35 (16)
ieSub

D, n<2 (17)
ieC,CH

2 m<l (18)
ieSub®

Physical property constraints: Egs. (12) - (13).

In a typical run to solve the above MINLP, an initial population of 51 individuals is
constructed and the evolution process is then carried out for maximum 500 generations to search
for the optimal IL structures that best satisty the objective function. The top 10 IL candidates
based on each objective function are obtained, and their detailed information is given in Tables
S7 - S11 (Supporting Information). To directly compare the effects of different objective

functions, the absorption performance indices of the top 10 designed ILs in each case are

13



Post-print version of the paper by Jingwen Wang et al. in ACS Sustainable Chem. Eng. 2018,
6,9, 12025-12035. DOI: 10.1021/acssuschemeng.8b02321

summarized in Table 2. As seen, the performance indices of the obtained ILs in different cases
vary in a notable range. From entries 1 and 2, the IL candidates identified by H certainly have
lower mole-based Henry's law constants than those identified by H'; nevertheless, their mass-
based Henry's law constants are around 2 times of those in the latter case due to the much higher
molecular weights. It indicates that the ILs directly identified by H’ have a higher mass-based
absorption capacity and thus are more attractive from the practical point of view. Such a
comparison clearly demonstrates the significance of employing mass-based absorption
performance indices in the objective function.

As compared in entries 2 - 4, although the lowest values of each individual performance
indices are obtained when using it as the objective function, the values of other indices vary
significantly for the designed ILs in different cases. For example, when /S’ is employed as the
objective function, the designed ILs possess the lowest /S’ of 0.017 - 0.024 among all these
CAILD tasks; however, their H'and D"are 293.62 - 2369.31 and 0.52 - 0.61, respectively, which
are much higher compared to the ILs identified in other two cases. By comparison, the ILs
identified by the combined performance index ASDI not only reach the lowest ASDI (0.89 -
1.04, see entry 5), but also have satisfactory H', 1/S’, and D' (see entries 2 - 4). Therefore, it can
be concluded that the proposed ASDI is an effective index to make a trade-off among all the
desired properties in CAILD.

In order to evaluate the correlation between the ASDI and process property and further
demonstrate the efficiency of the ASDI for designing practical ILs, the energy consumption of

the best candidates in each generation are calculated based on the absorption process proposed
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by Zhang et al.*°

The detailed description on how to calculate the energy consumption of ILs is
given in Table S12 (Supporting Information). As illustrated in Fig S2 (Supporting Information),
with the population develops, the energy consumption of the designed IL candidates based on
ASDI decrease from the first generation and finally converge to the lowest value. It is noticeable
that the tendency of energy consumption change almost keeps pace with that of the ASDI.
Furthermore, the optimal designed IL [MPy13(CH2)COOH][OAc] based on 4SDI also exhibit
the lowest energy consumption values (Table S12, Supporting Information). All these results
demonstrate the suitability of the proposed ASDI for IL absorbents design for CO; capture.
Optimization process for flue gas separation. For the flue gas separation case, the
optimization processes for H-based and ASDI-based MINLP are tracked in Fig. 3 with the
structure of the best IL candidate of the numbered generation. As illustrated in Fig. 3a, the H-
based optimization process shows that the structural evolution is relatively unstable, where the
structure of IL changes significantly with the evolution of generation. The IL with longer
branched alkyl substitute is favorable to meet a lower H on a molar basis. At the maximum 500
generation, the optimal IL is [P12,18(CH2)CO(CH2)10CH3][Tf2N], whose structure has very
long branched alkyl chains and even reaches the upper bound of the number of substitutes. It is
unrealistic to employ such IL with huge molecular weight in gas absorption process.
Compared to the H-based optimization process, the 4SDI-based optimization process is
more practicable, as shown in Fig. 3b. The structural evolution in ASDI-based optimization

process is relatively stable that the IL structure remains unchanged from earlier generation. In

addition, the molecular weight of designed ILs is much smaller due to the shorter branched
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alkyl substitutes. As demonstrated, the best IL for the first 29 generations are [DMP]-based ILs
with carboxyl attached to tetraalkylphosphonium skeleton. Then [OAc] anion emerged at the
30th generation with the ASDI value decreasing from 3.37 to 2.21. After that, the cation core is
shown to be pyridinum from the 101th generation while the anion remains unchanged till the
last generation. Correspondingly, the objective values decrease smoothly from 2.21 to 1.5 and
finally converge to 0.89 after the 177th generation. The top 10 designed absorbents are all
[OAc]-based ILs paired with a COOH-functionalized pyridinium cation (see Table Sl1I,
Supporting Information), among which [MPyl13(CH2)COOH][OAc] is the optimal. This
suggests two valuable ways to enhance the post-combustion CO: capture ability of ILs, i.e.,
employing [OAc] anion and functionalizing the cation with COOH group, which agree well
with the previous experimental data and theoretical studies. 36394464748

To further demonstrate the high potential of the designed ILs, the absorption performances
of the top 10 designed ILs are compared to [P44.4,10][DCA], which is reported as the optimal IL
absorbent in a very recent CAILD study.*®> As shown in Fig. 4a, the H' of [Ps4410][DCA]
(139.52) is about 2 times compared to that of the designed 10 ILs (60.11 -70.57); meanwhile,
the /8" and D' of [P4.4.4,10][DCA] are also notably higher as shown in Fig. 4b and Fig. 4c, which
finally result in a significantly higher ASDI (see Fig. 4d). In addition, when the amount of CO>
desorbed from the top of the stripper is set to be 1 mol, the energy consumption of the optimal
IL in this work is 0.3082 MJ, which is only 80% of the corresponding consumption of the

[P4.4.4,10][DCA] (0.3902 MJ). In other words, the ILs designed here outperform [P44.4,10][DCA]

from all the considered aspects. This again verifies the suitability of the proposed ASDI for
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identifying practically attractive IL absorbents.

Application for syngas and sour gas treatment
In addition to the flue gas separation, the CO> separation from syngas and sour gas are

another two important CO> capture scenarios. However, as far as we concern, very few
experimental or simulation studies have particularly focused on using ILs for these two
separations.!?%->° Therefore, after validating the effectiveness of the proposed CAILD method,
two more case studies are carried out for these two applications.
COz: separation of syngas. The treatment of syngas is also well-known as pre-combustion CO>
capture, which deals with the CO2/H> mixtures generated from the coal gasification or natural
gas reformation. For the CAILD in this case, the MINLP problem is formulated as:

min. ASDI
S.t.

Chemical complexity constraints: Egs. (16) - (18)

Physical property constraints: Eqs. (12) - (13)

Through the solution of the MINLP, the top 10 ILs together with their predicted absorption
performance indices are obtained and listed in Table 3. As seen, these ILs are all of very similar
structures as those obtained in the CO2/N> case, that is to say, a [OAc]™ anion paired with a
COOH-functionalized pyridinium cation. Specifically, the top 2 ILs [MPy13CH>COOH][OAc]
and [MPy13(CH2);COOH][OACc] in this case also rank as the second and first among the top

10 ILs in the CO2/N; case, respectively. Such similarity can be further observed in the
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optimization process shown in Fig. 5, where the anions of the best candidates also change from
the [DMP] to [OAc] after the 26th generation.

In the CO2/H; case, the ASDI of the top 10 ILs lies in the range of [0.013, 0.022], with each
of the individual performance criterion within the range as follows: H' (60.11 - 84.49), 1/S’
(0.00053 - 0.00056), and D' (0.41 - 0.49). To demonstrate the high potential of the designed ILs,
the optimal IL [MPyl3CH,COOH][OAc] is compared to [BMIM][TfO], which is
experimentally reported by Liu et al.’! as a very promising absorbents for CO»/H> separation
with high CO; solubility and selectivity. As listed in Table 3, the H', 1/S', and D' of
[MPy13CH>,COOH][OACc] are 61.99, 0.00053, and 0.41, which are only 25.4%, 48.2%, and
75.9% of those predicted for [BMIM][TfO], respectively. The much higher absorption
performances from all the three aspects indicate the practically potential of the designed ILs.
CO: separation of sour gas. In industry, CO; and H>S are always removed simultaneously
from refinery gas streams, coal-fired or petroleum-burning power plant, natural gas streams,
and so on. This brings about a large amount of sour gas mixture of CO2 and H:S, which needs
to be separated for further use.****>? To design ILs for this separation, a MINLP problem is
formulated in the same manner as in the syngas separation case study.

In this CAILD case, the objective value of the best chromosome in each generation is
demonstrated in Fig. 6. The best IL candidates of the first 22 generations have a [H2PO4]™ anion
and an imidazolium cation skeleton with the objective value of 7.76 - 10.17. Then the objective
value drops to 6.49 at the 23th generation and the anion is replaced by [Tf2N]". From generation

23 to generation 190, the objective value decreases smoothly from 6.49 to 6.02 with the anion
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unchanged. As the evolution of population going on, [Tf2N] anion is replaced with [AICl4]" at
the 191th generation with objective value of 4.17. Then the pyridinium cation core supersedes
the previous one at the 202th generation. Finally, the objective value converges to 3.56 after
336 generations.

The detailed information of the top 10 designed ILs is provided in Table 4. As seen, these
ILs are all combinations of [AlCl4] anion and long branched alkyl substituted pyridinium cation,
which are completely different from those obtained in the CO2/N> and CO2/H> cases. To
evaluate the potential of the designed ILs, [BMIM][MeSO4] is employed as a benchmark
solvent due to its higher CO/HaS selectivity.”> By comparison, all the top 10 ILs outperform
[BMIM][MeSO4] from the three aspects of H', 1/S’, and D'; consequently, the ASDI of
[BMIM][MeSO4] (8.64) are 1.81 - 2.43 times high as the designed ILs (3.56 - 4.75). It suggests
that the designed ILs are indeed more promising solvents for CO2/H,S separation from the

practical point of view.

Analysis of designed results from o-profile perspective

As discussed above, the top IL candidates for CO2/N2 and CO2/H; separation are of very
similar structures whereas those obtained in the CO2/H2S case are completely different. To
better understand such results, the characteristics of the different CO> capture tasks and the
correspondingly designed ILs are interpreted from the o-profile theoretical point of view.
Specifically, the o-profiles of the gas components and the optimal IL candidates are analyzed.

o-Profile is the most important molecule-specific properties in the COSMO-based theory,
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which characterizes the electrostatic polarity and charge distribution of a molecule (Lin and
Sandler, 2002; Lee and Lin, 2015). The whole o range can be divided into three different regions,
namely the nonpolar region (—0.0084 e/A? < ¢ < 0.0084 ¢/A?), the hydrogen-bond (HB) donor
region (¢ < —0.0084 e/A?) and the hydrogen-bond (HB) acceptor region (¢ > 0.0084 e/A?).
Generally, a broader distribution and/or high peaks of o-profile outside the nonpolar region
indicate a higher polarity of the molecule. From Fig. 7a, the o-profiles of CO», N2, and H> are
generally located in the nonpolar region, which corresponds to their highly non-polar feature.
Nevertheless, their non-polarity can still be ranked as such: CO2 < N < Ha, according to the
breadth of their o-profiles. For H2S, in addition to a wide distribution in the nonpolar region,
pronounced peaks in the HB donor and HB acceptor regions are also observed, demonstrating
its strong polarity.

Due to the close non-polarity of N2 and H> gas molecules, the suitable ILs for CO; captures
from flue gas and syngas are of high similarity, which could well account for the very similar
structures identified by CAILD in the two cases. To capture CO2 from flue gas and syngas,
relatively polar ILs are required to ensure a high selectivity towards N2 and Hz as COz is the
more polar gas in the mixture. This agrees well with the designed ILs based on [OAc] anion
and COOH-functionalized pyridinium cation, which both have a strong polarity. As seen in Figs.
7b and 7c, the [OAc] anion has a high peak in the HB acceptor region (around 0.02 e/A?) while
the COOH-functionalized pyridinium cation possesses a notable peak in both the HB donor and
HB acceptor region. On the contrary, to capture CO> from sour gas, non-polar ILs are desired

as COz turns to be the more nonpolar compared to H2S. Consequently, the designed ILs are
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composed of long alkyl substituted pydinium cation combined with [AlCl4]" anion, whose
strong non-polarity can also clearly illustrated by their o-profiles (see Figs. 7b and 7c,

respectively).

Conclusion

A systematic CAILD method with a mass-based Absorption-Selectivity-Desorption index
(4SDI) for IL absorbents design is developed and exemplified by three CO capture cases. The
Henry's law constants predicted by the COSMO-GC-IL inputted COSMO-SAC model is
proven to be reliable. Through the comparative CAILD for the flue gas separation, the
integrated ASDI is demonstrated to be able to identify practically promising ILs absorbents by
reaching a good trade-oft among different desired thermodynamic properties and giving rise to
low energy consumption. The proposed method is further applied to other CO; capture cases of
syngas and sour gas separation. It is found that the top 10 ILs for the flue gas and syngas
separation are all combinations of [OAc]” and COOH-functionalized pyridinium cation whereas
those for the sour gas treatment are composed of [AICl4] and long branched alkyl substituted
pyridinium cation. The difference of design results for the three CO- capture tasks are attributed
to the key role of the relative polarity of CO; in the gas mixture. The proposed CAILD method
could be easily extended to other gas absorption applications to design or select alternative

absorbents.

List of symbols

X; composition of component i in liquid
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P partial pressure of component 7, bar

H.. Henry's law constant of gas i in solvent s, bar

ils
T temperature, K

7, infinite dilution activity coefficient of gas i

P° saturated vapor pressure of gas i, bar

S, selectivity of component i against component j

il
D desorption capacity

H®* Henry's law constant at assumed absorption temperature, bar
H® Henry's law constant at assumed desorption temperature, bar
ASDI Absorption-Selectivity-Desorption index, bar

H',, mass-based Henry's law constant of gas 7 in solvent s, bar
S',; mass-based selectivity of component i against component ;
D' mass-based desorption capacity

M molecular weight

n, occurrence frequency of group i

ny, upper bound of substituents

Ne ey Upper bound of group C and CH

nY . upper bound of functional substituents

Sub’
T. melting point, K
n Viscosity, cP

At; melting point contribution of cation group i, K
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At melting point contribution of anion group i, K
o surface screening charge density, e/A?

P(c) surface area with a charge density of o, A2

Abbreviations

[P1,2,18(CH2)2CO(CH2)10CH3][Tf2N]
methyl-ethyl-octadecyl-3-tetradecanone bis(trifluoromethylsulfonyl)imide
[DMP]  dimethyl phosphate

[OAc] acetate

[MPy13(CH.).COOH][OAc] 1-methyl-3-propionyloxy acetate
[Pa4.410][DCA] tributyl(decyl)phosphonium dicyanamide
[MPyCH>COOH][OAc] 1-methyl-3-carbethoxy-acetate
[BMIM][TfO] 1-butyl-3-methylimidazolium triflate

[H2PO4]™  dihydrogenphosphate

[TfaN]™  bis(trifluoromethylsulfonyl)imide

[AICls]" tetrachloroaluminate

[BMIM][MeSO4] 1-butyl-3-methylimidazolium methylsulphate
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Table options

Table 1 A list of group ID, name and valence.

Table 2 Comparison of IL design results based on different objective functions.

Table 3 Top 10 ILs based on ASDI and comparison with literature-reported IL for the
CO»/H; separation process.

Table 4 Top 10 ILs based on ASDI and comparison with literature-reported IL for the

CO2/H;S separation process.
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Table 1
Cation Skeletons Anions Substituents

ID Name Valence ID Name  Valence ID Name  Valence
1 Iml 1 1 BF,4 0 1 CH3 1
2 Iml13 2 2 Cl 0 2 CH> 2
3 Im123 3 3 H,PO4 0 3 CH 3
4 Mpl2 2 4 DMP 0 4 C 4
5 Pil2 2 5 N(CN) 0 5 HC=CH 2
6 Pyol2 2 6 MeSO4 0 6 CH,=CH 1
7 Pyl 1 7 NOs 0 7 CH=C 2
8 Pyl2 2 8 PFs 0 8 OH 1
9 Pyl13 2 9 THN 0 9 o 2
10 Pyl4 2 10 SCN 0 10 Cc=0 2
11 N 4 11 OAc 0 11 CHO 1
12 P 4 12 AlCly 0 12 COOH 1
13 CN 1
14 F 1
15 Cl 1
16 Br 1
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Table 2
Objective Range of absorption performance indices of top 10 IL candidates Molecular
Entry function weight
H (bar) H' (bar) 1/8' D’ ASDI (bar)

1 H 499 -5.71 93.22 - 106.68 0.076 - 0.091 0.52-0.54 3.84-4.96 791 - 819
2 H' 6.39 - 8.75 42.59-56.74 0.078 - 0.091 0.49 - 0.54 1.81-2.58 277-319
3 1/8' 41.75-676.94  293.62-2369.31 0.017-0.024 0.52-0.61 3.06 - 26.02 154 -310
4 D’ 16.94 - 55.12 76.26 - 235.51 0.069 - 0.085 0.35-0.39 2.44-6.01 191 -238
5 ASDI 11.81-15.73 60.11 - 70.57 0.032-0.036 0.39-0.46 0.89 - 1.04 196 - 238
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Table 3

No ILs /(153)1 Ha) USO8 q(eP)

1 [MPy13CH,COOH][OAc]  0.013 61.99 0.00053 041 27214 9433
2 [MPyl3(CH,):COOH][OAc] 0.013 60.11 0.00053 041 26838 96.3
3 [MPy14CH,COOH][OAc]  0.017 65.49 0.00054 047 27214 9433
4 [EPY13CH,COOH][OAc]  0.017 68.23 0.00054 045 26838 97.48
5 [MPy13COOH][OAC] 0018 70.07 0.00055 046 2759  90.53
6  [EPyl3(CH,);COOH][OAc] 0.018 66.47 0.00056 0.47 26462 98.49
7 [CH2COOHPY13C;Hs][OAc] 0.020 7817 0.00056 045 26838 97.48
8 [PPy13COOH][OAC] 0020 7267 0.00058 047 26838 97.48
9 [PPy13CH,COOH][OAC]  0.021 7129 0.00061 0.49 264.62 98.49
10 [C:HsCOOHPY13C:Hs][OAc] 0.022 84.49 0.00056 047 260.86 98.72

Ref. [BMIM][TfO] 015 24416 0.0011 054 32613 89.23
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Table 4
No ILs /(ﬁﬁ; (t';'r) s D (Tk") 7 (cP)
1 [PyCC1CoCor][AICL] 356 119.91 0052 053 21942 2137
2 [PYCC1C1Cie][AICI] 357 11915 0053 053 21942 2137
3 [PyCC1CsCae][AICL] 377 12347 0054 053 21942 21.37
4 [PYCC1C2Ciol[AICL] 408 12985 0056 053 21942 21.37
5 [PyCC:CuiCal[AICL] 423 11973 0054 053 21942 2137
6  [PYCH=CC.CCIC.Cxl[AICL] 425 13108 0057 053 20947 21.16
7 [PYCH=CC.CCICICx][AICL] 443 12616 0054 053 21942 21.37
8 [PYCCeCriCie][AICL] 462 13820 0059 053 20947 2116
9 [PYCCsCaiCAJ[AICL] 468 13195 0055 053 21942 21.37
10 [PYCCeCoCis][AICL] 475 13360 0055 053 21942 21.37
Ref. [BMIM][MeSO4] 864 20995 0071 057 30696 184.17
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Strategy of the proposed CAILD method.
Deviation of thermodynamic model for Henry's law constants (bar): (a)
comparison between COSMO-GC-IL-inputted and DMol*-inputted
calculations; (b) comparison between COSMO-GC-IL-inputted
calculations and experimental data.
Evolution of objective function value of (a) H and (b) ASDI vs. the number
of generations for the CO2/N; separation case study.
Comparison of the absorption performances (a) H'; (b) 1/S"; (c) D', and (d)
ASDI of the top 10 designed ILs with the literature-reported
[P4.44,10][ DCA] for the flue gas separation case study.
Evolution of objective function value vs. the number of generations for
the CO2/H: separation case study.
Evolution of objective function value vs. the number of generations for
the CO2/H»S separation case study.

o-Profiles of (a) gas components, (b) the cations, and (c) anions in the

optimal ILs designed for the three CO: separation tasks.
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Figure 1
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Figure 6
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Figure 7
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A mass-based Absorption-Selectivity-Desorption index (4SDJ) is proposed as the
objective function and optimized by solving the mixed-integer nonlinear

programming (MINLP) problems.
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