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Abstract

The suitability of phenyl-based deep eutectic solvents (DESs) as absorbents for

toluene absorption was investigated by means of thermodynamic modeling and

molecular dynamics (MD). The thermodynamic models perturbed-chain statistical

associating fluid theory (PC-SAFT) and conductor-like screening model for real

solvents (COSMO-RS) were used to predict the vapor–liquid equilibrium of

DES–toluene systems. PC-SAFT yielded quantitative results even without using any

binary fitting parameters. Among the five DESs studied in this work, [TEBAC][PhOH]

consisting of triethyl benzyl ammonium chloride (TEBAC) and phenol (PhOH), was

considered as the most suitable absorbent. Systems with [TEBAC][PhOH] had lowest

equilibrium pressures of the considered DES–toluene mixtures, the best thermody-

namic characteristics (i.e., Henry's law constant, excess enthalpy, Gibbs free energy

of solvation of toluene), and the highest self-diffusion coefficient of toluene. The

molecular-level mechanism was explored by MD simulations, indicating that [TEBAC]

[PhOH] has the strongest interaction of DES–toluene compared to the other DESs

under study. This work provides guidance to rationally design novel DESs for effi-

cient aromatic volatile organic compounds absorption.
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1 | INTRODUCTION

There are many kinds of volatile organic compounds (VOCs) in the

atmosphere with complex sources such as combustion of fossil

energy, transportation, locomotive emission, chemical process, organic

solvents.1,2 Typical VOCs are classified into aromatic hydrocarbons,

alkanes, olefins, lipids, aldehydes, and so forth.3–6 Aromatic

hydrocarbons, as an important category of atmospheric VOCs, mainly

come from anthropogenic sources, such as vehicle emissions and fac-

tory solvent evaporation, leakage of petrochemical, and packaging and

printing. Aromatic VOCs play an important role in atmospheric photo-

chemical oxidation and contribute to the formation of ozone and sec-

ondary organic aerosol in the atmosphere.7–9 In the stratosphere,

ozone can effectively protect human beings and the environment.
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However, in the troposphere, the increase in ozone concentration will

cause a series of impacts on human health and the ecological environ-

ment.7 Moreover, aromatic VOCs have strong toxicity and can directly

cause harm to the human nervous system, cardiovascular system,

immune system, kidney, liver, and so forth; some substances even

have strong carcinogenic effects.3 Thus, it is urgent to treatment or

eliminate aromatic VOCs for the purpose of both environmental pro-

tection and human health. At present, the treatment methods of

VOCs can be divided into two categories: destructive methods

(e.g., catalytic combustion, plasma, and biological oxidation),10–15 and

recovery methods (e.g., adsorption, absorption, and membrane

separation).16–22 The most widely used of the former is catalytic com-

bustion, which is essentially a redox reaction with the help of a cata-

lyst to convert organic matter into CO2 and water. The technology is

limited the application for low-concentration and single-component

VOC streams, the lifetime and selectivity of the catalyst is a challenge,

and the additional CO2 emissions are generated. The recycling

method is a sustainable VOCs treatment method currently advocated.

In addition to the effective treatment of VOCs to solve environmental

problems, it can also be recycled and reused economically through

absorbent regeneration, which is conducive to the development of

carbon neutrality and circular economy.23,24 In the VOCs recovery

technologies, the absorption method is widely used in industry due to

its simple operation, mature technologies, and wide application range.

The absorbent is usually a high-boiling organic solvent (such as diiso-

butyl phthalate, hexadecane, and silicone oil).25 However, the absorp-

tion process has problems such as loss of absorbent volatility, and

high energy consumption for absorbent regeneration. This shows that

the existing VOCs absorption technology currently is realized at the

expense of high material consumption and high energy consumption,

so it is necessary to develop high-performance “green absorbents” to
replace of traditional organic solvents for breaking through the bottle-

neck of current absorption technologies.

Over a few decades, ionic liquids (ILs) as a type of tunable solvent

have received an extensive attention to focusing on chemical separa-

tion fields,26–28 such as CO2 capture,29–31 NH3,
32 H2S and SO2

absorption,31 and solvent extraction due to their unique physicochem-

ical properties like negligible volatility and high solubility and selectiv-

ity to specific gases compared to conventional absorbents. There are

some researches on using ILs to absorb VOCs,33,34 for example, the IL

[EMIM][Tf2N] which can effectively absorb benzene, toluene, and p-

xylene.35 Using [EMIM][Tf2N] to absorb sulfur-containing VOCs

(dimethyl sulfide and dimethyl disulfide) based on the absorption

tower, the experimental capture efficiency is as high as 90%.36 In

addition, some functionalized ILs containing π-electron donors were

developed to further enhance the absorption performance of tolu-

ene.37 In short, the advantage of VOC absorption technology with ILs

compared with traditional absorbent technology is that the former

has no solvent loss. At the same time, it can simplify the absorption

process and reduce the energy consumption of absorbent regenera-

tion through using flash regeneration with the low-energy demand in

IL processes to replace of high-energy distillation regeneration in con-

ventional absorbent processes. However, in the synthesis process, the

more complex synthesis steps of ILs, and the purification process with

higher energy and material consumption lead to higher production

costs when compared with conventional solvents, at the same time,

the former have worse environmental impact compared to the latter.

Therefore, this limits the large-scale application of ILs in VOCs

absorption.38,39

Deep eutectic solvents (DESs) are a new type of eutectic mixed

solvents formed by the complexation of hydrogen bond acceptors

(HBAs) and hydrogen bond donors (HBDs).40 DESs are similar with ILs

in many properties such as negligible volatility, wide liquid range, high

electrical conductivity, low surface tension and high solubility to

organics and inorganics and so forth. When compared with ILs, DESs

as have the unique advantages like simple preparation, low toxicity,

biodegradability, and biocompatibility, thus, it can be treated as the

so-called “green solvents.” Due to these advantages, they have

become a new type of alternatives to ILs in chemical processes,41,42

such as gas absorption,43 drug dissolution,44 metal extraction,45 and

spent lithium-ion battery recycling.46 There are a few related studies

on VOCs absorption with DESs reported. For instance, Chen et al.47

studied the absorption of acetone by using hydrophobic thymol-based

DESs, and results indicated that the DES thymol:decanoic acid (1:1)

([Thy][DecA]) demonstrated very high acetone absorption capacity up

to 6.57 mg/g DES at 20�C and 1480 ppm acetone, and the absorption

capacity hardly changes with increasing the alkyl chain length the

HBD due to the decisive effect of HB interaction between acetone

and thymol. Mu et al.48 employed the phosphonium-based DESs to

absorb dichloromethane, indicating that the absorption capacity of

dichloromethane in the DES tetrabutylphosphonium chloride: levulinic

acid (1:2) ([P4444][Cl][LA]) can be up to 899 mg/g DES at 30�C. Song

et al.49 found that the toluene absorption capacity in the oleic acid-

based DESs is comparable with imidazolium-based ILs. Anyway, there

are relatively few reports on capturing VOCs absorption, especially

aromatic VOCs by using DESs. Almost all the reported studies only

focus on the experimental absorption performance of VOCs, its ther-

modynamic behaviors such as phase equilibrium, thermodynamic ana-

lyses (e.g., absorption enthalpy and free energy), the HBA/HBD

structural effect on the VOC absorption capacity and the molecular-

level microscopic absorption mechanism are not understood enough

up still now.

It was found that introducing the π-electron donors into the DESs

can intensify the toluene absorption capacity in previous publica-

tion.50 Although some molecular-level insights into intensification

mechanisms dominated by the π-electron related interaction between

IL–toluene and DES–toluene based on the single molecular cluster at

gas phase conditions were given by using quantum chemical

(QC) calculations, the microscopic intermolecular interactions, struc-

tural distributions and molecular diffusions at the bulk molecule level

based on the molecular dynamics (MD) simulation are missing. This

will serve as a promising theoretical guide for screening and designing

DESs from the enormous HBA/HBD family to implement the efficient

VOCs absorption. Moreover, thermodynamic phase behaviors of

DES–toluene systems can provide the basic data for process design

and optimization of toluene absorption through establishing the
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equilibrium stage model, but also reveal structure–property relation-

ship between the microscopic properties (e.g., molecular groups, weak

interactions, structural distributions of HBAs/HBDs) and macroscopic

features (e.g., absorption capacity and Henry's law constants). It is

very time-consuming by trial-and-error experimental measurements,

thus, it is needed to resort to thermodynamic models, which are a

bridge between microstructures and macroscopic properties. In this

work, the perturbed-chain statistical associating fluid theory

(PC-SAFT) equations of state,51,52 and the conductor-like screening

model for real solvents (COSMO-RS) model53 were employed to pre-

dict the thermodynamic properties of the DES–VOC systems.

In this work, toluene was chosen as a representative aromatic

VOC studied, five ammonium-based DESs ([TEBAC][PhOH], [TEAC]

[PhOH], [TEBAC][LA], [TAAC][PhOH], and [TEBAC][EG]) with phenyl

groups consisted of three HBAs (i.e., TEBAC, TEAC and TAAC) and

three HBDs (i.e., PhOH, LA and EG), corresponding full names and

abbreviations are illustrated in Supporting Information. The work

focuses on addressing the following research issues: (i) identifying the

structure–property relationship between DES (i.e., HBA and HBD)

structures and vapor–liquid equilibrium (VLE) of DES–toluene sys-

tems; (ii) determining whether the PC-SAFT and COSMO-RS models

can be extended to predict the VLE of DES–toluene systems;

(iii) exploring the effect of DES (i.e., HBA and HBD) structures on the

thermodynamic characteristics (i.e., Henry's constants, excess

enthalpy of toluene, and the Gibbs free energy of solvation of toluene

in DESs); (iv) carrying out MD simulations of five DES–toluene sys-

tems to unravel the molecular interactions of HBA–/HBD–/DES–tol-

uene, structural distributions of and diffusion behaviors of HBAs,

HBDs, and toluene at the bulk micro-molecular level. This work will

help systematically understand the VLE behavior of DES–toluene sys-

tems from the viewpoints of the relationship between DES

(HBA/HBD) structures and thermodynamic behaviors, weak interac-

tions, molecular distributions, and dynamic diffusions at the molecular

level, aiming to provide theoretical guidance for rational design of

novel DESs for the highly efficient VOC absorption, and facilitates

DES applications in the field of gas separation.

2 | EXPERIMENTAL SECTIONS

2.1 | Materials

TEBAC, TEAC, and TAAC treated as three HBAs, and EG, LA, and

PhOH treated as three HBAs were used in this work. The details

(e.g., full names, abbreviations, purity of chemicals, and suppliers) for

all the chemicals involved in this work are summarized in Table S1,

and they were directly used as received without any processing.

2.2 | Synthesis of DESs

In this work, five DESs of [TEBAC][PhOH], [TEAC][PhOH],

[TEBAC][LA], [TAAC][PhOH], and [TEBAC][EG] at the fixed molar

ratio of HBA:HBD = 1:2 were synthesized by simply physical mix-

ing HBAs and HBDs. The synthesized DESs were purified and

dehydrated in a vacuum dryer (Shanghai Yiheng Scientific Instru-

ment Co., Ltd.) at 333.15 K with the water content less than

0.04 wt% through the Karl–Fischer titration. The DES structures

were validated by the 1HMR spectra (Figure S1). Densities and vis-

cosities of five DESs were determined via Anton Paar DMA

4500 M automatic analyzer (see Figure S2 for corresponding

results). Their thermophysical properties were determined via

TGA 209 Libra (NETZSCH Germany) at a heating rate of 10 K/min

under N2 atmosphere (see Figure S3 for corresponding results).

2.3 | VLE experiment

The VLE data of DES–toluene systems were experimentally obtained

over a wide range of temperature by using the approach of measuring

vapor pressures. The details for measuring VLE of DES–toluene sys-

tems are shown in Supporting Information Section “Vapor–liquid
equilibrium (VLE) experiment”, and the corresponding experimental

device is shown in Figure S4. It should be noted that each experimen-

tal point was determined three times to ensure the reliability of data.

The accuracy of experimental approach and device was validated by

measuring saturated vapor pressure of pure toluene as shown in

Figure S5.

3 | THERMODYNAMIC MODELING AND
THEORETICAL CALCULATIONS

For the toluene (1) + DES (2) systems, the VLE equation is written as

y1Pϕ
V
1 T,P,y1ð Þ¼ x1γ

L
1P

LV
1 ð1Þ

where x1 and y1 are the molar fractions of toluene in liquid and vapor

phases, respectively; and y1 = 1 because of ultralow volatility of DESs.

ϕV
1 T,P,y1ð Þ is the fugacity coefficient of toluene in the vapor phase at

the given system temperature T and pressure P, and ϕV
1 T,P,y1ð Þ¼1

because of the low pressure. The vapor pressure of pure liquid tolu-

ene, PLV1 at the given T was calculated by the Antoine equation.54 γL1 is

the activity coefficient of toluene in DESs obtained by using the PC-

SAFT and COSMO-RS models.

3.1 | PC-SAFT model

PC-SAFT equation of state was used to describe the experimental

VLE data of DES–toluene systems, as it is widely used in the litera-

ture to represent phase equilibrium.55–57 A full description of PC-

SAFT is available in the original references.51,52 SAFT models

express the dimensionless residual Helmholtz energy (ares) as a

sum of contributions representing different inter-molecular inter-

actions based on the existing thermodynamic perturbation

3 of 18 YU ET AL.
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theories.58,59 In this work, original PC-SAFT was used, as

expressed in Equation (2):

ares ¼ a�aid ¼ ahcþadispþaassoc ð2Þ

where the superscripts in Equation (2) concern the ideal (id), hard

chain (hc), dispersion (disp), and association (assoc) contributions to

the residual Helmholtz energy, respectively. These contributions, in

turn, are functions of the following adjustable parameters: the seg-

ment number, mi
seg, the segment diameter, σi, the dispersion-energy

parameter, ui/kB, where kB is the Boltzmann constant, the association-

energy parameter, εAiBi/kB, the association-volume parameter, kAiBi,

and the number of association sites, Ni
assoc. In this work, DESs were

modeled as associative compounds with a 2B association scheme

according to the nomenclature of Huang and Radosz.60 In order to

reduce the number of adjustable parameters of the PC-SAFT for DESs,

the association volume, and association energy parameters were set to

kAiBi = 0.1 and εAiBi/kB = 5000 K, respectively, as suggested in the litera-

ture.56,57 The three remaining pure–component parameters were esti-

mated by experimental liquid-density data of the DESs measured in this

work (see Figure S6 for density correlation); meanwhile, toluene parame-

ters were retrieved from the literature.51 All pure-component PC-SAFT

parameters used in this work are reported in Table 1. The parameters for

mixtures are determined by the conventional Berthelot–Lorentz combin-

ing rules, as shown in Equations (3) and (4). In this work, we used the

value of kij = 0 to predict the VLE of DES–toluene systems. In addition,

the mixture parameters of the association-energy (εAiBi) and the

association-volume (kAiBi) parameters were determined as proposed by

Wolbach and Sandler,61 shown in Equations (5) and (6).

σij ¼1
2

σiþσj
� � ð3Þ

uij ¼ ffiffiffiffiffiffiffiffi
uiuj

p
1�kij
� �

kij ¼0 in this work ð4Þ

εAiBj ¼1
2

εAiBi þεAjBj
� � ð5Þ

kAiBj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kAiBi kAjBj

p ffiffiffiffiffiffiffiffi
σiσj

p
1=2 σiþσj

� �
 !

ð6Þ

The activity coefficient of component i in the liquid mixture γLi was

obtained by the following relation

γLi ¼ φL
i=φL

0i
ð7Þ

where φL
i and φL

0iφ
L
0i represent the fugacity coefficient of component

i in the liquid mixture and the fugacity coefficient of pure liquid com-

pound i, respectively. Fugacity coefficients were obtained by knowing

the residual chemical potential and compressibility factor.

3.2 | COSMO-RS model

The COSMO-RS model proposed first by Klamt,53 as an a priori ther-

modynamic model that is independent of experimental data, has been

widely used to predict the thermodynamic properties of systems con-

taining ILs or DESs,62–64 such as gas solubility, viscosity, vapor pres-

sure, and activity coefficient. In this work, the COSMO-RS model as

proposed was used to predict the VLE of the DES–toluene systems to

validate the suitability of the model. The COSMO-RS calculation for

VLE prediction was performed via the COSMOthermX19 code. Partic-

ularly, the corresponding COSMO files of HBAs and HBDs were pre-

pared by geometry optimization and energy calculation COSMO

solvation environment via Gaussian 09 software (Version D.01)65

under the theoretical method of BP86/TZVP.66,67

3.3 | MD simulations

MD simulations carried out via the GROMACS (version 2019.1) soft-

ware68 were used to explore the microscopic interactions and particle

distribution in the mixed systems at the bulk micro-molecular level.

The simulated systems involved with pure toluene, DESs, and DES

+ toluene, and details of the simulated systems generated by PACK-

MOL tool69 are given in Table S2. The molecular geometry structures

simulated are shown in Figure 1. All molecules were described using

the GAFF force fields generated by AmberTools18 software.70 The

atomic charges of all simulated molecules are obtained by using RESP

method charges generated by the Multiwfn code,71 based on geomet-

rically optimized molecular structures generated by Gaussian 09 soft-

ware at the B3LYP/6-311+G** level,72 combining with DFT-D3

(BJ) dispersion correction.73 Three-dimensional periodic boundary

conditions were applied to all the simulated systems. The temperature

control method is V-scaled and the pressure control methods are

Berendsen barostat and Parrinello–Rahman. The electrostatic and van

der Waals (vdW) interactions are described by the PME and cut-off

TABLE 1 PC–SAFT parameters of
toluene and the DESs used in this work.

Component mi
seg σi ui/kB Ni

assoc εAiBi/kB kAiBi

[TEBAC][PhOH] (1:2) 2.889 4.131 502.02 1:1 5000 0.1

[TEAC][PhOH] (1:2) 2.647 3.706 327.287 1:1 5000 0.1

[TEBAC][LA] (1:2) 3.290 4.041 450.225 1:1 5000 0.1

[TAAC][PhOH] (1:2) 2.939 3.743 370.136 1:1 5000 0.1

[TEBAC][EG] (1:2) 2.371 4.186 599.923 1:1 5000 0.1

Toluene51 2.815 3.717 285.69 0 0 0

YU ET AL. 4 of 18
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methods, respectively, both of which have a cut-off distance of

1.2 nm. For each system, the simulation process consists of the fol-

lowing three steps. (i) The energy minimization is carried out. (ii) The

equilibrium MD simulation is performed under the isothermal–isobaric

ensemble (NPT) at 1 bar and 313.15 K for 10 ns, where the time step

is 0.001 ps, using the Berendsen method to control the system pres-

sure. (iii) The production MD simulations is conducted under NPT

(1 bar and 313.15 K) using Parrinello–Rahman pressure control

method lasting 50 ns. Eventually, the trajectory of the last 20 ns was

collected for post-processing and analysis, such as atomic number

density (AND) distributions and radial distribution functions (RDFs),

spatial distribution functions (SDFs), interaction energy analysis, and

diffusion coefficients. The reliability of the force field parameters used

in this work was checked by comparing the calculated density of the

simulated pure DES systems with the experimental data as shown in

Table S3.

3.4 | Gibbs free energy of solvation

The magnitude of Gibbs free energy of solvation (ΔGsol) of a gas mole-

cule in solvents can reflect the absorption capacity of gas in solvents.

In MD simulations, ΔGsol of toluene in various DESs was produced

based on the alchemical free energy calculation by constructing a

 

(A) toluene                   (B) PhOH                   (C) EG 

  

(D) LA                                         (E) TEBAC 

   

(F) TEAC                                         (G) TAAC 

F IGURE 1 The molecular geometry structures of toluene, HBAs, and HBDs simulated this work.

5 of 18 YU ET AL.
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reversible thermodynamic path, which consists of a set of alchemical

transition states connecting the initial (Hi: completely decoupled) and

finally (Hf: completely interacting) states represented by

H λð Þ¼ 1� λð ÞHiþλHf ð8Þ

where H refers to the Hamiltonian, λ denotes a set of coupling param-

eters. The energy difference between a double of neighboring states

was obtained by means of the Bennett acceptance ration (BAR)

method in free energy perturbation methods.74 Particularly, the inter-

molecular interaction between solutes and solvents is composed of

Coulombic and Lennard–Jones items, are turned on individually. The

Coulombic interaction was calculated by using a set of relatively large

λ values (0, 0.2, 0.4, 0.6, 0.8, and 1) because of the relatively weak

electrostatic interaction between toluene and DES molecules, and the

Lennard–Jones interaction was described by the smaller λ values from
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F IGURE 2 Vapor–liquid equilibrium (VLE) for toluene (1) in different DESs (2) (HBA:HBD = 1:2) of [TEBAC][PhOH] (A), [TEAC][PhOH] (B),
[TEBAC][LA] (C), [TAAC][PhOH] (D), and [TEBAC][EG] (E) under various temperatures (Points, experimental data; solid lines, values predicted by
the PC-SAFT model; dashed lines, values predicted by the COSMO-RS model; horizontal dotted lines, the pure toluene vapor pressure at the
given temperature), as well as the experimental VLE comparison of toluene in different DESs at 353.15 K (F).
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0 to 1 at an interval of 0.05 to ensure the simulation efficiency. In MD

simulation for ΔGsol calculation, all simulated boxes are embedded

into 1 toluene and 100 HBA and 200 HBD molecules at 1 bar and a

wide temperature range. First of all, the box was run for the energy

minimization, and then was equilibrated at NVT and NPT ensembles

for 10 and 100 ps, respectively, with a time step of 1 fs based on the

Berendsen barostat. Finally, the production MD was run at the NPT

ensemble using Parrinello–Rahman pressure control lasting for 8 ns,

and related trajectories were used to collect data to further calculating

ΔGsol.

4 | RESULTS AND DISCUSSION

4.1 | VLE of DES + toluene systems

The VLE of five binary DES–toluene (HBA:HBD = 1:2) systems was

experimentally measured and then predicted by PC-SAFT and

COSMO-RS at the wide range of temperature (313.15–363.15 K) and

toluene content (0–0.4 molar fraction), and the results are shown in

Figure 2. The experimental VLE data and the values predicted by the

PC-SAFT and the COSMO-RS models together in detail are summa-

rized in Table S4. As expected, increasing temperature increases the

system pressure for all DES–toluene systems, which indicates that

high temperatures are harmful to the toluene absorption in DESs. Fur-

ther, higher toluene content causes higher system pressures at iso-

thermal conditions. Evidently, PC–SAFT provides an accurately

quantitative prediction for all the DES–toluene systems with the total

average relative deviations (ARDs) of 12.29%. Whereas, the COSMO-

RS model can provide a qualitative and even semi-quantitative predic-

tion with the total ARD of 24.12%. The details of deviations between

experimental VLE data and values predicted by both COSMO-RS and

PC-SAFT models are shown in Table S4. This completely demon-

strates that the PC-SAFT is more suitable for describing the DES

systems than the COSMO-RS model, which is ascribing to the fact

that the strong HB interaction between HBAs and HBDs in DESs can

be reasonably expressed by the association term (aassoc) in original

PC-SAFT equation. Meanwhile, the reason for the relatively large

deviation of the COSMO-RS model may be that the corresponding

parameters describing HB interactions were obtained by regressing

the thermodynamic data of conventional organic solvents, resulting in

the inconsistency for the systems containing DESs. In fact, the modeling

accuracy of COSMO-RS model can be further improved by re-regressing

adjustable parameters based on large amounts of experimental phase

equilibrium data of mixed systems of DES–solute as stated by our previ-

ous work,62 however, it is a big challenge to obtain abundant experimen-

tal data. Meanwhile, the modeling accuracy of PC-SAFT model can be

also strengthen by adding the binary interaction parameter (i.e., kij ≠ 0,

kij = 0 in this work in order to the universal adaptability) by regressing

the experimental VLE data of DES–toluene systems.

Further, the VLE behaviors of the different DES–toluene systems

were compared at a given temperature (353.15 K), as shown in

Figure 2F. An increasing order in system pressure of the DES–toluene

mixtures was found: [TEBAC][PhOH] < [TEAC][PhOH] < [TEBAC]

[LA] < [TAAC][PhOH] < [TEBAC][EG]. This shows that lower pressure

of binary DES–toluene systems is corresponding to a stronger absorp-

tion capacity of toluene for the counterpart DES. When considering

the effect of different HBAs (i.e., TEBAC, TEAC, and TAAC) on the

VLE of DES–toluene systems at the given HBD (PhOH), it is observed

from Figure 2F that TEBAC causes the lowest DES–toluene system

pressures among the three HBAs with the order of TEBAC < TEAC <

TAAC, indicating that the HBA with the phenyl group can obviously

decrease the system pressure of DES–toluene systems. Furthermore,

the effect of different HBDs (EG, LA, and PhOH) on the VLE of DES–

toluene systems was studied at the given HBA (TEBAC). Here, it can

be observed that PhOH causes the lowest DES-toluene system pres-

sure among the three HBDs, indicating that introducing phenyl

(i.e., benzene ring in PhOH) into the HBD can obviously decrease the

system pressure of DES–toluene systems. Therefore, the DES of both

HBA and HBD with phenyl (i.e., [TEBAC][PhOH]) exhibits the smallest

system pressure in relevant DES–toluene systems among all DESs

studied in this work. This might result from the fact that the presence

of phenyl group enables an enhanced intermolecular interaction of

HBA/HBD–toluene. Moreover, the [TEBAC][PhOH] has the highest

viscosity as an important absorption kinetics index among five DESs

(Figure S2). In general, the more viscous absorbent is corresponding

to the poorer mass transfer in the absorption process. In fact, the

mass transfer problems can be overcome by designing and selecting

efficient trays or packing in an absorption column in the real absorp-

tion unit process at the industrial scale. Therefore, we more focus on

the thermodynamic absorption capacity of toluene in DESs in

this work.

4.2 | Thermodynamic characteristics

4.2.1 | Henry's law constants

The Henry's law constant is one of the very significant thermody-

namic properties to directly reflect the magnitude of solubility of a

solute in a solvent. Moreover, the higher the Henry's law constant

represents the lower solubility. Therefore, Henry's law constants of

toluene in five DESs were calculated based on experimental data as

shown in following relation

H1,2 � lim
x1!∞

f1
x1

≈
P1
x1

ð9Þ

where f1 and P1 represent the fugacity and partial pressure of toluene

in binary systems of toluene (1) + DES (2), x1 refers to the molar frac-

tion of toluene. It can be regarded as f1 = P1 due to the low system

pressure. Henry's constants can be obtained by linear fitting the VLE

data from Figure 2 based on Equation (1), as summarized in Table 2. It

is observed that with the increase in temperatures, the Henry's con-

stant is also increasing, indicating that the lower temperature helps

DESs enhance the absorption capacity of toluene.
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4.3 | Excess enthalpy of toluene in DESs

In addition, the enthalpy change (ΔH) in absorption process can be cal-

culated based on the experimental Henry's constant by the following

equation75

∂ lnH1,2 ¼�ΔH
R

∂
1
T

� �
ð10Þ

where T and R represent the temperature and ideal gas constant,

respectively. In this case, ΔH can be readily obtained by linear fitting

of lnH1,2 and 1/T. As shown in Figure S7, the strong linear relationship

between lnH1,2 and 1/T is presented in all the DES–toluene systems.

All the DES–toluene systems have the negative ΔH (Figure S7F), indi-

cating that the toluene absorption is an exothermic process. The mag-

nitude of jΔHj values follows the order of [TEBAC][PhOH] > [TEAC]

[PhOH] > [TEBAC][LA] > [TAAC][PhOH] > [TEBAC][EG]. Moreover,

the [TEBAC][PhOH] demonstrates the most negative ΔH

(�36.32 kJ�mol�1), which indicates that the DES most easily absorb

toluene among all counterparts. This is probably resulted from the

strongest intermolecular interaction of TEBAC/PhOH–toluene.

4.4 | Gibbs free energy of solvation

The Gibbs free energy of solvation (ΔGsol) values of toluene in differ-

ent DESs (HBA:HBD = 1:2) obtained by the MD simulation are shown

in Figure 3A. It is worth noting that the more negative ΔGsol is, the

stronger solvation performance of toluene in DESs is, which benefits

the toluene absorption process. For the same HBA (i.e., TEBAC), ΔGsol

magnitude exhibits a significantly increasing negative trend with the

order of PhOH < LA < EG, indicating that the DES of the HBD with

phenyl is favorable to the toluene solvation. For the same HBD

(i.e., PhOH), ΔGsol magnitude follows the order of TEBAC > TEAC >

TAAC at different HBAs, similarly, DES of HBA with phenyl is favor-

able to the toluene solvation. Thus, the DES [TEBAC][PhOH] demon-

strates the most negative ΔGsol value. It is worth noting that the

Henry's law constant H1,2 can be obtained by ΔGsol as shown below

H1,2 ¼ ρRT
M

exp
ΔGsol

RT

� �
ð11Þ

where ρ and M denote to the density and molecular weight of DESs

(HBA:HBD = 1:2), respectively; R and T represent the ideal gas con-

stant (8.314 J�mol�1�K�1) and the temperature of systems. The

Henry's law constants based on ΔGsol are illustrated in Figure 3B.

When compared with the experimental Henry's law constant, the

results calculated by using ΔGsol has a good consistency, further indi-

cating the reliability of MD simulations. Although a relatively large

deviation appears at the [TACC][PhOH] system, there is the qualita-

tive consistency between the experimental and simulated results. The

largest deviation is presented in [TACC][PhOH] among all DESs stud-

ied in this work, which does not demonstrate the specificity, but is

only a general problem based on the MD simulation. Of course, we
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F IGURE 3 The calculated
free energy of solvation (ΔGsol) of
toluene by MD simulations (A),
and the comparison of calculated
and experimental Henry's law
constants of toluene (B) in five
DESs (HBA:HBD = 1:2) at 353 K.

TABLE 2 Henry's law constants of
toluene in different DESs, in kPa.

T/K

H1,2 (kPa)

[TEBAC][PhOH] [TEAC][PhOH] [TEBAC][LA] [TAAC][PhOH] [TEBAC][EG]

313.15 19.25 21.32 24.22 26.19 49.25

323.15 30.24 33.55 36.86 39.82 72.25

333.15 46.39 50.08 53.56 55.77 104.27

343.15 66.72 71.15 76.87 80.56 152.99

353.15 94.91 100.90 109.51 114.86 210.79

363.15 132.07 138.61 149.46 156.06 283.61
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believe that the accuracy of the calculation can be further improved

by the following three options: (i) reducing the step of electrostatic

interaction during the free energy calculation; (ii) increasing the num-

ber of DES molecules in the simulated system during the free energy

calculation, in order to be closer to the infinite dilution condition and

to further describe the real Henry's law constant more accurately;

(iii) improving the force field parameters of toluene, DES molecules

(e.g., Lennard–Jones potential parameters, bonds, angles, and dihedral

angles). The more negative ΔGsol value of the DES is, the lower the

Henry's law constant is. The similar conclusion with ΔGsol is also pre-

sented in Henry's law constant results, that is, the Henry's law con-

stant for the DES consisting of both HBD and HBA with phenyl

(i.e., [TEBAC][PhOH]) has the lowest values among all the DESs stud-

ied in this work. Thus, the [TEBAC][PhOH] is a preferred candidate

DES for toluene absorption process. If we want to design and develop

a more efficient DES to enhance the toluene absorption capacity, the

HBAs and HBDs with the more phenyl group should be considered.

From the structure–property relationship perspectives, the difference

between ΔGsol and Henry's law constants of toluene in various DESs

is fundamentally due to the structural factors of HBAs and HBDs,

which will be further discussed as follows.

4.5 | Atom number density distributions

The microscopic mixing behavior at the atomic scale based on the

bulk micro-molecular level derived from the MD simulation can be

directly visualized by observing the atom number density (AND) distri-

butions (observed along the x–y plane). Figure 4 shows the color-filled

maps of AND distributions for pure toluene, DES ([TEBAC][PhOH]

(1:2)), and DES–toluene systems. It can be seen from Figure 4A that

pure toluene demonstrates the highly homogeneous or isotropic

behavior due to the extremely small size of density distribution

regions. However, the AND for the DES system exhibits the inhomo-

geneous or anisotropic distribution behavior of both HBD and HBA,

indicating the mixing phenomenon dominated by the HB interaction

between HBD and HBA. For the DES–toluene systems (Figure 4B),

the AND homogeneity of toluene is significantly changed into the

aggregated distribution with strong anisotropy in the presence of the

DES molecule. This is because of the stronger interaction is formed

between DES and toluene, which destroys the original interaction

between toluene molecules. This is the reason that adding DES into

toluene can significantly decrease the vapor pressure (Figure 2).

Similarly, the AND distributions of HBD and HBA in the DES–

toluene system are more anisotropic than those in a single DES sys-

tem, due to the HB network between HBD and HBA affected by

the toluene. The analogous phenomena are also presented in other

pure DESs and DES–toluene systems as shown in Figures S8–S11.

In short, the above findings further understand the VLE behavior of

DES–toluene systems and toluene absorption process from the

perspective of microscopic distribution of bulk molecule, which is

accordant with the VLE experimental results. In principle, the

microscopic distribution of bulk molecule is resulted from the inter-

molecular interaction toluene–toluene and HBD–/HBA–toluene as

mentioned below.

4.6 | Structural distribution and intermolecular
interaction of bulk molecules

The microscopic structural distribution and intermolecular interaction

for these DES–toluene is further recognized by the radial distribution

function (RDF) analyses, referring to probability distribution of

counted atoms or positions around a central reference position or

atom. The RDF profiles for different DES–toluene systems are given

in Figure 5. It can be seen from Figure 5A that when compared with

the RDF profile of center of mass (COM) of toluene–toluene in pure

toluene system, the first sharp peak presented at about r = 0.60 nm

demonstrates the higher strength in DES–toluene systems, indicating

that the association between toluene–toluene (or interaction between

molecules) affected by the presence of the DES. Evidently, there is

the different intensity of the peak for distinct DES–toluene systems,

the higher peak is corresponding to the more concentrated distribu-

tion of toluene to form the toluene cluster. These findings are consis-

tent with the AND distribution results (Figure 4). The structural

distribution and intermolecular interaction between different HBDs

(PhOH, LA, and EG) and toluene can be described by the RDF

between hydrogen (HOH) on hydroxyl of HBDs and COM of toluene

as shown in Figure 4B. It is found that the intensity of interaction of

HBD–toluene is in the order of PhOH > LA > EG under the same

HBA due to the same trend of the position of the first peak. This is

consistent with the experimental results, that is the PhOH with phenyl

has the stronger interaction with toluene resulting in the lower system

pressure of DES–toluene systems (Figure 2).

F IGURE 4 Atom number density (AND) distributions of toluene,
HBA, and HBD observed along the x�y plane in pure toluene/DES
([TEBAC][PhOH] (1:2)) (A), and DES–toluene systems (B).
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The effect of HBAs on the structural distribution and intermole-

cular interaction of HBA–toluene is shown in Figure 5C,D. It can be

seen from Figure 5C that the RDF of terminal hydrogen (HT) of alkyl

chain in HBA and COM of toluene under the same HBD shows the

first peak at around r = 0.50 nm, representing the formation of C–

H���π interaction between alkyl chain of HBA and toluene according

to the previous research findings.50 The RDF between Cl� and COM

of toluene shows that the first peak of the three DES–toluene sys-

tems appear at about r = 0.55 nm (Figure 5D), indicating the

π���H���Cl� interaction of TEBAC–toluene. Especially, TEBAC has the

strongest association with toluene because of the highest RDF peaks

of both HT–toluene and Cl�–toluene presented in the [TEBAC]

[PhOH]–toluene system. Figure 5E,F shows the distribution and inter-

action of HBA–HBD. The HBD interacts with both the Cl� and the
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F IGURE 5 Radial distribution functions (RDFs) for center of mass (COM) of toluene–toluene (A) HOH–COM of toluene (B), HT–COM of
toluene (C), Cl�–COM of toluene, and (D) for different DES–toluene systems (HBA:HBD = 1:2).
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cation in the HBA, and the strong HB force dominates the HBD–Cl�

interaction represented by the sharp peak (about r = 0.31 nm) for the

RDF of oxygen (OOH) on hydroxyl of HBDs and Cl�. Both interaction

of HBD–cation and HBD–Cl� follow the order of [TEBAC][PhOH] >

[TEAC][PhOH] > [TEBAC][LA] > [TAAC][PhOH] > [TEBAC][EG]. This

is because that the stronger interaction of HBA–HBD, which is the

exact opposite of the order of experimental vapor pressure. It is

because of there is a competitive effect presented in the HBA–/

HBD–toluene and HBA–HBD, and the stronger interaction of HBA–

HBD is corresponding to the weaker counterpart of HBA–/HBD–

toluene.

4.7 | Interaction energy analysis

To quantitatively explore the reason for the difference in VLE behav-

ior of toluene in 4–5 DESs ILs and understand the interaction mecha-

nism between DES (HBA/HBD) and toluene, investigating the

intermolecular interaction energy at bulk molecular level is of great

significance. It should be noted that the interaction energy consists of

vdW and electrostatic (Ele) interactions in MD simulations. In this

work, the respective contributions of vdW and Ele interactions to the

total interaction between DES (HBA/HBD) and toluene can be clearly

identified. The calculated results are presented in Table 3 and

Figure 6 (see Supporting Information for more details on interaction

energy calculation, which can be also found in Huang et al.'s work.76).

It can be seen from Table 3 that the interaction energies between

DESs and toluene have a consistent correlation with the VLE experi-

mental results, that is, the larger interaction energy corresponds to

the lower vapor pressure of DES–toluene systems. The vdW interac-

tion of DES–toluene is almost an order of magnitude higher than the

electrostatic interaction of counterpart, indicating the former will play

an dominate role in VLE behaviors and potential VOC absorption with

DESs. Figure 6A shows that both the HBA and HBD play the compa-

rable role in DES–toluene systems due to the small difference in inter-

action energies between HBA–toluene and HBD–toluene, in which

the vdW plays a decisive role. For the interaction of HBA–toluene, it

can be divided into the sum of cation and anion (Cl�) with toluene.

Figure 6B shows that the vdW attraction interaction of cation–

toluene has the dominate contribution to the total interaction of

HBA–toluene. The Ele attraction dominates the interaction of Cl�–

toluene. The Ele repulsion of cation–toluene between the Ele attrac-

tion of Cl�–toluene cancels each other out resulting in the negligible

contribution of Ele interaction of HBA–toluene to total interaction of

that (Figure 6A). Figure 6C,D shows that the size order for interaction

of HBA (cation/Cl�)–HBD, which is dominated by the Ele interaction

of Cl�–HBD, is opposite to that of DES (HBA/HBD)–toluene in five

DESs. This is because of the DES with the stronger HB interaction of

HBA–HBD has the relatively fixed position resulting in the decrease

of free movement opportunity to contact with the toluene molecule,

which lead to the weaker interaction of HBA–/HBD–toluene. The

interaction energy of HBA–HBD is significantly and even an order of

magnitude higher than that of DES–toluene, which is the evident of DEST
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F IGURE 6 Interaction
energies of HBA–/HBD–/DES–
toluene (A), interaction energies
cation–/Cl�–/HBA–toluene (B),
cation–/Cl�–/HBA–HBD (C), and
comparison for EvdW and EEle of
HBA–/HBD–/DES–toluene and
HBA–HBD and in five DES–
toluene (HBA:HBD = 1:2)
systems.
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F IGURE 7 Angular and distance distributions (ADDs) of two benzene ring planes in PhOH–toluene (A) and TEBAC–toluene (B) systems, and
the schematic illustration of relationship between θ and r (C).
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formation by means of strong HB interaction. Anyway, it can be con-

firmed that the interaction energy analysis is in accordance with the VLE

experimental results, Henry's law coefficients, excess enthalpies, and

ΔGsol, and RDF analyses, that is, the DES consisting of both HBD and

HBD with phenyl has the best toluene absorption capacity, the lowest

vapor pressure of DES–toluene system, and strongest interaction of

DES–toluene among five DESs studied in this work.

4.8 | Identifying π–π interaction of bulk molecules

In order to explore whether the π–π interaction can be formed

between toluene and phenyl on DESs, the angular and distance distri-

butions (ADD, g(r,a)) between benzene rings of DES and toluene were

analyzed by determining the distance (r) between COMs of two ben-

zene rings and angle (θ) between two normal vectors to benzene rings

as shown in Figure 7. The ADD is defined as the following equation77

g r,θð Þ¼ Vn r,θð Þ
N4π2Δr

ð12Þ

where n(r, θ) represents the number of molecules under r and θ, V and

N represent the bulk volume and the number of bulk molecules,

respectively. For the PhOH–toluene (Figure 7A), it is found that there

is the highest density region distributed in 0.50 nm < r < 0.65 nm with

an about 90� angle, indicating that the T-shaped perpendicular orien-

tation distribution presented between two benzene rings to further

confirm the formation of π���H���π interaction. For the TEBAC–toluene

(Figure 7B), there are two high density regions (sections I and II) dis-

tributed in the 0� < θ < 20� and 170� < θ < 180� combining with

0.35 nm < r < 0.50 nm, indicating that the two benzene rings of both

TEBAC and toluene is mainly presented the parallel distribution domi-

nated by the π–π stacking.78 The above findings are consistent with

the AND distributions, RDF, and interaction energy analyses and fur-

ther complement the identification of microscopic mechanism for the

F IGURE 8 Spatial distribution functions (SDFs) of cations (red) and Cl� (green) on HBAs around HBDs (A–E), as well as HBDs (blue) and

cations (red) and Cl� (green) of HBAs around toluene (F–J) in five DES–toluene (HBA:HBD = 1:2) systems.
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DES consisting of both the HBA and HBD with phenyl enhancing the

absorption capacity of toluene with weak π–π-based interactions

(e.g., π���H���π interaction and π–π stacking) between phenyl and tolu-

ene based on the bulk micro-molecular level.

4.9 | SDFs analysis

The SDFs were analyzed to visually observe the three-dimensional

spatial distributions of other molecules/atoms around the specifically

central molecule. The SDF analyses of five DES–toluene systems are

illustrated in Figure 8. Figure 8A–E shows the spatial distributions of

cations (red) and Cl� (green) on HBAs around HBDs (i.e., PhOH, EG,

and LA). It is found that the Cl� is located around the hydroxyl of

HBDs ascribed to the formation of HB interaction, and the cations

appear farther around the HBD than the anions, wrapping the HBD in

a larger area resulted from the larger volume of cation and vdW inter-

action of HBD–cation (see Figure 3). For the same HBD (i.e., PhOH),

the area of free (unoccupied) space consisted of HBA and HBD fol-

lows the order of [TEBAC][PhOH] > [TEAC][PhOH] > [TAAC][PhOH]

which is consistent with the interaction magnitude of HBA–HBD and

the HBA molecule size. For the same HBA (i.e., TEAC), the decreasing

order for area of free space consisted of HBA and HBD follows

[TEBAC][PhOH] > [TEAC][LA] > [TAAC][EG] which is also consistent

with the interaction magnitude of HBA–HBD. Figure 8F–J shows that

the spatial distributions of HBDs (blue) and cations (red) and Cl�

(green) on HBAs around toluene. It can be seen that the most areas of

HBD and full areas of cations of HBAs are distributed directly below

and above the plane of the benzene ring of the toluene molecule,

which is ascribed to these region focuses on the high π-electron cloud

density, resulting in the formation of π–π-based interaction with cat-

ions and HBDs. Moreover, these areas follow the decreasing order of

[TEBAC][PhOH] > [TEAC][PhOH] > [TEAC][LA] > [TAAC][PhOH]

[TEAC][EG], indicating decreasing order of interaction between

HBD/HBA and toluene. The Cl� is relatively far distributed around

the hydrogen atoms of toluene, which represents the formation of

weak electrostatic interaction between toluene and Cl�. The finding

mentioned above is consistent with the RDF, interaction energy, and

AND analyses.

4.10 | Self-diffusion coefficients

The dynamic property is the other significant index to evaluate the

absorption process other than the thermodynamic behaviors such as

absorption capacity and phase equilibrium behavior. The magnitude of

diffusion coefficient of toluene in DESs can evaluate the dynamic pri-

ority of candidate absorbents. It can be confirmed that the ideal

absorbent should simultaneously equip with both high absorption

capacity and high diffusion coefficient of solute. Thus, self-diffusion

coefficients (D) of toluene, HBAs, and HBDs in DES–toluene systems

were calculated by using Einstein equation based on MD simulations

as follows.

Di ¼1
6
lim
t!∞

d
dt

jri tð Þ� ri 0ð Þj2
D E

¼1
6
lim
t!∞

dΔr2i
dt

ð13Þ

where jri tð Þ� ri 0ð Þj2
D E

represents the average mean square displace-

ment (MSD) of the molecule i, and ri 0ð Þ and ri tð Þ refer to the vector

coordinate of molecules at 0 and t time, respectively. It can be seen

from Figure 9A, the diffusion coefficient of toluene in all of the DES–

toluene systems follows the order of [TEBAC][PhOH] (1:2) > [TEAC]

[PhOH] (1:2) > [TEBAC][LA] (1:2) > [TAAC][PhOH] (1:2) > [TEBAC]

[EG] (1:2), which is reverse with the experimental results for VLE of

DES–toluene systems. That is, the DES with the greater diffusion

coefficient of toluene is corresponding to the system with the lowest

system pressure of the VLE DES–toluene. This is in contrast to the

phenomenon of the IL–H2O system presented in our previous

study,79 that is, the IL with the greater diffusion coefficient of H2O

was corresponding to the system with the lowest system pressure of

the VLE IL–H2O. The reason is that the IL–H2O system is dominated

by the strong HB interaction of IL–H2O, which leads to the strong
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(HBA:HBD = 1:2) systems.

YU ET AL. 14 of 18

 15475905, 2023, 5, D
ow

nloaded from
 https://aiche.onlinelibrary.w

iley.com
/doi/10.1002/aic.18053 by T

echnische U
niversitaet D

ortm
und, W

iley O
nline L

ibrary on [05/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



binding of H2O molecules around IL molecules. In addition, the H2O

molecules are relatively small, and the free volume effect can be

ignored, thus leading to the above corresponding phenomenon. How-

ever, the relatively weak vdW and π–π interaction of DES–toluene

plays a leading role in DES–toluene systems, and the free volume

effect of toluene in DES is highlighted due to larger size of the toluene

molecule. Therefore, the DES with stronger interaction with toluene

corresponds to weaker HB interaction of HBA–HBD, which leads to a

larger free volume in DESs, resulting in more holes in the HBA–HBD

HB network in the DES systems, which favors the local free move-

ment of toluene molecules and further leads to a larger diffusion coef-

ficient of toluene. Figure 9B shows that the diffusion coefficients of

cation, Cl� on HBAs and HBDs with the order of [TEBAC][PhOH]

(1:2) > [TEAC][PhOH] (1:2) > [TEBAC][LA] (1:2) > [TAAC][PhOH] (1:2)

> [TEBAC][EG] (1:2), have a same trend with that of toluene, but the

former is an order of magnitude of the latter ascribed to the fact that

the HB interaction of HBA–HBD is significantly stronger than vdW

interaction of DES–toluene, hindering the free movement of HBA and

HBD. Among the diffusion coefficients of cation, Cl� on HBAs and

HBDs, the diffusion coefficients of HBDs are significantly higher than

that of cation and Cl�, and there is almost the similar value presented

between cation and Cl� due to the greatly strong electrostatic interac-

tion of cation–Cl�. Anyway, the diffusion coefficients show the con-

sistent phenomenon with the RDFs analysis and interaction energy

calculations. This is further confirmed that a synergistic effect occurs

between the thermodynamic behavior and dynamic diffusion in DES–

toluene systems. Thus, the DES consisting of both the HBA and HBD

with phenyl ([TEBAC][PhOH]) can be treated as the optimal absorbent

for efficient toluene absorption.

5 | CONCLUSIONS

In our work, we systematically studied the structural effect on a series

of phenyl-based DESs with (i.e., HBAs TEBAC, TEAC, or TAAC, and

HBDs PhOH, LA, or EG) suitability as absorbents for toluene absorp-

tion from molecular thermodynamic and dynamic insights by VLE

experiments and MD simulations. The VLE of binary DES–toluene

systems were measured experimentally and predicted by PC-SAFT

and COMSO-RS. The results demonstrated that the system pressure

follows the order [TEBAC][PhOH] < [TEAC][PhOH] < [TEBAC][LA] <

[TAAC][PhOH] < [TEBAC][EG] for the investigated DES–toluene sys-

tems, in which the DES consisting of the HBA and HBD with phenol

([TEBAC][PhOH]) has the lowest system pressure among all systems.

PC-SAFT and COSMO-RS were used for modeling the VLE of DES–

toluene systems, and both models provided quantitative predictions,

while only PC-SAFT predictions were accurate. The thermodynamic

analyses (i.e., Henry's constant, excess enthalpy of toluene, and ΔGsol

of toluene in DESs) are in accordance with the experimental VLE

results. That is, the DES [TEBAC][PhOH] has the most negative excess

enthalpy, most negative free energy of solvation of toluene, and the

lowest Henry's law coefficient among all DESs. The molecular insights

into the relationship between DES structures and thermodynamic

behaviors of DES–toluene systems were deeply investigated by ana-

lyzing AND distributions, RDFs, SDFs, and interaction energy based

on MD simulations. It can be confirmed that both HBAs and HBDs

contribute to the interaction of DES–toluene, and the interactions of

both HBA–toluene and HBD–toluene are dominated by the vdW

interaction and the π–π-based weak interaction, as well as the almost

negligible electrostatic interaction of DES–toluene is derived from

Cl�–toluene. In addition, for the DES–toluene with the same HBA

(TEBAC), the interaction of HBD–toluene was in the order of PhOH–

toluene > LA–toluene > EG–toluene, while for the same HBD (PhOH),

the interaction of HBA–toluene follows the order of TEBAC–toluene

> TEAC–toluene > TAAC–toluene. Thus, the DES (i.e., [TEBAC]

[PhOH]) simultaneously demonstrates the strongest interactions of

HBA–toluene, and HBD–toluene was ascribed to the fact that the

phenyl of [TEBAC] and [PhOH] leads to increase the additional π–π-

based weak interaction between phenyl and toluene, and further

result in the lowest vapor pressure of the [TEBAC][PhOH]–toluene

system among all DESs. The dynamic diffusion behavior demonstrated

that the magnitude of the diffusion coefficient of toluene in DES–

toluene systems is consistent with that of interaction of DES–toluene,

indicating a synergistic effect between the interaction and diffusion,

that is, the DES with stronger interaction of DES–toluene corresponds

to the higher diffusion coefficient of toluene. This is because the DES

with stronger interaction of DES–toluene is corresponding to the rela-

tively weaker electrostatic interaction of HBA–HBD. This results in a

larger free volume space as well as cavities available for the free

movement of toluene molecules presented in the DES system, leading

to the larger diffusion coefficient. All in all, the DES [TEBAC][PhOH]

consisting of both HBA and HBD with phenyl can be treated as an

optimal absorbent based on its both the attracting thermodynamic

behaviors and the high dynamic diffusion for toluene absorption

among DESs studied in this work.

This work aims to provide theoretical guidance for rational design

of novel DESs for the highly efficient aromatic VOCs absorption from

the viewpoints of both the molecular thermodynamic behaviors and

dynamic diffusion. Evidently, the findings and conclusion proposed in

this study based on experiments, theoretical calculations, modeling,

and simulations can be expected to directly guide the development of

task-specific DESs for other VOCs absorption, and facilitates DES

industrial applications in gas separation.
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