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Abstract: A novel complex absorbent composed of polyethylene glycol 200 (PEG200) and ionic liquids
(ILs) was prepared for the absorption of volatile organic compounds (VOCs) such as dichloromethane
(DCM) and benzene. We prepared complex absorbents composed of [EMIM][Cl], [BMIM][Cl],
[HMIM][Cl], [BMIM][BF4], [BMIM][PF6], [BMIM][NTF2], and PEG200, respectively, and studied the
absorption properties of these six complex absorbents for DCM and benzene. The results show that
under the optimized situation, the absorptivity of [HMIM][Cl]–PEG200 complex absorbent for DCM is
85.46% in the first 5 min, and 87.15% for benzene. No obvious decay in the absorptivity of [HMIM][Cl]–
PEG200 for DCM and benzene was observed in five cycles, indicating an impressive regeneration
performance. Furthermore, the mechanism of ionic liquid absorption for VOC is explored by
thermodynamic analysis and quantum chemical calculations. The theoretical calculation results show
that the [HMIM][Cl]–DCM interaction is stronger than the [HMIM][Cl]–benzene interaction, which
is consistent with the results of the absorption experiment. Moreover, the strong hydrogen bonds can
be formed between both [HMIM][Cl]–DCM and [HMIM][Cl]–benzene.

Keywords: ionic liquids; absorption; volatile organic compound; dichloromethane; benzene

1. Introduction

Various volatile organic compounds (VOCs) are produced in the petrochemical in-
dustry, including benzene, dichloromethane, acetone, and phenol [1,2]. To date, more and
more attention has been paid to the treatment of dichloromethane and benzene because
they are highly toxic, leading to the risk of human cancer [3–5]. Therefore, the effective
method of capturing and processing VOCs is the key to protect the ecological environment,
improve human health, and achieve sustainable development [6]. At present, there are two
ways to treatment the VOCs: destructive and recyclable techniques [7]. The technologies
for destroying VOCs mainly include thermal or catalytic oxidation [8], biodegradation [9],
and plasma methods [10]. These technologies convert VOCs into carbon dioxide and water,
mainly through physical methods or chemical reactions. The recovery techniques include
absorption [7,11], adsorption [12,13], condensation [14], and membrane separation [15,16].
These methods enrich or separate VOCs by physical or chemical methods. Two-stage con-
densation is often used in industrial processes to recover DCM and benzene. However, the
concentration of DCM in the exhaust gas makes it difficult to meet emission standards [17].
Therefore, it is of great significance to find a new method that enables us to efficiently
treat dichloromethane and benzene at the same time. Notably, the absorption method has
been extensively used due to its simplicity, safety, recyclability, low energy consumption,
and good price competitiveness. Besides, it is worth noting that the most important thing
during the absorption is to choose the most appropriate absorbent for it. The common
solutions used for removing VOC include water, alcohol, and ketone [18,19]. However,
these absorbents have plenty of disadvantages such as low absorptivity, poor recyclability,
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high corrosiveness, and tendency to cause secondary pollution. Therefore, it has always
been the focus of a great number of researchers to address the problems happening with
applying the traditional absorbents for the absorption.

Ionic liquids (ILs) have been widely studied because of their extremely low vapor
pressure, adjustable structure, high solubility for organic substances, and excellent thermal
stability [20,21]. Obviously, ionic liquids with extremely low vapor pressure have lower en-
ergy consumption during the separation of solutes and solvents than traditional absorbents
with high volatility. In recent years, many studies on the absorption of VOC by ILs have
been reported [22,23]. For example, Wu et al. [24] synthesized six conventional ILs and
measured the capacity of ILs to absorb DCM at different temperatures and partial pressures.
The results showed that 1-butyl-3-methylimidazolium thiocyanate ([BMIM][SCN]) had
the highest DCM solubility (1.46 g·g−1, 303.15 K, 60 kPa) among these ILs, and theoretical
calculations prove that the reason for the excellent performance of [BMIM][SCN] is the
existence of hydrogen bonds between the anion [SCN] and dichloromethane. Li et al. [25]
determined the thermodynamic properties of the absorption process of benzene and ace-
tone in eight ILs in detail. The results show that the anion of the IL plays the most important
role in determining the solubility of benzene and acetone in ILs, and increases in the follow-
ing order: [NTf2]− > [PF6]− > [BF4]−. Overall, these studies have confirmed that DCM and
benzene have high solubility in ILs, but there were few reports on the dynamic absorption
for DCM and benzene by ILs. Moreover, the high viscosity of ILs will lead to slow mass
transfer, which is a challenge for large-scale application of ILs in the absorption process.
Therefore, the key technology to achieve large-scale VOC treatment and recovery is to
find a high-efficiency, cheap, and low-viscosity absorbent [26,27]. Until now, the use of ILs
to absorb VOC has received extensive attention from researchers, but few studies on the
absorption of DCM and benzene by ILs have been reported.

In view of the above discussion, ILs are difficult for wide use as absorbents for VOC
absorption because of their high viscosity. In this work, we reduced the viscosity of the
IL by adding PEG200 to the IL. Subsequently, to explore the absorption performance of
the complex absorbent for mixed gases composed of DCM and benzene, we conducted
absorption experiments with DCM and benzene as the mixed gases. The experimental
results showed that [HMIM][Cl]–PEG200 was an effective absorber for absorbing a gas
mixture consisting of DCM and benzene. In addition, the effects of absorption temperature
(T), inlet gas flow rate (Q), inlet gas concentration (CDCM, CBenzene), and IL mass fraction
on the absorptivity were measured. Finally, to explore the absorption mechanism in the
absorption process, the interaction energy between VOC and IL was calculated using
Gaussian 09 software. The results show that hydrogen bonds can form between both
[HMIM][Cl]–DCM and [HMIM][Cl]–benzene.

2. Materials and Methods
2.1. Materials

Amounts of 1-ethyl-3-methylimidazolium chloride ([EMIM][Cl]) (≥99%), 1-butyl-3-
methylimidazolium chloride ([BMIM][Cl]) (≥99%), 1-hexyl-3-methylimidazolium chloride
([HMIM][Cl]) (≥99%), 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([BMIM][NTf2]) (≥99%), 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF4])
(≥99%), and 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM][PF6]) (≥99%)
were purchased from Shanghai Chengjie Chemical Co., Ltd., Shanghai, China. Nitrogen
(≥99.99%) was purchased from Wance Gas Co., Ltd., Tianjin, China. DCM, benzene,
and polyethylene glycol 200 were purchased from Tianjin Kermel Technology Co., Ltd.,
Shanghai, China. All chemical reagent purity is analytical purity, no further processing
and purification was performed before use.

2.2. Preparation Method of IL–PEG200 Complex Absorbent

The [HMIM][Cl]–PEG200 complex absorbent preparation process was as follows. A
total of 12 g of [HMIM][Cl] and 8 g of PEG200 were mixed in a flask and stirred at ambient
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temperature for an hour until [HMIM][Cl] and PEG200 formed a homogeneous mixture
([HMIM][Cl]–PEG200). The procedure of preparation of [[EMIM][Cl]–PEG200, [BMIM][Cl]–
PEG200, [BMIM][NTf2]–PEG200, [BMIM][PF6]–PEG200, and [BMIM][BF4]–PEG200 was
performed using a similar method.

2.3. Characterization

The IR spectra of the absorbents were obtained by Bruker Tensor 27 IR spectrometer
with 16 scans in the range of 4000 to 400 cm−1. Then, 1H NMR spectra was acquired on
a Bruker AV400 spectrometer in CDCl3. The viscosity of the absorbent was measured by
using the rotating viscometer (NDJ-79, Shanghai Changji Geological Instrument Co., Ltd.,
Shanghai, China.) with different rotors.

2.4. Absorption Process

The experimental apparatus is illustrated in Scheme 1. The gaseous mixture of DCM
and nitrogen and the gaseous mixture of benzene and nitrogen are obtained by two
independent bubblers (3) and enter the gas mixer (5). The mass concentrations of DCM
and benzene are adjusted by respective mass flow meters (2), respectively. The temperature
of the gas is controlled by the oil bath (4). The gas flow is controlled by the mass flow
meters. The mixed gas enters the gas washing bottle filled with absorbent, and the outlet
gas is discharged into the atmosphere after passing through the tail gas treatment device.
Samples are taken at the inlet and outlet of the gas washing bottle, and their concentrations
are analyzed by gas chromatogram. The pipes before and after the absorption bottle are
polytetrafluoroethylene pipes. The absorption bottle is preloaded with 40 g (43.24 mL)
complex absorbent for each test. The diameter of the absorption bottle is 4 cm. In order
to simulate the ratio of industrial waste gas, the mass concentration ratio of DCM and
benzene is set to 4:1. After the absorption experiment, the regeneration of the absorbent is
stripped by nitrogen at a temperature of 333.15 K.
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2.5. Analysis of VOC

Absorptivity (η) was used to evaluate the absorptivity of IL complex absorbent for
DCM and benzene. The absorptivity calculation formula is as follows:

η =
Cg,i − Cg,o

Cg,i
× 100% (1)

where η refers to the absorptivity of DCM or benzene in the IL, Cg,i refers to the inlet
concentration of DCM or benzene (mg·m−3), and Cg,o refers to the outlet concentration of
DCM or benzene (mg·m−3).

The concentration of DCM and benzene was measured by GC (SP-3420A, CHINA),
hydrogen flame detector, KB-5 capillary column, column temperature 358.15 K, sampler
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temperature 423.15 K, and detector temperature 433.15 K. In order to ensure the accuracy
of the results, each sample was tested three times and the average value was calculated.

2.6. The Saturated Absorption Capacity of Absorption

During the dynamic absorption experiment, the absorbent continued to absorb DCM
and benzene, and the total mass of the absorbent continued to increase. When the inlet
gas concentration and the outlet gas concentration were almost equal and there was
no significant change within half an hour, the absorbent at this time was considered to
reach the dynamic absorption equilibrium. At this time, the ratio of the mass of DCM
and benzene absorbed by the absorbent to the mass of the absorbent before absorption
is recorded as the saturated absorption capacity. The saturated absorption capacity of
absorption was experimentally measured when the DCM concentration, the benzene
concentration, absorption temperature, inlet gas flow rate, and mass fraction of IL were
fixed at 20,000 mg·m−3, 5000 mg·m−3, 298.15 K, 0.036 m3·h−1, and 60%, respectively.

2.7. COSMO-SAC Model

The COSMO for segment activity coefficient (COSMO-SAC) model, derived from the
conductor-like screening model (COSMO) [28,29], was first proposed by Lin and Sandler,
and is often used to calculate the interaction between molecules and predict the infinite
dilution activity coefficient of the solute in the solvent [29–31]. First, the σ-spectrum is
obtained by quantum chemistry calculations, but this process requires a lot of time. In
addition, the time required for calculation increases exponentially as the number of atoms
in the molecule increases. Therefore, the time required for the calculation is reduced by
calculating the σ-spectra of the anions and cations of the IL separately. Finally, the sigma
spectra of IL are obtained by adding the sigma spectra of anions and cations [32,33]. The
anions and cations of the IL are drawn by Materials Studio [34]. The optimized anions
and cations of the IL are obtained from using the density functional theory with nonlocal
VWN-BP functional at the DNP v4.0 basis set [35,36]. After the geometry optimization, the
screening charge density (σ*) was calculated by the COSMO model. The surface charge
density of standard segment σm was calculated by Equation (2).

σm =
∑n σ∗

m

(
r2
nr2

eff

r2
n+r2

eff

)
exp

[
−fdecay

(
d2

mn
r2
n+r2

eff

)]
∑n

(
r2
nr2

eff

r2
n+r2

eff

)
exp

[
−fdecay

(
d2

mn
r2
n+r2

eff

)] (2)

In the formula, reff is the adjustable parameter, r2
eff =

√
aeff
π (aeff = 7.50 Å2), rn is the

average radius of the segment, and dmn is the distance of the segment.
The probability distribution of surface charge density obtained by calculation is also

called the sigma profile. The definition of the sigma profile for a single molecule is as
follows:

Pi= Ai(σ)/Ai= ni(σ)/ni (3)

where Ai(σ) is the surface area with a charge density of value σ, and Ai is the total surface
area of species i. For a mixture, the σ-profile is obtained by a weighted average of the
σ-profile of individual components (Equation (4)).

ps(σ) = ∑
i

xiAipi(σ)/ ∑
i

xiAi (4)

Finally, the sigma profiles of the IL and the solute obtained in the thermodynamic
model are used to calculate the activity coefficient of the solute i in the solution. The
detailed equation is as follows:

ln γi= ni ∑
σm

pi(σm)[ln Γs(σm)− ln Γi(σm)]+ ln γSG
i (5)
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ln Γi(σm)= − ln

{
∑
σn

pi(σ n)Γi(σ n) exp[−∆W(σ m, σn)/KT]

}
(6)

ln Γs(σm)= − ln

{
∑
σn

ps(σ n)Γs(σ n) exp[−∆W(σ m, σn)/KT]

}
(7)

where ∆W refers to the interaction energy between fragments and is presented in de-
tail in original papers (COSMO-SAC(2007) [30], COSMO-SAC(2010) [32], and COSMO-
SAC(ion)) [37].

ln
(

γSG
i

)
= ln

(
φi
xi

)
+

z
2

qi ln
(

θ

φi

)
+li −

φi
xi

∑
j

xjlj (8)

θi = xiqi/ ∑
j

xjqj, φi = xiri/ ∑
j

xjrj (9)

li =
z
2
[(ri − qi)− (ri − 1)] (10)

where R is the universal gas constant, T is the temperature, xi is the mole fraction of
component i, ni is the total number of segments in component i (ni = Ai/aeff), aeff is the
standard surface segment area (empirical parameter) (aeff = 0.075 nm2), ri is the standard
volume parameter of component i, qi is the standard area parameter of component i, and z
is the coordination number (z = 10).

2.8. Quantum Chemistry Calculation

We carried out density functional theory (DFT) calculations on the binding energy of
each system by Gaussian 09 [38]. The molecules (IL, DCM, and benzene) were optimized
by B3LYP/6-311G* basis set and the energy of each system (I–DCM and IL–benzene) was
calculated [38–41]. Then, the binding energy of each IL to DCM and benzene was calculated
by the following equation:

∆EA−B

(
kJ·mol−1

)
= EA−B − (E A − EB

)
(11)

where EA is the energy (eV) of a single molecular model, EB is the energy (eV) of adsorbed
molecule B, and EA−B is the energy (eV) of A–B adsorption system.

3. Results
3.1. Absorbent Screening

In order to find an absorbent with high absorptivity for DCM and benzene, the absorp-
tivity of complex absorbents containing different ILs were tested (Figure 1). Among them,
the mass fraction of IL in the IL–PEG200 complex absorbent is 60%. As shown in Figure 1a,
the absorptivities (at 5 min) of [EMIM][Cl]–PEG200, [BMIM][Cl]–PEG200, and [HMIM][Cl]–
PEG200 for DCM were higher than those of other absorbents, and their absorptivities (at
5 min) were 82.16%, 78.45%, and 72.31%, respectively. Interestingly, the complex absorbents
containing anion [Cl]− all showed high absorptivity for DCM, which may be due to the
strong affinity of the anion [Cl]− with DCM. Furthermore, the absorption properties of
DCM by the complex absorbent containing anion [Cl]− decreased with the increase of the
length of the alkyl chain of the cation. The reason may be that as the length of the alkyl chain
of the cation increases, the nonpolar increase of the IL was not conducive to the absorption
of dichloromethane. In addition, as shown in Figure 1b, the order of absorptivity (at 5 min)
of benzene by complex absorbents was [BMIM][NTf2]–PEG200 > [HMIM][Cl]–PEG200
> [BMIM][PF6]–PEG200 > [BMIM][BF4]–PEG200 > [BMIM][Cl]–PEG200 > [EMIM][Cl]–
PEG200. Overall, a comprehensive analysis of the results of absorption experiments shows
that [HMIM][Cl]–PEG200 has a higher absorption rate for both DCM and benzene. There-
fore, the [HMIM][Cl]–PEG200 complex absorbent was selected as the typical complex
absorbent in the follow-up work.
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Figure 1. The influence of different complex absorbents on the absorptivity for (a) DCM and (b) benzene
(CDCM = 20,000 mg·m−3, CBenzene = 5000 mg·m−3, Q = 0.036 m3·h−1, 60 wt% IL, T = 298.15 K).

3.2. Influence of Different Mass Fractions of IL in Absorbent

The saturated absorption capacity of pure IL for the mixture of DCM and benzene
reached 114.97 mg·g−1 (Table 1), and it was far greater than that of PEG200 for the mixed
gas. In addition, it could be seen from the experimental results in Figure 2 that the
absorption performance for DCM and benzene by pure [HMIM][Cl] was much greater than
that of pure PEG200. Therefore, [HMIM][Cl] played an important role in absorbing mixed
waste gas. The absorptivity of [HMIM][Cl]–PEG200 for DCM and benzene under the
different mass fraction of IL in complex absorbent was measured (Figure 2). When the mass
fraction of the IL in the complex absorbent dropped from 100% to 70%, the absorptivity
(at 5 min) of the complex absorbent for DCM and benzene increased. In addition, the
absorptivity (at 5 min) of the complex absorbent for DCM and benzene even reached
72.31% and 75.37%, respectively, when the mass fraction of the IL in the absorbent was
60%. Obviously, diluting the IL with PEG200 reduced the viscosity of the absorbent (Table
2), thus improving the bubble dispersion and allowing the solute to better contact the
absorbent. However, when the mass fraction of IL in the complex absorbent was further
reduced from 60% to 50%, the absorptivity (at 5 min) of the complex absorbent for DCM
and benzene decreased to 36.12% and 46.87%, respectively. This was because, although
PEG200 was mixed with IL to effectively improve the mass transfer efficiency, with the
further increase of the content of PEG200, the decrease of IL concentration would lead
to a decrease in the dissolution capacity of complex absorbers. In short, the increase in
mass transfer efficiency failed to offset the decrease in absorption performance caused by
the adverse effect of the decrease in the concentration of IL. Therefore, in the process of
absorbing DCM and benzene by the complex absorbent, the optimal mass fraction of the IL
in the absorbent was 60%. Thus, in subsequent experiments, the amount of IL was fixed at
60% of the total mass (40 g) of the absorbent.

Table 1. Saturation absorption of DCM and benzene mixed gas by absorbent.

Absorbents Saturated Absorption (mg·g−1)

[HMIM][Cl] 114.97
PEG200 33.21

[HMIM][Cl]–PEG200 (60 wt% [HMIM][Cl]) 81.36
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Figure 2. The influence of mass fraction of IL in complex absorbent on the absorptivity for (a) DCM and (b) benzene
(CDCM = 20,000 mg·m−3, CBenzene = 5000 mg·m−3, Q = 0.036 m3·h−1, T = 298.15 K).

Table 2. Viscosity of complex absorbent with different mass fractions of IL at T = 298.15 to 333.15 K.

Composition (wt%) Viscosity (mPa·s)

[HMIM][Cl] PEG200 298.15 K 303.15 K 308.15 K 313.15 K 323.15 K 333.15 K

0 100 36 32 27 24 18 14
50 50 180 140 107 88 58 40
60 40 288 199 149 115 68 37
70 30 421 299 214 158 90 55

100 0 580 418 296 218 149 90

3.3. Influence of Variable Parameters on VOC Absorptivity in the Complex Absorption

The effect of the absorption performance (CDCM, CBenzene, T, and Q) of [HMIM][Cl]–
PEG200 for DCM and benzene at different parameters was investigated.

The absorptivity of [HMIM][Cl]–PEG200 for DCM and benzene at different inlet
gas concentrations was explored. As shown in Figure 3, with the increase of inlet gas
concentration, there was no significant change in the absorptivity for benzene, but the
DCM absorptivity (at 5 min) decreased from 72.31% to 62.53% when the DCM inlet gas
concentration increased from 20,000 mg·m−3 to 50,000 mg·m−3. It is worth noting that,
with the prolongation of the experimental time, the absorptivity decreases more slowly
at the inlet concentration of 20,000 mg·m−3 and 5000 mg·m−3 for DCM and benzene.
Usually, based on the two-layer film theory, the greater difference in concentration between
the gas phase and the gas–liquid phase, the greater the driving force for mass transfer.
However, the mass transfer efficiency in practical application is limited by the physical
properties and contact area of absorbent. Therefore, the increase of inlet gas concentration
will lead to the decrease of absorptivity [42]. Moreover, as the experiment time increased,
the concentration of DCM and benzene in the absorbent increased, while the concentration
difference between the gas phase and the gas–liquid interface decreased. As is known,
this concentration difference was the driving force for the diffusion of DCM molecules
and benzene molecules. To sum up, the higher the inlet gas concentration, the faster the
absorptivity decreases in the absorption process.
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Figure 3. The influence of inlet gas concentration on the absorptivity for (a) DCM and (b) benzene (Q = 0.036 m3·h−1,
T = 298.15 K, 60 wt% [HMIM][Cl]).

The absorptivity at different absorption temperatures was experimentally measured
when the DCM concentration, the benzene concentration, the mass fraction of IL in complex
absorbent, and the inlet gas flow rate were fixed at 20,000 mg·m−3, 5000 mg·m−3, 60%,
and 0.036 m3·h−1, respectively. As shown in Figure 4, when the temperature increases
from 298.15 K to 303.15 K, the absorptivity (at 5 min) for DCM and benzene decreases from
72.31% and 75.37% to 56.35% and 59.54%, respectively. As the absorption temperature
increases, the Henry’s law constants of DCM and benzene in the complex absorbent become
larger, indicating that the solubility of DCM and benzene in [HMIM][Cl]–PEG200 decreases.
Therefore, the solubility has a significant effect on the absorptivity, causing the absorptivity
to decrease with the increase of absorption temperature.

Figure 4. The influence of absorption temperature on the absorptivity for (a) DCM and (b) benzene (CDCM = 20,000 mg·m−3,
CBenzene = 5000 mg·m−3, Q = 0.036 m3·h−1, 60 wt% [HMIM][Cl]).

As shown in Figure 5, the absorptivity (at 5 min) for DCM and benzene increases to
varying degrees as the gas flow rate decreases from 0.036 m3·h−1 to 0.012 m3·h−1. Among
them, the DCM absorptivity (at 5 min) increases most obviously, from 72.31% to 85.46%,
while the benzene absorptivity (at 5 min) increases from 75.37% to 87.15%. The reason is
that the residence time of the mixed waste gas in the complex absorbent increases when the
gas flow rate decreases, which facilitates the contact of the gas and liquid phases. Therefore,
with the decrease of inlet flow, the absorptivity of [HMIM][Cl]–PEG200 for DCM and
benzene increases under the inlet flow range of 0.012 m3·h−1 to 0.036 m3·h−1.
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Figure 5. The influence of inlet gas flow on the absorptivity for (a) DCM and (b) benzene (CDCM = 20,000 mg·m−3, CBenzene

= 5000 mg·m−3, 60 wt% [HMIM][Cl], T = 298.15 K).

3.4. Recovery Performance

The recyclability is an important indicator to evaluate absorbent, and the recycling
performance of the [HMIM][Cl]–PEG200 complex absorbent was investigated. As can
be seen from Figure 6, after [HMIM][Cl]–PEG200 was repeatedly used five times, the
absorptivity for DCM and benzene at 5 min were 85.25% and 85.95%, respectively, which
was only 0.21% and 1.2% lower than that of fresh [HMIM][Cl]–PEG200. These results
confirm that the complex absorbent had excellent reusable performance. It can be seen
from Figure 7 that [HMIM][Cl]–PEG200 is a mixture of [HMIM][Cl] and PEG200, and no
new species are produced, indicating that there is no chemical reaction between them. In
addition, there are no new peaks in the infrared spectrum of [HMIM][Cl]–PEG200 after
absorption and desorption. It can be seen from Figure 8 that after the complex absorbent
absorbs DCM and benzene, peaks corresponding to DCM and benzene appear at 5.40 ppm
and 7.35 ppm. The spectrum of the desorbed complex absorbent is consistent with that
of the fresh complex absorbent. In summary, the phenomena in Figures 7 and 8 indicate
that [HMIM][Cl]–PEG200 is a physical absorption process for DCM and benzene, and has
good stability.

Figure 6. The absorptivity for DCM and benzene at different regeneration times (CDCM = 20,000 mg·m−3,
CBenzene = 5000 mg·m−3, Q = 0.036 m3·h−1, T = 298.15 K, 60 wt% [HMIM][Cl]).
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Figure 7. IR spectra of [HMIM][Cl]–PEG200, [HMIM][Cl]–PEG200 after absorption, and [HMIM][Cl]–
PEG200 after desorption.

Figure 8. The1H-NMR spectra of [HMIM][Cl]–PEG200, [HMIM][Cl]–PEG200 after absorption, and
[HMIM][Cl]–PEG200 after desorption.

3.5. Thermodynamic Calculation and Quantitative Calculation

In order to explore the absorption mechanism of [HMIM][Cl], DFT theoretical calcula-
tion was carried out for IL, DCM, and benzene systems. Firstly, the infinite dilution activity
coefficient and Henry’s law constant were important thermodynamic parameters of the
absorption process [43]. The infinite dilution activity coefficients of DCM or benzene in IL
were calculated by the COSMO-SAC model. Moreover, the solubility of DCM or benzene
in ILs is a result of the phase equilibrium [44–47]. Therefore, the Henry’s constant, Hi(T), is
defined as:

Hi(T) = γ∞
i ps

i (12)

In the formula, Hi (kPa) refers to Henry’s coefficient, γ∞
i refers to the activity coeffi-

cients at infinite dilution of solute i in the IL, and ps
i (kPa) refers to the saturated vapor

pressure of DCM or benzene at temperature T (K).
Table 3 shows that the infinite dilution activity coefficients of DCM in [HMIM][Cl] at

different temperatures were all less than 1, which indicates that negative deviations from
Raoult’s law involve solutes which can be better absorbed by ILs. In addition, as shown in
Tables 3 and 4, the Henry’s law constants and infinite dilution activity coefficients of DCM
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and benzene increase with the increase of temperature, which indicates that the solubility
of DCM and benzene decreases with increasing temperature. Apparently, the absorption of
DCM and benzene is physical absorption. In summary, the increase in temperature is not
conducive to the absorption of DCM and benzene, which is consistent with the results of
the dynamic absorption experiment.

Table 3. Infinite dilution activity coefficients (γ∞) for DCM and benzene in [HMIM][Cl].

Absorbent
γ∞

303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K

Benzene 2.0904 2.1522 2.2090 2.2611 2.3088 2.3521
DCM 0.0744 0.0866 0.0997 0.1137 0.1285 0.1440

Table 4. Henry’s law constants (Hi) for DCM and benzene in [HMIM][Cl].

Absorbent
Hi

303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K

Benzene 33.137 52.295 79.724 117.083 169.361 237.387
DCM 5.254 8.849 14.36 22.541 33.931 50.178

The thermodynamic properties of absorbing DCM and benzene in an IL–PEG200
complex absorbent related to the Henry’s law constant can be calculated according to the
well-known thermodynamic relations [48]:

∆G = RT ln Hi (13)

∆H = R
[

∂ln Hi
∂(1/T)

]
p

(14)

∆S = (∆H − ∆ G)/T (15)

where ∆G, ∆H, and ∆S are the Gibbs free energy, enthalpy, and entropy, respectively.
Table 5 shows that all the enthalpy values were negative, demonstrating that the

dissolution of DCM and benzene in [HMIM][Cl] is exothermic. In addition, the |∆H| of
DCM and benzene is smaller than the |∆S| of DCM and benzene. Therefore, it can be
judged that the dissolution of DCM and benzene in [HMIM][Cl] is controlled by entropy.
The larger the ∆S value, the more favorable the absorption process. The partial molar
excess enthalpy of the system was calculated by infinite dilution activity coefficient [49–51].
According to the Gibbs–Helmholtz equation, partial molar excess enthalpy (Hi

E,∞) is
calculated as follows: [

∂ln γ∞
i

∂(1/T)

]
=

HE,∞
i
R

(16)

where R is the gas constant. The smaller the value of HE,∞
i , the greater the interaction force

between the solute and the solvent. It can be seen from Table 5 that all HE,∞
i are negative

values, which means a strong interaction between the solute and the ionic liquid. Obviously,
the HE,∞

i of DCM is much smaller than the HE,∞
i of benzene, indicating that DCM is more

easily absorbed by [HMIM][Cl], and benzene is easily separated from the solvent.

Table 5. Gibbs energy, enthalpy, entropy, and partial molar excess enthalpy of absorption for DCM
and benzene in [HMIM][Cl] at 303.15 K.

Absorbent ∆G (kJ·mol−1) ∆H (kJ·mol−1) ∆S (J·mol−1·K −1) HE,∞
i (J·mol−1)

Benzene 8.823 −36.009 −132.576 −2299.26
DCM 4.181 −41.147 −149.525 −11,978.797



Energies 2021, 14, 3592 12 of 15

3.6. Interaction Energy Analysis between IL and Each Absorbed Substance

The results of quantum chemistry calculations (Figure 9) showed that the strong-to-
weak order of binding energy of IL–DCM and IL–benzene corresponded to the results of
the dynamic absorption experiment. It is worth noting that the binding energy of DCM–
[HMIM][Cl] (−34.058 kJ·mol−1) was far greater than that of benzene–[HMIM][Cl] (−16.023
kJ·mol−1), which indicates that [HMIM][Cl] had high selectivity for the absorption of DCM.
It can be seen from Figure 8 that the shorter the hydrogen bond distance between the
ionic liquid and the solute, the better the absorption performance of the ionic liquid for
the solute. It is worth noting that, compared with other ionic liquids, [HMIM][Cl] can
simultaneously form strong hydrogen bonds with DCM and benzene. In addition, a strong
hydrogen bond (1.67 Å) was formed between the hydrogen atom in the imidazole ring
in the cation [HMIM] of IL and the Cl atom in DCM, and the hydrogen bond was also
formed between the anion [Cl]− and H atom in DCM (2.02 Å), which indicated the strong
interaction between [HMIM][Cl] and DCM. There was no obvious hydrogen bond between
the cation of [HMIM][Cl] and benzene, but the anion [Cl]− formed a weak hydrogen
bond with the hydrogen atom in benzene (2.16 Å), which indicates that the interaction
between [HMIM][Cl] and benzene was weak. The above theoretical calculation shows that
[HMIM][Cl] had obvious interaction with DCM and benzene, and [HMIM][Cl] was easier
to combine with DCM, which indicates that [HMIM][Cl] had a stronger absorption effect
on DCM.

Figure 9. The optimized geometric structures obtained by Gaussian 09 software.

4. Conclusions

In summary, we designed a variety of IL–PEG200 absorbents and screened out
[HMIM][Cl]–PEG200 with high absorptivity for DCM and benzene. The results show
that when the concentration of DCM was 20,000 mg·m−3, the concentration of benzene
was 5000 mg·m−3, the flow rate of the inlet gas (Q) was 0.036 m3·h−1, and the absorption
temperature was 298.15 K, the absorptivities of 40 g [HMIM][Cl]–PEG200 with 60% mass
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concentration of [HMIM][Cl] for DCM and benzene at 5 min were 85.46% and 87.15%,
respectively. In addition, the [HMIM][Cl]–PEG200 complex absorbent was repeatedly
used for five times without a noticeable drop in absorptivity, which verifies the feasibility
of recovery and utilization of the complex absorbent. Partial molar excess enthalpy and
theoretical calculations show that the interaction of [HMIM][Cl]–DCM is stronger than that
of [HMIM][Cl]–benzene, which proves that [HMIM][Cl] absorbs dichloromethane more
easily than benzene. Among them, there are strong hydrogen bonds between [HMIM][Cl]–
DCM and [HMIM][Cl]–benzene, which further proves that the [HMIM][Cl]–PEG200 was
an effective absorber for absorbing a gas mixture consisting of DCM and benzene. This
work provides a new idea for the design and research of new absorbents containing IL.
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