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ARTICLE INFO ABSTRACT

Keywords: The absorption of volatile organic compounds (VOCs) using supramolecular deep eutectic solvents (SUPRADES),
Deep eutectic solvents composed of randomly methylated B-cyclodextrin (RAMEB) and conventional organic solvents, was systemati-
Supramolecular cally investigated from vapor-liquid experiments to molecular dynamic simulations. The obtained partition co-
Z?i?;gzxzfs:m compounds efficients suggest that the combination of RAMEB and ethylene glycol (REG, mole ratio 1:40) significantly

improves the absorption ability of ethylene glycol (EG), making REG even the most efficient absorbent for
chloroform and limonene. By studying the key factors affecting the absorption process, we found that increasing
the concentration of VOCs in the gas phase, lowering the absorption temperature or reducing the water content
of the absorbent are effective in improving absorption. Regeneration test shows that the absorption ratio of
chloroform using REG is maintained around 99% under six absorption-desorption cycles, highlighting its high
absorption efficiency and stability. The absorption mechanism was then deeply explored by molecular dynamic
simulation. It was found that the hydrogen bond between RAMEB and EG hinders the aggregation of neighboring
RAMEB molecules, helping RAMEB to form stable and homogeneous solvent with EG. In addition, the interaction
energy analysis demonstrates that van der Waals forces contribute the most to the absorption of chloroform by
REG. Finally, the radical distribution function analysis was used to visualize the 2-dimensional molecule dis-
tribution of SUPRADES systems and the spatial distribution analysis verified the formation of RAMEB/chloro-
form inclusion complexes in the absorption process. The obtained results indicate that REG is a highly efficient
and easy recyclable solvent for VOCs absorption.

Absorption mechanism
Molecular dynamic

1. Introduction by high VOC removal ratio and good thermal stability [9]. However, the

deactivated adsorbents may cause secondary pollution, and frequent

Global challenges in atmosphere and water protection have created a
great demand for highly efficient capture of volatile organic compounds
(VOCs) from industrial waste gas, as some VOCs are not only among the
most common air and water pollutants, but also potential human te-
ratogens and carcinogens [1,2]. Various techniques, such as absorption
[3], adsorption [4], condensation [5] and catalytic combustion [6],
were proposed to destroy or recover VOCs with some advantages and
limitations. Solvent absorption is a promising VOCs recovery technique
because of its simple operation process and large treatment capacity [7].
It should be noted that using traditional organic solvents as absorbents
has several drawbacks, such as corrosion, thermal decomposition losses
and energy-intensive solvent recovery [8]. Adsorption is characterized
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switching of adsorption and desorption operations affects the adsorption
efficiency [10]. The condensation method is almost not affected by the
surrounding temperature and has low equipment investment [11].
However, it is difficult to treat exhaust gas containing low concentra-
tions of VOCs, and the concentration of VOCs after treatment is high
[12]. Therefore, it is generally used as a pretreatment method. Catalytic
combustion can completely eliminate VOCs and has low operating costs
[13]. Unfortunately, the high-temperature operating conditions place
strict requirement on the equipment, and the treatment of chlorinated
VOCs easily produces hydrogen chloride and high-molecular-weight
chlorinated by-products [14].

In the current era, VOCs absorption technology has received
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extensive attention due to the rapid development of green solvents, such
as ionic liquids (ILs) [15,16], and deep eutectic solvents (DESs) [17,18].
The unique thermochemical properties of ILs, such as negligible vola-
tility, good thermal stability and designable structure, make them
attractive VOC absorbents [19]. DESs retain the common advantages of
ILs, and have lower toxicity and easier preparation process, facilitating
their industrial application in the VOCs treatment [20]. In the selection
of hydrogen bond acceptors (HBA) for VOCs absorption, the majority of
studies have focused on choline chloride, quaternary ammonium salts
and quaternary phosphonium salts [21,22]. The hydrogen bond donors
(HBDs) paired with HBAs are mainly glycols, carboxylic acids and am-
ides [23-25]. To the best of our knowledge, there are far fewer studies
on the use of supramolecular DESs to absorb VOCs than on the use of
conventional DESs [26].

As a type of extensively studied supramolecule, cyclodextrins (CDs)
are composed of a series of cyclic oligosaccharides produced by the
enzymatic degradation of starch [27]. CDs can encapsulate guests
through their hydrophobic inner cavities, thereby improving the solu-
bility, permeability and stability of the included molecules [28]. The
most common CDs are the native a-CD, -CD and y-CD, which consist of
six, seven and eight glucosyl units, respectively, linked by 1,4-a-glyco-
sidic bonds [29,30]. Among the 3-CD derivatives, randomly methylated
B-cyclodextrin (RAMEB) shows great potential for VOCs capture
[31,32]. More importantly, their methylated hydrophilic outer surface
improves the miscibility with water and other organic solvents, making
them easier to prepare as liquid DESs at room temperature [33]. In 2008,
Blach et al. investigated the absorption capacities of several CDs
aqueous solutions for toluene [34]. The absorption experiments showed
that the studied CDs, including a-CD, p-CD and RAMEB, can significantly
reduce the Henry’s law constant of toluene. The most efficient absorbent
is p-CD solution, which is 250 time more efficient than water. Moufawad
et al. studied the ability of CDs to retain their host/guest properties in a
commonly studied DES (choline chloride:urea 1:2) [35]. The researchers
proved that the dissolution of -CD in this DES is exothermic (enthalpy
of dissolution of —23.3 J/g) and that the obtained supramolecular sol-
vents can significantly decrease the volatility of four VOCs due to the
formation of inclusion complexes. Four kinds of supramolecular DESs
(SUPRADES), derived from modified CDs and levulinic acid, were used
to absorb five VOCs [31]. The vapor-liquid partition coefficient value of
toluene in RAMEB-based SUPRADES shows 250-fold reduction
compared with its value in water. In addition, the percentage of
dichloromethane (DCM) and toluene absorbed by SUPRADES reaches
95 % and 99 %, respectively. Recently, Triolo et al. systematically
explored the aggregation state of CDs and molecular interactions in the
SUPRADES heptakis-(2,6-di-O-methyl)-p-CD:levulinic acid 1:27 [32].
The results of X-ray scattering showed that CDs were homogeneously
distributed in bulk. This phenomenon was further explained by molec-
ular dynamic (MD) simulation, where the homogeneity of the system
was maintained by hydrogen bonding (HB) interaction together with
dispersive forces. Despite these scientific advances in the field of
SUPRADES, research on VOCs absorption with SUPRADES is still
insufficient and the microscopic absorption mechanism remains unex-
plored [35,36].

In this study, the effectiveness and molecular mechanisms of using
SUPRADES as VOCs absorbents were systematically investigated. First,
several SUPRADES were prepared from RAMEB and five types of HBDs.
Then, the density and viscosity of these SUPRADES were determined
from 293.15 K to 333.15 K. Six VOCs commonly found in biogas,
including DCM, 1,2-dichloroethane (DCE), chloroform (CHClg), toluene,
limonene and octamethylcyclotetrasiloxane (D4), were chosen for the
absorption experiments. The partition coefficient (P) together with ab-
sorption capacity of VOCs in RAMEB-based SUPRADES and corre-
sponding pure HBDs were measured by static headspace-gas
chromatography (SH-GC). The effects of some key factors, for example,
VOC concentration in the gas phase, absorption temperature and water
content of the SUPRADES, on the partition coefficients were discussed.
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Then, the regeneration performance of SUPRADES were evaluated by six
absorption—desorption tests. Finally, the molecular phenomenon and the
absorption mechanism were investigated by means of MD simulation.

2. Experimental section
2.1. Materials

Ethylene glycol (EG) (>99.5 %), 1,2-propanediol (PG) (>99 %), 1,3-
butanediol (BUOL) (>99 %), triethylene glycol (TEG) (>99 %), benzyl
alcohol (BA) (>99 %), dichloromethane (>99.95 %), 1,2-dichloro-
ethane (>99.8 %), chloroform (>99.8 %), toluene (>99.8 %), limo-
nene (>98 %), octamethylcyclotetrasiloxane (>98 %) and deionized
water were used directly in the experiment without further purification.
RAMEB (DS = 12.9, Figure S1) was purchased from Wacker Chemie
(Lyon, France). The water content of the studied absorbents was
measured three times by Karl Fischer titration (C20S KF Titrator).
Table 1 summarizes the composition and water content of the SUPRA-
DES and organic solvents used in the current study.

2.2. Preparation and characterization of the absorbents

Accurate amount of HBA and HBD were mixed together at a molar
ratio of 1:40. Then the mixtures were stirred for 8 h at 343.15 K to obtain
transparent homogeneous solutions. The density (p) and viscosity (u) of
SUPRADES and pure organic solvents were determined with an Anton
Paar kinematic viscometer (SVM 3001).

2.3. Vapor-liquid partition coefficients

The equilibrium vapor-liquid partition coefficient (P) refers to the
distribution ratio of a given solute in the gas phase and liquid phase at
the equilibrium state [37]. As a commonly used thermodynamic
parameter describing the vapor-liquid equilibrium, the P is of great
importance for understanding the interaction between different mole-
cules, which is defined as follows [38]

P
CL

@

where Cg and Cy, are mole concentration of solute in gas phase and liquid
phase, respectively.

The phase ratio variation (PRV) method and the vapor phase cali-
bration (VPC) method were used respectively to determine the P values
of VOCs in water and other absorbents as described by Kolb and Ettre
[39]. The detailed method for determining P values can be found in
previous publications [18,37].

The measurement of P values at different temperatures was con-
ducted on a Thermo Scientific TriPlusTM 500 headspace autosampler
coupled to a Trace 1300 gas chromatograph (GC) equipped with a flame
ionization detector and a DB 624 column. The column temperature of
GC was set at 313.15, 353.15, 343.15, 353.15, 393.15 and 433.15 K for

Table 1
Composition and water content (mass fraction) of the SUPRADES and organic
solvents for the current study.

Abbreviation HBA HBD Molar ratio ~ Water content (%)
REG RAMEB  Ethylene glycol 1:40 3.12
RPG RAMEB 1,2-Propanediol 1:40 2.38
RBUOL RAMEB  1,3-Butanediol 1:40 2.08
RTEG RAMEB  Triethylene glycol — 1:40 1.62
RBA RAMEB  Benzyl alcohol 1:40 1.78
EG - Ethylene glycol - 0.47
PG - 1,2-Propanediol - 0.52
BUOL - 1,3-Butanediol - 0.21
TEG - Triethylene glycol - 0.22
BA - Benzyl alcohol - 0.07
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the detection of DCM, DCE, CHClg, toluene, limonene and Dy, respec-
tively. Firstly, VOC stock solutions of known concentrations were
injected into a 20 mL vial to which 3.5 g of absorbent had been previ-
ously added. Then, the vial was continuously stirred and equilibrated for
24 h before SH-GC analysis. The effect of VOC concentration, absorption
temperature and water content of the absorbent on the P values was
systematically investigated.

2.4. Formation constant

The formation constants (Ky) of three VOCs (DCE, limonene, D4) with
RAMEB were determined by SH-GC analysis. In the prepared samples,
equal amounts of VOC were added to 20 mL vials containing 10 mL of
water or RAMEB aqueous solutions at different concentrations. The vials
were sealed and kept at 303.15 K. After 2 h of equilibration, an aliquot of
the gas phase was taken and injected directly into the gas chromato-
graph. The formation constants were obtained from the chromato-
graphic peak areas by using an algorithmic treatment [40].

2.5. Regeneration of the absorbents

The VOCs loaded DESs were uncapped and regenerated by stirring at
333.15 K for 12 h. Then they were analyzed by SH-GC to make sure that
there were no VOC left in the DESs. The regenerated DESs were then
used again to evaluate the P values and absorption ratio according to the

same experimental procedure described above. Six
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absorption—desorption cycles were performed for five SUPRADES.
3. Calculation section

The Gaussian 09 (version D.01) software was employed on the ge-
ometry optimization of RAMEB at the level of m062x/6-311 + G~ and
other molecules were optimized at ®B97XD/6-311 +4G " level [41-43].
The restrained electrostatic potential (RESP) calculation was carried out
on the popular Multiwfn 3.8 program to get atomic charges of molecules
under studied (see Table S1) [44]. The MD simulations were then per-
formed on GROMACS (version 2019.6) package [45]. The CHARMM36
force field was used to model RAMEB and the general AMBER force field
was used for other molecules [46,47]. Additionally, the TIP3P potential
was used to describe water for SUPRADES solutions [48]. The atomic
labels and structures for different molecules were displayed in Figure S2.

The box size and composition of the three types of systems were
listed in Table S2. The first type of system consists of pure solvent and is
used to verify the accuracy of the simulation method. As shown in
Table S3, the average relative deviation between experimental density
and predicted results from simulation for eight solvents is 2.80 %,
verifying the applicability of selected force field and simulation pro-
cedures to systems under study. The second type of system contains
SUPRADES-CHCIl3 binary mixtures with different CHCI3; concentrations
to investigate the effect of VOC concentration and type of SUPRADES on
absorption behavior. The last type of system was built to explore the
effect of water content on the REG-CHCI3 mixture. The detailed

1125 | (b)
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Fig. 1. Density of SUPRADES (a) and pure organic solvents (b); viscosity of SUPRADES (c) and organic solvents (d) at different temperatures. (Error < 1 %).
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procedures of MD simulation are shown in Supporting Information
Section 1.

4. Results and discussion
4.1. Density and viscosity of absorbents

The density and viscosity are important physical properties that
affect mass transfer efficiency of VOCs in absorbents. Results obtained
for SUPRADES and pure organic solvents are depicted in Fig. 1 as a
function of temperature. Apparently, the density and viscosity of all
solvents decrease with the increase of temperature. The effect of tem-
perature changes on viscosity is more obvious than on density. For
example, the viscosity of RBUOL at 333.15 K (39.71 mPa-s) is less than 9
% of that at 293.15 K (476.78 mPa-s), suggesting that the fluidity of the
absorbent can be improved by increasing the absorption temperature.
From the experimental data presented in Fig. 1(a) and (b), the density of
SUPRADES is higher than that of the corresponding pure solvent at the
same temperature, and this conclusion holds true for the viscosity. As
can be seen in Fig. 1(a), REG has the highest density among the five
SUPRADES, while RBUOL is just the opposite. For diols such as EG, PG
and BUOL, the longer their carbon chain length, the lower the density
and the greater the viscosity. The density and viscosity of SUPRADES
based on diols also satisfy this law. Among the measured SUPRADES,
RBA has the smallest viscosity, followed by RTEG, while the viscosity of
REG (22.78 mPa-s) is close to that of RTEG (18.69 mPa-s) at 333.15 K.
This result demonstrates that REG has good fluidity under appropriate
absorption temperature.

4.2. VOCs absorption

The partition coefficients of DCM, DCE, CHClg, toluene, limonene,
and D4 in water, and in the studied absorbents at 303.15 K are listed in
Table 2. The ratio of Pyater t0 Pabsorbent (Pratio) Was also calculated to
vividly demonstrate the absorption ability of different absorbers for
VOCs.

It can be seen from Table 2 that the experimental P values of VOCs in
water obtained in this study are close to that collected from literature,
which verifies the reliability of the experimental device. The P values of
6 VOCs in SUPRADES and pure organic solvents are all much smaller
than those determined in water, indicating that the chosen absorbents
are more effective at absorbing VOCs than water. It can be observed that
the P values of toluene, limonene and D4 in water are much higher than
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those of the three chlorinated VOCs. It is worth noting that the hydro-
phobicity of limonene and Dy is greater than that of toluene and of the
three chlorinated VOCs, resulting in quite different P values in water.
Directly affected by the difference in P value of VOCs in water, the Pyao
of VOCs in the same absorbent varies greatly. For highly hydrophobic
VOCs such as limonene and Dy, the P4, for REG are above 300, but the
Pratic of DCM is only 8.5. Furthermore, P44, of the same VOC in different
absorbents vary greatly due to different absorbent characteristics. Tak-
ing toluene as an example, the P, of toluene in BA is almost 8 times
that of EG due to the n-n interaction between toluene and BA [49]. EG
with a shorter carbon chain is obviously not as effective as PG and BUOL
in absorbing VOCs, especially for VOCs with large molecular volume
(limonene and Dy).

One of the main purposes of this study is to investigate whether
SUPRADES improve the VOCs absorption ability of the corresponding
pure organic solvents. Except for Dy, the P values of the other five VOCs
in two diol-based SUPRADES (RPG, RBUOL) are significantly smaller
than those in their corresponding pure diols. Interestingly, the obtained
P values of all 6 VOCs in REG are smaller than those in EG. In particular,
the P values of CHCl3 and limonene in EG are the largest among the five
pure solvents. However, the P values of these two VOCs in REG are the
smallest among the absorbents studied. This finding highlighted the
improvement of VOCs absorption ability by combining RAMEB and
organic solvents. For RTEG and RBA a different phenomenon was
observed, that is, the P values in the two SUPRADES are close to the P
values in the corresponding pure solvents. BA shows the greatest ability
to solubilize DCE, toluene and D4 compared to the other solvents, and
considering its good fluidity (see Fig. 1(c)), it is a promising absorbent
for VOCs removal.

The experimental results presented so far suggest that the combi-
nation of RAMEB and EG shows better VOCs absorption performance
than pure EG, making REG even the most efficient absorbent for the
capture of CHCl3 and limonene.

4.3. Determination of formation constant

The formation constant is a type of equilibrium constant that de-
scribes the formation of an inclusion complex from a host molecule and a
guest molecule. To investigate the ability of RAMEB to encapsulate and
solubilize VOCs in depth, the formation constants of the RAMEB/VOC
inclusion complexes were measured in water at 303.15 K [40].

For the three chlorinated VOCs, the formation constant follows this
sequence CHCl; (93 M™!) > DCE (43 M™1) > DCM (12 MY,

Table 2
Partition coefficients (P) for DCM, DCE, CHCls, toluene, limonene, and D4 in water, and in the studied absorbents at 303.15 K. (Error < 5 %).
Absorbent DCM Pratio DCE Pratio CHCl3 Pratio toluene Pratio limonene Pratio D4 Pratio
Water 1.1E-01 6.4E-02 1.7E-01 2.8E-01 1.8 5.7
1.4E-01° 4.8E-02" (298.15 K) 1.5E-01° 2.5E-01° 1.9¢ 4.0°
(297.95 K)
9.0E-02° (297.95 K) 2.9E-01° 2.3¢ 5.0' (293.15K)
REG 1.3E-02 8.5 3.0E-03 21.3 1.8E-03 94.4 2.3E-03 121.7 2.0E-04 8750.0 1.5E-02 380.0
RPG 1.1E-02 10.0 3.4E-03 18.8 2.9E-03 58.6 2.5E-03 112.0 3.9E-04 4487.2 9.1E-03 626.4
RBUOL 3.3E-03 33.3 4.1E-03 15.6 3.4E-03 50.0 3.9E-03 71.8 5.1E-04 3431.4 1.0E-02 570.0
RTEG 8.0E-03 13.8 2.0E-03 32.0 2.3E-03 73.9 2.2E-03 127.3 5.0E-04 3500.0 1.4E-02 407.1
RBA 8.8E-03 12.5 1.8E-03 35.6 3.1E-03 54.8 1.3E-03 215.4 2.7E-04 6481.5 1.4E-03 4071.4
EG 2.1E-02 5.2 7.1E-03 9.0 9.0E-03 18.9 9.1E-03 30.8 6.2E-03 282.3 4.0E-02 142.5
PG 1.3E-02 8.5 4.7E-03 13.6 3.9E-03 43.6 4.1E-03 68.3 1.3E-03 1346.2 7.0E-03 814.3
BUOL 1.3E-02 8.5 4.8E-03 13.3 4.7E-03 36.2 3.3E-03 84.8 1.0E-03 1750.0 7.4E-03 770.3
TEG 7.0E-03 15.7 1.9E-03 33.7 2.4E-03 70.8 2.5E-03 112.0 1.4E-03 1250.0 1.2E-02 475.0
BA 6.9E-03 15.9 1.7E-03 37.6 3.6E-03 47.2 1.1E-03 254.5 2.3E-04 7608.7 8.3E-04 6867.5
2 ref [31],
b ref [501,
¢ ref [51],
4 ref [52],
¢ ref [18],

f ref [53].
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demonstrating that the strength of the interaction between RAMEB and
CHCl;3 to form an inclusion complex is stronger than that of the other two
chlorinated VOCs [54]. The formation constants of toluene and limo-
nene with RAMEB are 238 and 2716 M}, respectively. The high for-
mation constant obtained for RAMEB/limonene reflects the excellent
complexing ability of RAMEB with limonene. Although D4 is a hydro-
phobic VOC like toluene and limonene, the formation constant of Dy is
only 8 M~! [34]. This is in good agreement with the experimental results
of the partition coefficients. As shown in Table 2, except for EG, the
beneficial effect on D4 absorption was not observed when RAMEB was
added to pure solvents. This may be because the D4 molecule is too large
to form an inclusion complex with RAMEB.

4.4. Effect of VOC concentration

The concentration of VOCs in the gas phase is a critical factor that
affects the absorption capacity (mg VOC/ g absorbent) and the absorp-
tion ratio of the absorbent. The absorption ratio (AR) of absorbent is
calculated by eq. (2).

AR = (1 7M> x 100% )

Mfeed

where mapsp, and mgeeq are the mass of VOC absorbed in the solvent at
equilibrium state and the mass of VOC in the feed, respectively.

As we can see in Fig. 2(a), the absorption capacity of REG and EG
increases almost linearly as DCM concentration increases. It is quite
obvious that the absorption capacity of REG is higher than that of EG
under the same DCM concentration. The similar advantage of REG over
EG was observed for absorption ratio (see Fig. 2(b)). This observation is
consistent with the partition coefficient results, suggesting that REG
exhibited better performance in absorbing DCM than EG. It is worth
noting that the AR of REG fluctuates around 94 % as the DCM concen-
tration increases, while for EG, AR is about 91 %.

4.5. Effect of temperature

The effect of temperature on the DCM partition coefficient was
studied at 303.15 K, 318.15 K and 333.15 K. As depicted in Fig. 3, the
partition coefficient of DCM is strongly impacted by the temperature.
For all absorbents, P values increase with the increase of temperature.
Take REG for example, the P value of DCM is 1.3E-2 at 303.15 K, while it
increases to 2.4E-2 at 333.15 K. This means that lowering the absorption
temperature can be an effective approach to improve the absorption
capacity of absorbent for VOCs. It should be noted that lowering the
temperature will increase the viscosity of the solvent, thereby hindering
the mass transfer of the system. Therefore, both partition coefficient and
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viscosity should be taken into consideration when optimizing the ab-
sorption temperature.

4.6. Effect of water content

Since both the feed gas and the air inevitably contain moisture, the
effect of water on the VOCs capture performance of the absorbent cannot
be ignored. Fig. 4 shows the effect of REG water content on the partition
coefficient of 6 VOCs at 303.15 K. When water content increases from
20 wt% to 80 wt%, the partition coefficients of all VOCs increase
significantly. A case in point is the absorption of toluene, where the P
value is only 3.6E-03 at a water content of 20 wt%, while this value
increases by a factor of 6.5 at a water content of 80 wt%. This indicates
that the addition of water negatively affects the absorption capacity of
VOCs by REG. In addition, higher water content increases the energy
consumption of absorbent recovery due to the high heat capacity of
water. The positive effect of adding water is to reduce solvent viscosity
and reduce solvent costs, as in the case of COy capture process with
ethanolamine solution. Therefore, water content should be evaluated
comprehensively by taking both positive and negative effects into
account.

4.7. Regeneration of absorbents

Absorbent regeneration is a critical part of the VOC removal process.
In particular, the ease of recovery, the energy consumption and the
physicochemical stability of absorbent after desorption have always
been topics of concern. In this study, a simple heating and stirring
method was used to regenerate the five SUPRADES. Fig. 5 (a) and (b)
show the effect of recycle time on the P, and absorption ratio of
CHCls, respectively. For all absorbents under study, no negative effects
on P40 and absorption ratio were observed from the increase in the
regeneration time. In particular, the absorption ratio of REG in the six
absorption-desorption cycles was maintained at about 99 %, which
highlights its high efficiency and stability in absorbing CHCls.

4.8. Results of MD simulation

4.8.1. Structure of SUPRADES

It is necessary to study the molecular structure of SUPRADES,
because this determines whether the absorbent remains stable. An
interesting study by Triolo et al. reported that f-CD could dissolve in DES
(choline chloride:urea 1:2), without aggregation phenomena [55].

In this study, a representative snapshot of RAMEB - EG system at
303.15 K is shown in Figure S3, where RAMEB is homogeneous
distributed in the EG matrix. This phenomenon suggests that RAMEB
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Fig. 2. Effect of concentration of DCM in the gas phase on the absorption capacity (a) and absorption ratio (b) at 303.15 K.
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can form stable and homogeneous solvent with EG. To further explain
the formation of REG and explore the effect of water on REG, the average
number of HB count per RAMEB in pure REG and water-containing REG
was depicted in Fig. 6. For pure REG, each RAMEB molecule forms an
average of six HBs with EG, hindering the aggregation of neighbor CDs.
The addition of water has almost no effect on the HBs in RAMEB mol-
ecules, which is one of the guarantees to maintain the structure stability
of the CD molecule. However, as the water content in REG increases, the
number of HBs between RAMEB and EG decreases sharply, while the
number of HBs between RAMEB and water gradually increase. The HBA
and HBD of RAMEB originally occupied by EG gradually combine with
water molecules, resulting in the destruction of the original HB network
of REG.

4.8.2. Interaction energy analysis

To determine the strength and type of interaction between key
components of the absorbent and CHClg, the interaction energy analysis
was carried out for various CHCls-containing systems. The total inter-
action energy (Eota]) consists of two parts: electrostatic energy (Eeje) and
van der Waals energy (Eyaw)-

Table 3 shows the influence of absorbent type on the interaction
energy. For all solvents, E,qw dominates the interaction energy with
CHCl3. Especially for the three SUPRADES, the magnitude of Eygw is
approximately five times that of Ege. This means that van der Waals
force contributes the most to the absorption of CHCl3. The magnitude of
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Fig. 5. Effect of SUPRADES recycle times on the ratio of partition coefficient of CHCl3 in water to that in SUPRADES (P.,y,) (a); on the absorption ratio of CHCl3(b).
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Table 3
The interaction energy of H,O — / HBD - / HBA - / absorbent — CHCl; in four
CHCl;3-containing systems (mass fraction of CHCl3 = 7 %).

Solvents Eee/(kJ/ Evaw/(kJ/ Eqotal/(kJ/
mol) mol) mol)
Pure water H,0 - CHCl3 —6.58 —18.06 —24.65
REG - CHCl3 RAMEB - CHCl3 -3.45 -22.31 —25.76
EG - CHCl3 —-8.00 -33.37 —41.37
Absorbent — —11.45 —55.68 —67.13
CHCl3
RPG - CHCl3 RAMEB - CHCl3 -3.00 —14.58 —17.58
PG - CHCl3 -8.38 —38.44 —46.82
Absorbent — —11.38 —53.02 —64.40
CHCl3
RBUOL — RAMEB - CHCl3 —2.21 —-13.21 —15.42
CHCl3 BUOL - CHCl3 —7.42 —40.28 —47.70
Absorbent — —9.63 —53.49 —63.12
CHCly
0
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interaction energy between the four absorbents and CHCl3 follows this
order: REG (67.13 kJ/mol) > RPG (64.40 kJ/mol) > RBUOL (63.12 kJ/
mol) > Hy0 (24.65 kJ/mol). This result is consistent with the experi-
mental partition coefficients from Table 2, that is, REG (1.8E-03) < RPG
(2.9E-03) < RBUOL (3.4E-03) < H30 (1.7E-01). Although the molar
ratio between RAMEB and EG is 1:40, the interaction energy between
RAMEB and CHClj still exceeds 38 % of the total interaction energy,
reflecting the important role of CD in CHCl3 absorption.

Fig. 7 displays the effect of three different CHCl3 concentration (1.5
%, 7 % and 13.5 %) on the interaction energy. When the mass of the
absorbent remains constant, the total interaction energy between the
absorbent and CHCl3 decreases as the amount of CHCl3 increases (see
Fig. 7 (a)). This downward trend is more pronounced for water, possibly
due to the very limited absorption capacity of water for CHCl3. As can be
seen from Fig. 7(b), the increase in CHCl3 content weakens the inter-
action strength between RAMEB and diol, probably because the poten-
tial binding sites between the key components of SUPRADES are
gradually occupied by CHCl3 molecules. In addition, the electrostatic
energy between RAMEB and diol is slightly smaller than the van der
Waals energy. Considering that six effective HBs were formed between
RAMEB and EG shown in Fig. 6, and HB belongs to the Ee, this phe-
nomenon further illustrates the important contribution of HB to the
formation of SUPRADES.

4.8.3. Self-diffusion coefficients

As one of the most difficult transport coefficients to measure exper-
imentally, the self-diffusion coefficient (D) is an important index to
evaluate the dynamic property of absorbents [56]. Fortunately, GRO-
MACS provides a natural and convenient alternative to the calculation of
self-diffusion coefficient. The D value of CHCl3, diols and RAMEB in nine
different systems were calculated by MD method at 303.15 K. As shown
in Fig. 8 (a), the D values of CHCl3 and diols for REG and RPG systems
increase with the increase of CH3Cl concentration. This may be because
the increased concentration of CH3Cl improves the fluidity of these
systems. The self-diffusion coefficient shows different patterns in the
RBUOL system. When the CH3Cl concentration increases from 1.5 to 7
%, the D value of CHCl3 and BUOL increases, but when the CH3Cl
concentration continues to increase to 13.5 %, the D value slightly
decreases.

Additionally, under the same concentration of CH3Cl, the magnitude
of D of CHCl; in different diol systems follows this sequence D (REG) > D

Solvents

Fig. 7. Effect of CHCl; concentration on the interaction energy between absorbent and CHCl3 (a); on the interaction energy between diol and RAMEB(b). Mass

fraction of CHCl; in these systems are 1.5%, 7% and 13.5%, respectively.
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(RPG) > D (RBUOL), which is consistent with the results of SUPRADES
viscosity shown in Fig. 1 (c). Therefore, the long alkyl chain of diol
decreases the D value and increases the viscosity of the diol. This phe-
nomenon demonstrates that the diffusion of CH3Cl in the REG is faster
than that in RPG and RBUOL. It should be noted that the D value of diol
and CHCls is larger than that of RAMEB, owing to the large molecular
size of RAMEB that hinders its diffusion. In short, among the three diol-
based SUPRADES, REG provides the most favorable diffusion environ-
ment for CHCl3.

4.8.4. Radial distribution function (RDF) analysis

The radial distribution function is an important structural charac-
teristic that describes the average structure of systems at molecular
length scale, especially for disordered molecular systems such as liquids
[57,58]. The RDF profiles for different water containing REG — CHCl3
systems are given in Fig. 9.

Fig. 9 (a) shows the effect of water content on the RDF profiles for C1
of CHCl3 — C1 of EG. For five systems, the first sharp peak appears at
about r = 0.51 nm, and the corresponding g(r) is not significantly
affected by water content. However, the second peak of system without
water is located at about 0.94 nm, which is stronger and closer than
other water-containing systems. In addition, as the water content in-
creases, the second peak becomes weaker. This means that the addition
of water increases the separation distance between C1 of CHCl3 and C1
of EG, and the interaction between EG and CHClj is weakened by water.
In Fig. 9 (b), the first strong peak of system without water appears at
about 0.58 nm with g(r) value of 1.04, which is far smaller than that of
other water-containing systems. The different effects of water on the
RDF between EG — CHCl3 and RAMEB — CHCl3 may be due to the fact
that EG is miscible with water, while RAMEB is only partially miscible
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with water. When water is added to the REG — CHCl3 system, the water
destroys the original structure of SUPRADES and drives more slightly
water-soluble CHCl3; molecules to concentrate around RAMEB
molecules.

As shown in Fig. 9(c), the first two peaks for four water-containing
systems are near 0.34 nm and 0.50 nm, respectively. The g(r) values
of both peaks decrease with increasing water content. This phenomenon
suggests that increasing water content weakens the interaction between
water and CHCls. It can be seen from Fig. 9(d) that the strong peak of C1
of CHCl3 — CHCl3 is located at around 0.53 nm, while the separation
distance for other water-containing systems are shorter and the peak are
stronger. This result indicates that, adding water to the REG — CHCl3
system promotes the aggregation of CHCl3 molecules.

4.8.5. Spatial distribution function (SDF) analysis

Spatial distribution function is a 3-dimensional distribution of a
molecule (or of an atom of a particle) in local coordinate system around
a tagged one [59,60]. The distribution and interaction areas of mole-
cules in the system can be vividly displayed through SDF analysis.

The SDFs of RAMEB - EG — CHCl3 and RAMEB - PG — CHClj3 systems
are presented in Fig. 10. It is interesting to note that the RAMEB mole-
cule embraces green isosurface which represents CHCl3 molecule (see
Fig. 10(a)). This inclusion phenomenon is further verified by the
Figure S4, where some CHCl3 molecules are located in the cavity of CD
molecules. These observations could explain why the P value of CHCl3 is
lower in REG than in EG. That is, CD promotes the absorption of CHCl3
by forming inclusion complexes with CHCls. Similarly, for the RAMEB-
PG-CHCl3 system, there is a green isosurface in the center of CD mole-
cule, indicating the encapsulation of CHCl3 by the CD (see Fig. 10(b)). As
shown in Fig. 10(c), the EG molecule is surrounded by cage-shaped

(c)

(d)

Fig. 10. SDFs of RAMEB - EG — CHCl3 and RAMEB - PG — CHCl; systems, where mass fraction of CHCl; is 7.0%. SDFs of CHCl; around RAMEB in RAMEB - EG
system (a); CHCl3 around RAMEB in RAMEB - PG system (b); CHCl; around EG (c); RAMEB and EG around CHCl3 (d). Orange isosurface: EG; green: CHCls; red:
RAMEB. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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green isosurface, but there is no green isosurface opposite the hydrogen
atom of the hydroxyl group. Opposite the oxygen atoms of the two hy-
droxyl groups of the EG molecule, there is a strip-shaped isosurface,
indicating that there may be C-H---O interaction between EG and CHCls.
This speculation is also supported by phenomenon in Fig. 10(d), where a
large orange isosurface is located opposite the hydrogen atoms of CHCl3
and only a small isosurface is opposite the chlorine atoms. There are
some sparse red isosurfaces behind the orange isosurface, demonstrating
that the separation distance between EG and CHClj is shorter than that
between CD and CHCl3. All large isosurfaces are on the hydrogen side of
CHClg3, illustrating that CHCl3 molecule tends to interact with REG
through its hydrogen atom.

5. Conclusion

In this study, the strategy of VOCs absorption using new SUPRADES
was systematically evaluated from vapor-liquid experiment to MD
simulation. The density and viscosity of prepared SUPRADES and
organic solvents were measured experimentally and compared. The re-
sults suggest that REG, RTEG and RBA have good fluidity. The partition
coefficients data of six VOCs in water, SUPRADES and organic solvents
were obtained by SH-GC analysis. It was found that P values of most
VOCs in three diol-based SUPRADES (i.e., REG, RPG, RBUOL) are
significantly smaller than those in their corresponding diols. Especially,
the combination of RAMEB and EG significantly improves the absorp-
tion ability of EG, even making REG the most efficient absorbent for the
capture of CHCl3 and limonene.

The obtained formation constants for RAMEB/VOCs inclusion com-
plexes in water demonstrate that the interaction between RAMEB and
CHCl3 is stronger than that of DCM and DCE. Besides, the high formation
constant of RAMEB/limonene (2716 M™!) reflects the excellent
complexation ability of RAMEB with limonene. By studying key factors
affecting the absorption process, we found that increasing the concen-
tration of VOCs in the gas phase, lowering the absorption temperature
and reducing the water content can be effective ways to reduce the P
value of VOCs in absorbents. The regeneration test shows that the CHCl3
absorption ratio of REG was maintained around 99 %, highlighting its
high absorption efficiency and stability.

The molecular insights into the relationship between SUPRADES
structures and absorption behavior was obtained from MD simulation.
The HBs between CD and EG hinders the aggregation of neighbor CDs,
helping CDs form stable and homogeneous solvent with EG. The inter-
action energy analysis demonstrates that van der Waals force contrib-
utes the most to the absorption of CHCl3 by REG. The result of self-
diffusion coefficient shows that REG provides the most favorable diffu-
sion environment for CHCl3 compared with RPG and RBUOL, which is
consistent with viscosity data. Finally, the RDF analysis was used to
vividly displayed the 2-dimensional molecule distribution of SUPRADES
systems and SDF analysis verifies the formation of RAMEB-CHCl3 in-
clusion complexes in absorption process.

All in all, we have clearly demonstrated that some SUPRADES,
composed of RAMEB and diols (i.e., EG, PG), can be high-performance
solvents for VOCs absorption. It should be noted that this study may
provide new insights into understanding the physical absorption of
various gases (i.e., SOz, CO3) in SUPRADES, not limited to VOCs.
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