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ABSTRACT: Absorption is one of the most important treatment
technologies for the removal of volatile organic compounds (VOCs)
from tail gases, yet the separation of the absorbents and VOCs
remains challenging because of concerns related to environmental
impact and large energy requirements. Herein, we explored an
absorption and desorption process using N,N-dimethylcyclohexyl-
amine (CyNMe,) as a representative switchable-hydrophilicity
solvent (SHS) and toluene as a representative VOC. The results
showed that in comparison to common absorbents, CyNMe,
exhibits excellent toluene absorption performance. Desorption
efficiencies of toluene from CyNMe, of up to 94% were achieved
by bubbling CO, at 25 °C, and separation efficiencies of CyNMe,
from water up to 90% were achieved by bubbling N, at 60 °C. Even
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after five absorption—desorption cycles, the toluene absorption capacity of CyNMe, was comparable with that of the fresh
absorbent, suggesting that CyNMe, retains its absorption capacity. We demonstrate an innovative and reversible remediation
strategy of VOCs based on SHSs, and the results indicate that SHSs can be used as an alternative to common absorbents for the
removal of VOCs to reduce environmental pollution and energy consumption.

1. INTRODUCTION

Volatile organic compounds (VOCs) are important precursors
of atmospheric secondary organic aerosols.”” These com-
pounds are emitted into the atmosphere from a wide range of
industries, such as chemical, petrochemical, pharmaceutical,
food processing, pulp and paper, color printing, and painting
industries.” It was estimated that in China alone, approximately
10—20 Tg per year of VOCs are released into the atmosphere
from anthropogenic sources, with 80% of the emission sources
associated with coke and crude oil production and refining.*
Generally, these industrial waste gases contain a high
concentration of VOCs. For example, coke oven gas contains
about 38 g/m’ of benzoles (benzene 55—80%, toluene 11—
22%, and xylene 2.5—6%; data from Kunming Coke Maker
Factory, China). VOCs can enter the human body through the
skin and respiratory system and cause temporary and
permanent damage to the lungs, blood, liver, and other
organ systems.” Therefore, advanced treatment technologies
and methods to control atmospheric VOC pollution are
urgently needed.

There are many available techniques to control the emission
of VOCs, such as activated carbon adsorption, condensation,
liquid absorption, membrane separation, incineration or
thermal oxidation, catalytic oxidation, and biological treat-
ments, each of which has disadvantages and limitations under
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different conditions.”’ Biological treatments, catalytic oxida-
tion, incineration, and thermal oxidation techniques can easily
destroy the structures of VOCs. In nondestructive technology,
condensation is usually used in combination with compression,
adsorption, and absorption. For membrane separation
technology, membranes are costly. For adsorption, adsorbent
regeneration is complex and can cause secondary pollution.
Absorption, in which a contaminated gas is brought in contact
with a liquid solvent, is one of the most frequently used
technologies for the removal of VOCs from industrial waste
gases because it is simple, easy to operate, and has reported
removal efficiencies as high as 98%, especially for hi§h—
concentration VOCs,® and the absorbents can be reused.”'’ A
crucial aspect of this treatment method is the selection of a
suitable absorbent: several common solvents have been used as
absorbents for the removal of volatile contaminants, for
example, washing oil (WO), vegetable oil,'' mineral oil,"
silicon oil,"*™"* diesel oil,'® dimethyl sulfoxide,'” polyglycols,"®
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Figure 1. (A) Overall process for the absorption and desorption of VOCs using SHS as the absorbent; (B) details of the switchable desorption and
regeneration steps in the process. VOC-containing gas is fed into the absorber (1) where the VOCs are absorbed by the SHS. The liquid from the
absorber (1) is then sent into the desorber (2) and mixed with recovered water from tank (5). CO, from vessel (7) is sparged into the liquid
mixture in the desorber (2) to achieve the separation of VOCs from the SHSs; then the aqueous phase solution containing SHSs and water is
transported into separator (4) and is bubbled with N, to separate the SHS from the water. The red circle in Figure 1A is the process of desorption,

the details of which are shown in Figure 1B.

alkyl-phthalates, and alkyl-adipates.'”*° Distillation is com-
monly used to regenerate these absorbents.”’ However, this
process yields relatively low recovery rates, consumes
considerable amounts of energy, and can cause environmental
damage.

In 2010, Jessop and co-workers first reported a solvent that
could be removed from hydrophobic matter without
distillation, which was possible because the solvent could be
reversibly switched from being hydrophobic to hydrophilic.”’
They named these types of solvents switchable-hydrophilicity
solvents (SHSs). An SHS is a solvent that can be made, upon
application of a trigger, to reversibly switch back and forth
between two states, one of which is poorly miscible with water
and the other that is completely miscible with water.”' ™
Because CO, is nontoxic, benign, inexpensive, and easily
removable, it is preferred as the trigger for the switching
processes. We therefore hypothesized that SHSs could be used
as absorbents to treat industrial gases containing VOCs and
could be regenerated, with contaminant removal, without
distillation. However, to our knowledge, use of SHS as
absorbents for the removal of organic waste gases has not been
reported so far. Consequently, a new method of removing
VOCs was proposed based on the characteristics of SHSs. A
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schematic of the reversible absorption process based on SHSs
is shown in Figure 1.

To test the feasibility of this new method for the removal of
VOCs by SHSs, a series of experiments was conducted to
examine the absorption, desorption, and recycling of SHSs for
the removal of VOCs. N,N-Dimethylcyclohexylamine
(CyNMe,) and benzyldimethylamine (BDMA) were used as
representative examples of the many known SHSs**** to verify
the feasibility of switchable absorption because of their
commercial availability, low toxicity, and high boiling point.*”
These two SHS are water-miscible in the presence of CO, but
largely water-immiscible in the absence of CO,. Moreover,
WO was used as a representative traditional absorbent'' to
compare with the two SHSs. Toluene was chosen as a
representative VOC because it is a common toxic compound”*
with low solubility in water.”> Although toluene might not be
representative of the alkane portion of VOCs, it may be
suitable as a model to test the absorption/catalytic perform-
ances of many new environmental materials.'”*® The main
goals of this study were (i) to determine the VOC absorption
capacities of typical SHSs and compare them with those of
more traditional absorbents; (ii) to determine Henry’s law
constants (E) and activity coefficients (y) of the VOCs in the
presence of SHSs, compare them with those of more
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traditional absorbents, and investigate the absorption kinetics
of VOCs by typical SHSs; (iii) to study the desorption of
VOCs from mixtures of VOCs and SHSs; and (iv) to
determine the VOC absorption capacities of the regenerated
SHSs.

2. MATERIALS AND METHODS

2.1. Chemicals. Chemicals, suppliers, and purities are listed
in Text S1 of the Supporting Information.

2.2. Absorption. The absorption experiment equipment
contained three sections: a gas mixing section to prepare the
simulated waste gas, an absorption section, and an analysis
section (Figure S1). The simulated gas was prepared using a
bubbling method”* ™’ because of its simplicity and ability to
obtain a broad range of concentrations. VOC gases were
prepared with N, as the bubbling and diluting gas in the VOC
generator (100 mL), and the desired concentrations (2.6—42
g/m?) were obtained by altering the N, flow rate, which was
controlled by an intelligent flowmeter (DSN100CD, Dong-
guan De Xin Electronic Technology, Ltd. China). The
experiments were performed with a total gas flow rate of 430
mL/min. Gas flow lines were constructed from Teflon tubing
(3 mm OD). The VOC generator and absorber were placed in
a temperature-controlled water bath to control the exper-
imental temperature in the range of 20—55 °C. Within this
temperature range, no obvious changes in the volumes of the
absorption solutions were observed. Prior to the absorption
experiments, the VOC gas from the generator was prepared for
over 1 h until its concentration was constant.

The absorption of VOCs was performed in a glass absorber
(31 mm OD X 250 mm height) with a porous glass
distribution plate (8 mm OD X 250 mm length) that was
immersed in the liquid absorbent to produce an even
distribution of bubbles in the absorber. The absorbent (20
mL) was added to the absorber in a temperature-controlled
water bath. The desired VOC/N, mixtures from the VOC
generator were fed into the absorber at a flow rate of 430 mL/
min. The VOC gas concentrations at the inlet and outlet were
determined by in-line gas chromatography (GC, automatic six-
way valve). The concentration of VOCs in the liquid phase,®
C.(t), can be determined by

2 (Cout = fCone )
C(t) = —=(Cout— [/ C dt
L( ) VL G,in' G,out (1)
where Qg (m?/s) is the gas flow rate, Vi (mL) is the absorbent
volume, Cg, (g/m?) and Cg o, (g/m?) are the inlet and outlet
concentrations of the VOC in gas flow, respectively, and ¢
(min) is the absorption time.

2.3. Determination of Henry’s Law Constants and
Viscosities. In this study, headspace GC was employed to
determine the Henry’s law constants of toluene in different
absorbents, which is an effective method for acquiring such
constants according to previous studies.”® The experiments
were carried out in 40 mL headspace vials. Initially, to achieve
various ratios of gas and liquid volumes, different volume
standard solutions of toluene absorbents (5.1 g/L) were added
into vials. The vials were placed into a shaker for 10 h to reach
vapor/liquid equilibrium at a series of temperatures (three
times each, in parallel). The equilibrium gas concentration of
toluene was determined by GC (GC522, Shanghai Wu Feng)
equipped with a flame ionization detector (FID). The GC
column was a 3 m X 3 mm 10% OV-101 (Ouni Instrument
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Technology Co. Ltd., Shanghai). The GC operating conditions
are as follows: the column, injector, and detector temperatures
were set at 180, 200, and 230 °C, respectively, and the flow
rates of carrier gas (N,), hydrogen, and air were 35, 405 and 40
mL/min, respectively. The dimensionless Henry’s law
constants were obtained by averaging the concentrations of
toluene at different ratios in the gas and liquid phases. The
liquid equilibrium concentration of toluene was calculated
from the conservation of mass equation

Cf = (CW, — CZX;VG)/VL ()

where Ci (g/m’) and C% (g/m®) are the equilibrium
concentrations of toluene in the liquid and gas in the vial,
respectively, Cs (g/m?) is the concentration of the standard
solution of toluene, and V; (mL) and V (mL) are the liquid
and gas phase volumes, respectively.

The viscosities were determined using an NDJ Series digital
viscometer (Bonsi Instrument Technology (Shanghai) Co.
Ltd.). The speed was 60 rpm, and the temperature was set to
20 °C.

2.4. Determination of Mass Transfer Coefficients. The
gas/liquid mass transfer of VOCs in the absorbents was carried
out in a double-stirred reactor (60 mm in diameter) with four
vertical baffles and two stirring blades, and the area of gas/
liquid mass transfer was 2.64 X 107> m® (Figure S2 in the
Supporting Information). The double-stirred reactor had a
gas/liquid interface that was planar to a close approximation,
which is an effective method for the determination of mass
transfer coefficients for pollutants in absorbents at a gas/liquid
interface.””** The experimental setup included three sections,
an organic gas generation system to prepare the simulated
waste gas, a double-stirred absorption section, and an analysis
system. The preparation method of the simulated gas was
similar to the absorption experiments. Prior to each run, an
external reactor jacket was used to maintain the desired
temperature by circulating a constant temperature fluid from a
temperature-controlled water bath. The liquid and gas stirring
speeds were 130 and 250 rpm, respectively. The VOC vapor
(15.73 g/m?) was carried by 150 mL/min of N, through the
reactor at different temperatures. The total pressure was set to
1 atm, and the inlet and outlet gas pressures were measured
using a U-type pressure gauge. After 30 min, the absorbent was
added to the rector, and the volume of the absorbent was
maintained at 230 mL. The VOC concentrations in the inlet
and outlet gas were analyzed using a GC—FID analyzer
(automatic six-way valve).

2.5. Desorption. 2.5.1. Desorption of VOC from SHS by
Bubbling CO,. Pure water (10 mL) and standard solutions of
toluene in CyNMe, (10 mL) were placed in a graduated
cylinder, which was capped with a septum. A porous glass
distribution plate (3 mm OD X 300 mm length) was inserted
into the bottom of the aqueous phase. Additionally, a small
needle was inserted into the septum to allow the gases to
escape. Various constant CO, flow rates were used. CO, was
bubbled into the mixture until the volume of the upper phase
was approximately constant. The desired temperature (20—55
°C) was maintained during the experiments, and the effects of
temperatures on the volume changes of desorption systems can
be neglected. A 1 yL sample of the toluene that separated from
the mixtures was inserted into a headspace vial (40 mL, three
times in parallel). After 20 min, a 0.5 mL headspace sample
was removed from the vial and injected into the GC—FID with
a gas-tight syringe.
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Figure 2. Comparison of toluene absorption of SHSs with common absorbents. 430 mL/min N carried 2.7 g/m* (A) and 27 g/m® (B) of toluene

into 20 mL of absorbent at 25 °C.

The desorption efficiency (Dygjyene) Of toluene was calculated
as the amount of toluene collected in the upper layer divided
by the total amount of toluene, which was calculated using the
concentration and volume of the standard solution. In the
desorption studies, the recovery of toluene was measured until
the upper mixture volumes were nearly constant. The equation
of the desorption efficiency of toluene in the mixture was
defined as follows

Cg X Vgs X (Vigy/Vgs) X (Vypper/ Vis)
CsVs

D X 100%

(3)

where Cg (g/m?) and Cg (g/m®) are the concentrations of the
headspace sample and standard solution of toluene,
respectively; Vg (mL), Viyy (mL), and Vig (mL) are the
volumes of the headspace sample (0.5 mL), headspace vial (40
mL), and toluene that separated from the mixtures and was
inserted into a headspace vial (1 uL), respectively.

Molecular dynamics (MD) simulation was used to study the
desorption process of toluene from SHSs. The simulated
model was constructed by placing CyNMe,H"/toluene
mixture on a water slab to form oil/water interfaces, which
represents the state of CyNMe,/toluene system after CO, was
introduced. The simulations were performed using Gromacs
package®® with the GROMOS force field.*® The configurations
from the MD results were calculated by quantum mechanics
(QM), and the intermolecular configurations were optimized
using density functional theory at the B3LYP/6-31g* level with
Gaussian 16 package.”” Weak interaction analysis for the
optimized configurations was performed using Multiwfn
software.”® The reduced density gradient was plotted against
the electron density p(r), and the gradient isosurfaces were
visualized using VMD software.””

2.5.2. Recovery of SHS from Mixtures by Bubbling N,. We
also performed experiments to explore the separation of
CyNMe, from the water phase. Mixtures (20 mL) of CyNMe,
(10 mL) and pure water (10 mL) were placed in a graduated
burette, which was capped with a septum. A porous glass gas
distribution tube (3 mm OD X 300 mm length) was inserted
into the bottom of the aqueous phase. Additionally, a small
needle was inserted into the reaction tubes to allow the gases
to escape. Prior to each run, a cooling jacket was fit to the top

‘toluene —

of the burette to condense steam and decrease the volume
losses. Initially, a single-phase mixture of CyNMe, and pure
water was obtained by bubbling CO, (30 mL/min, 60 min), as
previously reported by Jessop et al.>* To achieve the separation
of CyNMe, from the mixture, various constant N, flow rates
were used for the experiments (measured with a DSNS00CD
intelligent flow meter). N, was bubbled through the mixture
until the volume of the upper phase was approximately
constant. The temperatures (25—60 °C) were controlled for all
experiments. No obvious effect of temperature was observed
on the volume of the carbonated CyNMe, solutions. The
equation for the recovery efficiency of CyNMe, from the water
phase was defined as follows

‘/upper
Repane, = — 2% X 100%
CyNMe, (4)
where V... (mL) and Ve, (mL) are the volume of

CyNMe, in the upper phase and the initial volume of CyNMe,
(10 mL).

2.6. Recycling of SHS. CyNMe, recovered as described in
Section 2.5 was used to conduct recycling experiments. In the
recycling experiments, the preparation method of the
simulated gas and the experimental processes were the same
as described in Sections 2.3 and 2.5. Because some CyNMe,
was lost during each absorption and desorption process, fresh
makeup CyNMe, was added to the absorber to maintain a
constant volume (20 mL) of CyNMe, after the first cyclic
absorption experiment. The experiments were carried out in a
25 °C water bath, and the inlet concentration of toluene was
27 mg/L.

3. RESULTS AND DISCUSSION

3.1. Absorption Performance of SHSs toward
Toluene. Figure 2 shows the gas concentration of toluene at
the outlet of the absorber in the presence of different
absorbents. Under a relatively low inlet concentration of
toluene (2.7 g/m?), the saturated absorption capacities of
toluene in the presence of CyNMe,, BDMA, and WO were
determined to be 12.3, 13.3, and 14.6 g/L, respectively. The
absorption capacities of toluene in the SHSs were comparable
to that in WO. When nitrogen containing a high concentration
of toluene was bubbled through CyNMe,, BDMA, and WO,
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Figure 4. Effect of temperature on the loss of absorbent. 430 mL/min N, was bubbled into 20 mL CyNMe,.

the saturated absorption capacities of toluene in CyNMe,,
BDMA, and WO were determined to be 71.7, 74.9, and 93.7
g/L, respectively, indicating that the absorption capacities of
toluene in SHSs are slightly lower than those in WO. These
results also indicate that at a relatively high toluene
concentration (27 g/m’), WO displayed a good toluene
absorption capacity, 25.1 and 30.7% greater than those of
BDMA and CyNMe,, respectively. Nevertheless, the recycling
of WO may be an issue because it does not possess switching
properties like SHSs that can be separated from toluene and
recycled without distillation by a simple process of bubbling
CO,/air to alter the hydrophilicity/hydrophobicity of SHSs.*'
Considering that advantage, the SHSs may be a better choice
for the absorption of toluene at its typical initial concen-
trations.

To explore the effects of operating conditions on the toluene
absorption capacity, CyNMe, was used as a representative SHS
because of its comparable absorption capacity with BDMA

257

(Figure 2) and lower toxicity than BDMA.>* As the inlet gas
toluene concentration was increased from 2.7 to 42.7 g/ m?, the
absorption capacity of CyNMe, for toluene increased
dramatically, ranging from 12.3 to 136.7 g/L,coments
respectively (Figure 3). Thus, it can be inferred that the
absorption capacity of CyNMe, was enhanced by the relatively
high inlet toluene gas concentrations.

As shown in Figure S3, the outlet gas concentration of
toluene increased as the temperature was increased from 25 to
4S °C, indicating that the absorption capacity of CyNMe,
decreased at a high absorption temperature. For example, at a
low absorption temperature (25 °C), the time required to
reach absorption saturation was more than 550 min at C;, = 2.7
g/m® and the absorption capacity of CyNMe, was 12.3 g/L,
while at a higher temperature (45 °C), the time to saturation
was less than 150 min and the absorption capacity significantly
decreased to 2.4 g/L. The thermodynamic parameter Gibbs
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Table 1. Henry’s Law Constants for Different Solute/Absorbent Systems

absorbent temperature (°C) H x 10~* (dimensionless) H¢ x 1073 (atm-L/mol) E x 1072 (atm)
CyNMe, 25 2.12 + 0.06 5.18 + 0.14 2.86 + 0.10
30 3.10 + 0.02 7.70 £ 0.51 4.22 + 0.03
35 5.27 £ 0.22 13.3 + 0.54 7.28 + 0.30
40 7.46 + 0.18 19.1 + 0.47 10.0 + 0.27
45 10.1 + 0.08 26.3 + 0.21 13.7 £ 0.01
BDMA 25 2.67 + 0.14 6.52 + 0.34 3.64 + 0.20
30 5.61 + 0.36 13.9 + 0.89 7.53 +£ 0.53
35 8.47 + 0.12 214 + 0.31 11.3 + 0.20
40 13.3 £ 0.35 34.1 + 0.89 17.7 £ 0.59
45 20.7 £ 0.22 54.0 + 0.58 28.3 + 0.28
WO 25 243 + 0.10 5.94 + 0.25 3.02 + 0.14
30 4.01 + 0.01 9.96 + 0.02 5.09 + 0.03
35 7.00 + 0.15 17.7 + 0.38 8.92 + 0.19
40 10.7 + 0.29 27.5 + 0.76 13.5 £ 0.37
45 16.0 = 0.29 41.7 £ 0.75 22.2 + 0.61

free-energy change (AG) was calculated to explore the
absorption process of CyNMe, by the following equations
AH AS

InK;= —=— + =>

RT R ()

AG = AH — TAS (6)

where K; (C;/Cg) is the distribution coefficient of toluene in
liquid phase and gas phase, AH and AS are the enthalpy and
entropy changes of absorption process, respectively, and R is
the universal gas constant (8.314 J/mol/K). As indicated by
Table S1, the values of AG in the temperature range 25—45 °C
are negative, indicating that the adsorption is thermodynami-
cally spontaneous. However, lower temperatures are beneficial
for absorption because of the more negative AG values. These
results indicate that the absorption capacity of CyNMe, was
suppressed at higher absorption temperatures, suggesting that
higher temperatures are unfavorable for absorption.

Loss of some of CyNMe, in the absorption process may
occur due to evaporation and bubbling at various temper-
atures. Thus, the loss of CyNMe, in the absorption process of
toluene was investigated. As shown in Figure 4, as the
temperature was increased from 25 to 45 °C, the loss of
CyNMe, increased from 1.6 to 3.4 g, accounting for 9.7 and
20.1%, respectively. These results indicated that a relatively
high temperature condition facilitated the loss of CyNMe, in
the absorption process. Thus, to maintain the absorption
efficiency and reduce the loss of CyNMe,, some measures
should be taken, such as condensation, increasing the height of
the absorption device, or selecting a less volatile SHS.

3.2. Henry’s Law Constants of Toluene in SHSs and a
Conventional Absorbent. According to previous studies,
the values of the Henry’s law constant reflect the relative VOC
absorption performances of the absorbents.’*” Therefore, to
explore the specific absorption processes, vapor/liquid
equilibrium experiments (the measurement of Henry’s law
constant) of the absorption system were performed. Table 1
lists the values of the Henry’s law constants determined at
different temperatures. As indicated by Table 1, the Henry’s
law constants for toluene in the three absorbents were
significantly influenced by the temperature. The temperature
dependence of the Henry’s law constant can be described by
the van’t Hoff equation”

InH=A-B/T (7)
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where the constants A and B are determined by regression
analysis. The linear relationships between In H and 1/T for
toluene in various absorbents are shown in Figure S4. Linear
relationships between In H and 1/T were observed (R* > 0.98,
p < 0.05) for the different absorption systems, suggesting that
the van’t Hoff equation fit the data well, and the values of A
and B obtained from the regression are summarized in Table
S2.

The data in Table 1 show that under different temperatures,
the values of Henry’s law constants for toluene in these two
SHSs are slightly lower than those for toluene in WO.
Moreover, the Henry’s law constants in the SHSs at 25 °C
were also low compared to most traditional absorbents
(phthalates, polyethylene, silicon oil, and polyethylene glycol)
as indicated by Table S3. This may partly explain the high
absorption capacity of the SHSs relative to these many
common absorbents (Table S3). To further understand the
high absorption capacity of the two SHSs, we compared the
values of the activity coefficient (y) with those of common
absorbents (Table S3), where the values of y for the absorption
systems were obtained by eq S7 (Text S2.1). According to
previous studies, activity coefficient (y) is a characteristic
thermodynamic equilibrium parameter that reflects the
interaction between toluene and the absorbent. As listed in
Table S3, a y value of an absorbent lower than unity
corresponds to a more favorable thermodynamic equilibrium,’
which indicates that the absorbents have greater trapping
capacities (Text S2.2), and thus the SHSs have greater
absorption capacities. In addition, the lower viscosities (1) of
the SHSs compared to other absorbents promote absorption in
the SHSs by enhancing the gas/liquid mass transfer rate. From
these observations, it can be concluded that the values of
Henry’s law constants, activity coeflicients, and viscosities
determine the absorption capacity of SHSs for toluene.

3.3. Mass Transfer Characteristics of Absorption
Process. A double-stirred reactor was used to determine the
liquid phase (K;) and gas phase (Kg) mass transfer coefficients
of the SHS absorption systems for toluene. The values of K,
and Kg at 30 °C were determined to be 3.51 X 107° m/s and
1.85 X 107* mol/(m*s-atm) using eqs SIS and S20 (Text
§2.3), respectively. Therefore, combining these with the
Henry’s law constant, the liquid film resistance, and the gas
film resistance, one can calculate Ho/K; (2.19 m*s-atm/mol)
and 1/Kg (5.41 X 10° m?*s-atm/mol), revealing that 1/Kg >
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H¢/Ky. Thus, the gas film resistance controls the absorption
process of toluene in SHSs. For physical absorption, the
control of the gas and/or liquid film can be estimated by an
empirical formula.*’ When pHc/MP > 0.2, the process is
controlled by the liquid film, and when p;H-/M;P < 5 X 107%,
the process is controlled by the gas film. In these equations, p;
(kg/m?) is the density of soluble gases at the actual operating
temperature, M, (g/mol) is the toluene gas molecular weight,
and P (kPa) is the total pressure of the gas phase. The
calculated results, p,Ho/MP = 3.097 X 107* (and therefore <5
X 107%), indicates that the mass transfer resistance mainly
exists in the gas film, which controls the entire absorption
process. This result is consistent with the experimental results,
confirming that the absorption process was dominated by gas
film resistance.

As the temperature was an important factor affecting the
absorption process, its effect on mass transfer was also
investigated (Table 2). The gas- and liquid-phase mass transfer

Table 2. Gas- and Liquid-Phase Mass Transfer Coeflicients
at Various Temperatures

temperature (°C) Ky, x 107 (m/s) Kg X 107 (mol/(m?-s-kPa))

28 3.64 1.92
30 3.51 1.85
35 3.31 1.74
40 3.16 1.66
45 297 1.56

coefficients decreased with increasing absorption temperature.
The dependence of the mass transfer coeflicient on the
temperature was determined by a linear regression using the
data shown in Table 2. The correlation coefficient test showed
that the logarithm of mass transfer coefficient (In K; and In
Kg) and 1/T have a linear relationship (R* = 0.99, p < 0.05).
Thus, the influence of the absorption temperature on the gas-
and liquid-phase mass transfer coeflicients can be described by
the following equations at constant pressure.

—3x 10T +5x%x10°°

Ky

(8)

)

3.4. Separation of VOCs and Recovery of SHS. It was
reported previously that SHSs can be reversibly switched from
being hydrophobic to hydrophilic by bubbling CO, through
the solvent. To test whether the mixture of SHS and VOC can
be efficiently separated, a switching experiment with CO, as a
trigger was performed. As shown schematically in Figure 1B,
the mixture of CyNMe, with toluene was separated upon
mixing with carbonated water into two layers, where the upper
layer was toluene and the lower layer was a mixture of
CyNMe, (as its bicarbonate salt) and carbonated water. After
removal of the toluene-rich phase, the aqueous phase
(carbonated water and CyNMe,) separated into two layers
upon N, being bubbled through the mixture, where the upper
layer was primarily CyNMe, while the lower layer was mostly
water. The following desorption experiments were conducted
to test this postulation and to optimize the operation
conditions on the separation efliciency of toluene/CyNMe,.

3.4.1. Desorption of Toluene from SHS by Polarity
Switching of SHSs via CO,. As listed in Table 3, there is a
notable separation of CyNMe, and toluene when treated with
water and CO,, and the desorption efficiency of toluene was up

Kg=-2x10°T +7x107°
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Table 3. Efficiency of Desorption of Toluene from CyNMe,
Using CO, and Water under Different Conditions”

CO,
desorption of bubbling time consumption
parameters toluene (%) (min) (mL
CO, Flow Rate
(mL/min)
45 97.7 S0 2250
30 93.7 60 1800
15 93.0 118 1725
Temperature (°C)
20 92.5 80 2400
25 93.7 60 1800
35 92.9 70 2100
45 89.3 85 1951
5§ 73.7 105 3150
Toluene
Concentration
(/L)
65 92.8 75 2250
130 93.7 60 1800
260 92.0 85 2550
“Volume Ratio
(Lmix/Lup)
10:50 96.0 45 1350
10:25 93.7 Ny 1500
10:16.7 93.0 50 1500
10:12.5 93.9 5SS 1650
10:10 93.7 60 1800
CO, Purity (%)
100 93.7 60 1800
90 91.5 65 1950
80 89.1 70 2100
NY 80.3 80 2400
10 65.7 150 4500
S 53.2 195 5850
1 48.2 210 6300

“Unless otherwise stated, CO, (100% purity, 30 mL/min) was
bubbled into the mixtures of water (10 mL) and 10 mL of standard
solution containing CyNMe, and toluene (130 g/L) at 25 °C. °L,./
L,, represents the volume ratio of mixed standard solution to pure
water.

to 93.7%, which verifies the feasibility of the desorption
process by CO, control. Subsequently, we performed experi-
ments to probe the effects of optimal conditions on the
desorption efficiency of toluene in CyNMe, by varying the
CO, flow rate, CO, purity, desorption temperature, volume
ratio of mixtures to water, and toluene concentration. The
desorption efficiencies of toluene in the mixtures versus the
CO, flow rate for 50 min experiments are listed in Table 3.
The desorption efficiencies of toluene were found to be
approximately 97.7, 93.7, and 93.0% for CO, flow rates of 45,
30, and 15 mL/min, respectively, implying that a high CO,
flow rate promotes the desorption of toluene in the mixed
system. Although the desorption efficiency of toluene at 45
mL/min was the highest of the three flow rates, the amount of
CO, consumption was also the highest. In addition, the
desorption efficiencies of toluene with CO, flows at 30 and 15
mL/min were nearly equal, while the desorption time required
at 15 mL/min was much longer. We concluded that the CO,
flow rate at 30 mL/min was the most economical for the
desorption processes, and hence, a 30 mL/min CO, flow rate
was used in the subsequent experiments.
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Figure S. (a) Configuration from MD simulation. CyNMe,, CyNMe,H", toluene, and water are shown in violet, green, black, and red, respectively.
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Figure 6. Comparison of the recovery of CyNMe, from carbonated water under various N, flow rates at 40 °C. N, was bubbled into a single-phase
mixture of CyNMe, (10 mL) and ultrapure water (10 mL) that had been previously carbonated by bubbling of CO, (30 mL/min, 60 min) at 25

°C.

Table 3 also lists the effect of temperature on the desorption
of toluene from CyNMe, in the range of 20—55 °C. As the
temperature was increased from 20 to 5SS °C, the desorption
efficiency of toluene generally decreased. It is known that an
increase of temperature accelerates the volatilization of toluene
and leads to a decreased amount of toluene obtained, which
might explain the decrease in the desorption efficiency of
toluene. Moreover, amine group bicarbonates”>*”** are not
stable and decompose easily at high temperatures, leading to
reduced formation of bicarbonates,** poorer toluene desorp-
tion, and likely greater losses of CyNMe, to the toluene phase.
Therefore, high temperatures are not conducive to the
separation of toluene and CyNMe,. Based on the desorption
time and CO, consumption at different temperatures, we
concluded that the temperature of 25 °C was the best for
desorption, and this desorption temperature was chosen for
subsequent experiments.

As can be seen in Table 3, at different initial concentrations
of toluene, the desorption efficiencies of toluene were
comparable. Nevertheless, at 130 g/L of toluene, the
desorption process had a relatively short desorption time and
low CO, consumption, indicating that this concentration was
beneficial for the desorption of toluene from CyNMe,. The
effect of the proportions of the mixtures and water on the
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desorption process of toluene was investigated (Table 3).
Upon increasing the mixture to water ratio (L,,;,/L,,), the
desorption efliciencies of toluene were similar, but the
bubbling time and CO, consumption increased slightly.
However, the consumption of water decreased at high mixture
to water ratios (Lm-lx/Lup), leading to decrease of wastewater
production. Thus, we concluded that a high ratio of the
mixture to water is preferred for the desorption process.

We also performed experiments to examine the effects of
CO, purity on the desorption of toluene by altering the flow
proportion of N, and CO,. As indicated by Table 3, the
desorption efficiency of toluene from CyNMe, increased with
the increase of CO, purity. For example, when 100% CO, was
used, the desorption efficiency of toluene was determined to be
93.7%. However, even if the purity of CO, was only 1%, this
was sufficient to switch the polarity of CyNMe,, resulting in
the desorption of toluene as high as 48.2%. This indicates that
a broad spectrum of purities of CO, can be used as triggers to
switch the polarity of CyNMe, in production and practical
applications.

The desorption process mechanism for toluene from
CyNMe, was probed by MD simulation. It can be seen from
Figure Sa that CyNMe,H" spontaneously entered the aqueous
water phase from the organic phase, resulting in the separation
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of toluene and CyNMe,. During this separation process, we
observed that CyNMe,H" was initially adsorbed at the oil/
water interface forming an adsorption layer prior to entering
into the aqueous phase, indicating that CyNMe,H" would bind
with toluene molecules through different interaction modes in
this adsorption layer. Consequently, we selected the config-
urations from the MD results for further QM calculation. As
shown in Figure Sb, noncovalent interaction occurred between
CyNMe,H"* and toluene, which can be attributed to the
alkyl—7z interactions. Moreover, cation—7 interactions formed
between the CyNMe,H" headgroup and the toluene aromatic
ring also exist. However, these weak interactions cannot
prevent the phase transfer of CyNMe,H* from the organic
phase to the aqueous phase because of the great hydrophilicity
of the [CyNMe,H"][HCO;] salt. Therefore, CyNMe,
partitions into the aqueous phase and therefore separates
from toluene upon addition of CO, as a trigger.

3.4.2. Recovery of SHS from the Aqueous Phase upon
Removal of CO,. To recover CyNMe, from the carbonated
CyNMe,/water mixed solution, N, was bubbled through the
mixture to remove CO, and change the hydrophilic
[CyNMe,H*][HCO,; ] salt back into hydrophobic CyNMe,,
which caused the mixture to split into two liquid phases as
shown in Figure Sa. As shown in Figure 6, the recovery
efficiency of CyNMe, increased with the increase of N, flow
rate from 50 to 150 mL/min. For N, flow rates of 100 and 150
mL/min, the recovery efliciencies of CyNMe, were com-
parable. Despite the somewhat short desorption time at 150
mL/min, the consumption of N, was considerable (Figure 6).
Thus, we conclude that a N, flow rate of 100 mL/min was the
best for the desorption process of CyNMe,.

A previous study found that the separation of CyNMe, and
water can also be achieved by heating.”> We conducted
experiments to investigate the effects of temperature on the
desorption process. The effect of temperature on the recovery
of CyNMe, in water (Figure SS) showed that the final recovery
of CyNMe, at high temperatures was greater than that at low
temperatures. Moreover, at high temperatures, the consump-
tion of N, and the desorption time decreased dramatically.
Consequently, it can be concluded that elevated temperatures
significantly accelerate the desorption process, presumably
because mass transfer of CO, out of the liquid mixture is
accelerated and the rate of decomposition of amine
bicarbonates increases.”””’

3.5. Absorption Performance of Recovered SHS
toward Toluene. Recycling absorption experiments were
performed to evaluate the absorption capacity of the recovered
CyNMe,. The absorption capacity of recovered CyNMe,
slightly decreased with increasing number of cycles (Figure
7). After five absorption—desorption cycles, the absorption
capacity had decreased by 10.3% compared to that of fresh
CyNMe,. This indicates that CyNMe, is a good reusable
absorbent for the removal of VOCs. Since the CyNMe,
recovered contained a certain amount of water,** the effect
of water on the absorption capacity of CyNMe, recovered was
investigated (Text S2.4). The results showed that the
absorption capacity decreased with the increase of water
content in CyNMe, (Figure S6). With 13.8% water content,
for instance, the absorption capacity was found to be 66.2 g/
L pbsorbeny Which is 8% lower than that of fresh CyNMe, (71.7
8/Lbsorbent). The water content may therefore be responsible
for the lower absorption capacity of recovered CyNMe,
compared to fresh CyNMe,.
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Figure 7. Effect of multiple cycles of CyNMe, on its absorption
capacity for toluene at 25 °C. 430 mL/min N, carried 27 g/m3
toluene absorbed by 20 mL of CyNMe, that was recovered using
water, CO, (30 mL/min, 25 °C), and N, (100 mL/min, 60 °C).

The amount of water in CyNMe, carried into each cycle is
controlled by the solubility limit of water at the temperature of
the decarbonation step of the preceding cycle. For this reason,
the water content will level out at a constant value after a few
cycles rather than continue to climb. The water content can be
reduced, if needed, by raising the temperature of the
decarbonation step or by pretreating the wet (i.e, water-
containing) recycled CyNMe, with CO, before use in the next
cycle in order to trigger a separation of the water from the bulk
of the amine.

If wet CyNMe, is exposed to a waste gas stream that
contains CO,, then much of the water in the amine is expelled
from the organic liquid phase. This was demonstrated by
bubbling 10 wt % CO, in N, gas mixture through a solution of
8.1 wt % water in CyNMe,. A small aqueous phase, about 10%
of the total liquid volume, separated from the organic phase
and could be easily decanted.

The longevity of the amine is important to consider before
commercial application of this technology. Decomposition
should be avoided not only because of the loss of absorbent
but also because the secondary amines that result from
decomposition may convert to carcinogenic nitrosamines. In
CO,-capture processes, for example, the chemical decom-
position of the amine is a significant problem. The amines used
in such processes are ethanolamines, which typically
decompose by loss of acetaldehyde (eq 10).

Me,NCH,CH,0H — Me,NH + CH,CHO (10)

However, CyNMe, is not an ethanolamine and is therefore
incapable of decomposing in this way. Additionally, the
temperatures used in the toluene absorption process are
significantly lower than those used in the regeneration stage of
CO, capture processes. For both reasons, the rate of
decomposition of CyNMe, should be significantly lower than
that observed in CO,-capture processes.

3.6. Engineering Implications. This study found that the
SHS CyNMe, exhibited an excellent absorption performance
for toluene compared to many common organic absorbents,
and CyNMe, can be regenerated by bubbling CO, to alter the
polarity of the SHS. It was reported that an organic absorbent
should have the following properties to be attractive for an
industrial process:'”** (i) a high absorption capacity, (ii) a low
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viscosity and a high diffusion coefficient, (iii) a low vapor
pressure to reduce the loss of absorbent by stripping and to
prevent possible air pollution, (iv) no toxicity or fire or
explosion risks, and (v) a low cost. As indicated by Table S3,
CyNMe, is less viscous than traditional absorbents, which is
indicative of good diffusion ability. For the vapor pressure,
Vanderveen et al.** reported that most SHS are less volatile
than the two common VOCs, toluene and hexane, which may
reduce the risk of worker exposure even if the acute toxicity
(oral, rat) is greater than that of toluene and hexane. In
addition, CyNMe, has a significantly higher flash point (43
°C) than toluene (4 °C) and hexane (—22 °C), indicating that
the SHS is much safer than the two solvents. As for the cost of
CyNMe,, its price per kilogram (¥882) is comparable to or
higher than many common absorbents according to the quoted
price from J&K Scientific (https: //www.jkchemical.com/CH/
Index.html). For example, the price per kilogram of CyNMe, is
slightly lower than those of diisodecyl phthalate (¥990) and
silicone oil (¥984) and is higher than those of WO (¥30), di(2-
ethylhexyl) adipate (¥448), diisobutyl phthalate (¥Y448),
diisobutyl phthalate (¥184), and polyethylene glycol 400/300
(¥483/580). Based on these discussions, CyNMe, may be an
alternative to common absorbents for organic waste gas. Other
inexpensive SHSs exist, having even higher flash points and
lower toxicity than CyNMe,. They have not yet been evaluated
for this application, but such screening of a range of SHS
would be an important step before application of this
technology.

In engineering practice, the cost for absorption of organic
waste gas includes the costs of the absorbents themselves, the
absorption process, and the process for the separation of the
absorbents from the absorbed VOCs. In a comparison of
traditional absorbents versus SHSs, the key difference is the
process for separating the absorbents from the captured VOCs.
In the case of traditional absorbents, the separation of
absorbents is typically realized by distillation of the mono-
phasic mixture of absorbents and VOCs. This distillation
process is energy intensive and may lead to the release of
volatile compounds into environment, resulting in secondary
pollution. However, for the SHSs, the mixture of absorbents
with VOCs can be separated by simply bubbling CO, at
ambient temperature in the presence of water (Figure 1B). All
things taken together, despite the relatively high cost of the
SHSs, the SHS-based absorption process may be preferable
considering the simple absorbent separation processes and the
relatively low pollutant release. Of course, to guarantee
compliance with emission standards related to the release of
volatile pollutants during the separation processes, it may be
even better to combine the SHS-based absorption process with
advanced oxidation processes (e.g., photocatalysis, catalytic
oxidation, and adsorption).*’

In industrial practice, the use of air or nitrogen may not be
the preferred method of stripping the CO, from the
carbonated water because of the cost of recovering the CO,
from the resulting gas mixture. Steam stripping or other
nondiluting methods of removing CO, from water would likely
be preferred because the recovered gas would not then be
diluted by another gas, facilitating the recycling of CO, and
thereby greatly reducing the consumption of gases.

The key advantage to this unusual absorbent is that, in
contrast to most liquid absorbents for VOCs, SHS such as
CyNMe, can be used as absorbents and regenerated without a
distillation step, which may avoid the key disadvantages related
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to distillation including high energy consumption and low
recovery rates. In terms of the absorption capacities of fresh
and recycled CyNMe,, the recovery efficiency of CyNMe,, and
the thermodynamic equilibrium parameters, CyNMe, proved
to be a suitable absorbent for the removal of VOCs from gas.
The absorption capacities of SHSs are comparable to those of
many common absorbents. Many absorption conditions (e.g.,
initial concentration of toluene, flow rate of N,, and
temperature) can impact the absorption capacities of SHSs
for VOCs. A low Henry’s law constant was beneficial for the
absorption of SHSs for VOCs. The desorption experiments
demonstrated that in a mixture containing SHSs, VOCs, and
water, VOCs were easily separated from the mixture upon
bubbling of CO,. The resulting aqueous stream containing
SHSs and water could be separated upon bubbling of N,. The
SHS absorbents can be reused even after five absorption—
desorption cycles. Thus, SHSs are attractive for the removal of
VOCs from industrial exhaust gases.

Although some operating parameters in the industrial
absorption—desorption scale, such as volumetric energy input
and space velocity, have not been determined in current
laboratory conditions, this study provides evidence that the
developed reversible absorption process based on SHSs is
feasible for removal of VOCs, and the mixture of SHSs and
VOC:s can be separated simply by altering the polarity of SHSs.
In addition, for the high vapor pressure portion of VOCs (e.g.,
alkane), the reversible absorption system may be modified by
screening for more suitable SHSs and/or combining with
catalytic/condensed technology. Further optimization of the
reversible absorption—desorption process parameters for
industrial exhaust gases will be carried out in a future study.

4. CONCLUSIONS

In terms of the absorption capacities of fresh and recycled
CyNMe,, the recovery efliciency of CyNMe,, and the
thermodynamic equilibrium parameters, CyNMe, proved to
be a suitable absorbent for the removal of VOCs from gas. The
absorption capacities of SHSs are comparable to those of many
common absorbents. Many absorption conditions (e.g., initial
concentration of toluene, flow rate of N,, and temperature) can
impact the absorption capacities of SHSs for VOCs. A low
Henry’s law constant was beneficial for the absorption of
VOCs by SHSs. The desorption experiments demonstrated
that in a mixture containing SHSs, VOCs, and water, VOCs
were easily separated from the mixture upon bubbling of CO,.
The resulting aqueous stream containing SHSs and water
could be separated upon bubbling of N,. The SHS absorbents
can be reused even after five absorption—desorption cycles.
Thus, SHSs are attractive for the removal of VOCs from
industrial exhaust gases.
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