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A B S T R A C T   

Ionic liquids (ILs) are promising alternative solvents for traditional organic compounds using selective separa-
tion. However, some environmental risks of ILs, resulting in a limitation of their applications in industry. In this 
work, the stability of ILs into multi-channel tubular ceramic membranes (ILM) provides a promising way to 
realize the use of ILs with environmental damages reducing. This novel process has been investigated for toluene 
removal from a toluene/air gas mixture based on 1-butyl-3-imidazolium bis(trifluoromethylsulfonyl)amide 
([Bmim][NTf2]) as a liquid sorbent. In addition, the effects of operating conditions on toluene separation were 
studied and discussed by experiment and modeling. The absorption capacity of toluene by the ILM on proposed 
operating conditions was around 224.74 mg per gram of the ionic liquid. The support ceramic membrane can 
effectively prevent ILs leakage from causing secondary waste and ensure longtime operation. Regeneration of 
polluted ILM was available.   

1. Introduction 

Volatile organic compounds (VOCs), as a class of organic substances, 
are involved in several environmental pollutions and health damages. 
For example, the VOCs emission in the atmosphere causes environ-
mental problems such as greenhouse effect, photochemical smog, and 
ozone depletion. For human health, VOCs are absorbed by the respira-
tory system, causing brain and liver damages [1–3]. It is necessary to 
reduce the emission of VOCs into the atmosphere. The current processes 
of VOCs abatement include destructive and recovery processes. Besides, 
recovery processes are more environmental-friendly. VOCs emissions 
control can be carried out in recovery processes such as adsorption on 
porous materials [4,5], membrane separation [6–8], condensation 
[9,10], and absorption by conventional solvents [11,12]. The selection 
of an efficient VOCs treatment process mainly depends on the concen-
tration and flow rate of pollutants and the nature of compounds. 
Adsorption and absorption processes can treat much higher ranges of 
concentration and flow rate of pollutants than others [13]. Design and 
synthesis of porous materials for adsorption of VOCs such as metal 
organic frameworks [14–16], porous polymers [17–19], zeolites 
[20–22] and active carbon [23–26], has been extensively studied. 

However, this process may be limited when the gas flow with humidity. 
The presence of humidity has a noticeable impact on the adsorption of 
gases and volatiles [27–29]. Besides, because the moisture in the gas 
could block adsorption sites, it could be difficult to reuse the adsorbent 
[30]. The absorption process is the most simple and efficient for VOCs 
removal. In the absorption process, selecting an appropriate liquid 
absorbent is the key factor in achieving an effective and green separation 
process. Traditional organic solvents show the disadvantages of their not 
negligible volatility. A new solution, the addition of a nonaqueous sol-
vent, has been found to enhance affinity for the solutes [30,31]. For 
example, silicone oils, solid polymers, and n-alkanes are widely used. 

Recently, ionic liquids (ILs) have attracted wide attention as poten-
tial solvents to replace volatile organic solvents. The most important 
feature of ILs is the fact that they can dissolve both organic and inorganic 
compounds. Bedia et al. [30] confirmed that imidazolium-based ILs 
show better absorption capacities of toluene according to analyzing 272 
types of ILs. As Table 1 shown, Rodriguez Castillo et al. [32] summarized 
the influence of the anion and cation structure of the IL on the toluene 
affinity. The type of anion, as a key factor, influences the solubility of 
ILs, and the length of the alkyl chain of the cation is also significant. 
Moreover, Gutel et al. [33] confirmed the interaction between toluene 
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and the imidazolium-based IL, 1-butyl-3-imidazolium bis(tri-
fluoromethylsulfonyl)amide ([Bmim][NTf2]), from NMR and molecular 
simulations. Results showed that toluene is closer to the methyl group at 
the end of the butyl chain of [Bmim][NTf2], resulting in relatively weak 
pi-interactions between aromatic substrates and the imidazolium ring of 
the IL. Moreover, the presence of H-bonding between the C2-H and the 
anion in the [Bmim][NTf2] generating a stronger association which re-
sults in toluene could not cleave the H-bond. 

In this study, the imidazolium-based ionic liquid ([Bmim][NTf2]) 
was used as the absorbent solution and combined with a tubular ceramic 
membrane for the absorption of VOCs from a gas stream. The porous 
ceramic membrane acts as a contacting device between the gas and 
liquid phase. The separation of the target gas (VOCs) relied on the sol-
ubility of the gas in the solvent (selected IL). Among VOCs, toluene is 
one of the most widely used gases in the industry [34,35]. Therefore, 
toluene, as a typical aromatic hydrocarbon, was captured as a model of 
VOCs. 

2. Materials and methods 

2.1. Vocs removal process 

Toluene (100 ppm) – air mixture was purchased from Linde (Lyon, 
France). [Bmim][NTf2] was purchased from Solvionic (Toulouse, 
France) without further purification. The ILM is a multi-channel ceramic 
membrane combing with ILs (Fig. 1). The support porous ceramic 
membrane was purchased from Alsys Society (Salidares, France). For 
this feasibility study commercial membrane was used. The influence of 
channel geometry on the ILM final separation performance is an inter-
esting research topic but not develop in this paper as by Ghidossi et al. 
[36] for liquid filtration. The coating of the support membrane is a 
fluoropolymer that is conventionally used for the ends of the micro- 
ultra-nanofiltration membranes. A molecular weight cut off (MWCO) 
of 1 kDa ceramic membrane was used (1 Da = 1 g L− 1 or a pore size less 
than 1 nm) that ensures ILs could not enter the pores. The stainless-steel 
carter is used to stabilize ILM and connect the system. The VOCs sensor 
(Ametek Mocon) is a photoionization detector (PID sensor), and the 
accuracy of this sensor is ±10%. The method to prepare an ILM has been 
described in the previous study [37]. 

Different concentrations of toluene with different flow rates were 
generated by the gas dilution system purchased from Omicron tech-
nologies (Eybens, France). As shown in Fig. 2, in the thermostatically 
controlled chamber, there are two ways for the gas mixture. First, the 
mixed gas goes to VOCs sensor to check gas sensor performance. Second, 
the mixed gas passes through the ILM and then goes to VOCs gas sensor 

to investigate the ILM performance. The toluene concentration inlet 
keeps constant, and the outlet is measured every second by VOCs sen-
sors. When the toluene concentration outlet is equal to that inlet, the 
ILM reaches its saturation absorption. Desorption experiments carry out 
with continuous dry air with absorption operating conditions. Desorp-
tion is complete in all the cases, that is, most of the toluene absorbed is 
desorbed at the absorption temperature without heating or vacuum. In 
order to compare the performance of the ILM for gas absorption, the 
variation of outlet concentration versus time was studied. The mass of 
gas absorbed by the ILM can be calculated by the following equation: 

mabsorbed =

∫ t

0
Qg(Cin − Cout)dt (1)  

where Qg is the flow rate (L min− 1), mabsorbed is the amount of absorbed 
by ILM (mg), Cin and Cout are the inlet and outlet concentration of 
toluene in the gas flow (mg L− 1), t is the time (sec). 

2.2. Mathematical treatment 

The process of gas absorbed by the ILM could be described with two 
steps (Fig. 3). In step 1, gas molecules move from the vapor phase, pass 
through channel walls of the support membrane, and then be absorbed 
on the surface of ILs. During this step, we make the assumption that only 
surface sorption occurs (Langmuir model) [38,39]. In step 2, gas mole-
cules move from the surface to the bulk ILs, and diffusion takes place (1D 
diffusion model) [40,41]. In fact, during step 2, the surface absorption 
and diffusion occur simultaneously. For simplification, the surface 
sorption was neglected for the whole step 2 process. Because the gas 
absorption from vapor to the surface is much faster than the diffusion, 
the gas sorption is mainly controlled by diffusion. 

2.2.1. Langmuir adsorption model (Step 1) 
The Langmuir model reflects the monolayer sorption, and the 

adsorbed layer is one molecule in thickness [42,43]. Langmuir refers to 
homogeneous adsorption and an equilibrium saturation point where 
once a molecule occupies a site, no further adsorption can occur 
[44–46]. Assumptions of the model are following: i) the surface con-
taining the adsorbing sites is a perfect flat plane without corrugations; ii) 
the gas adsorbs into an immobile state; iii) all sites are equivalent; iv) 
each site can hold at most one molecule; v) there are no interactions 
between adsorbate molecules on adjacent sites. The gas vapor sorption 
by almost all of the ILMs as the function of time during the initial part is 
approximately linear [38]. In this case, a constant absorption rate (kL) 
was assumed for the whole first step process. It means linear absorption 
kinetics was proposed for surface sorption step. The equation is 
expressed as 

Ce
/

Qe = 1
/

Qm × Ce + 1
/(

kL,1 × Qm
)

(2)  

Ce = C0 − Ct (3)  

Qe = kL × t+Q0, t ≤ t0 (4)  

where kL,1 is the Langmuir adsorption rate constant related to the 
adsorption energy; Ct is the concentration of gas outlet of the ILM at each 
time (mg L− 1); Ce is the adsorbed concentration of gas by IL surface at 
each time (mg L− 1); C0 is the initial gas concentration, which is constant 
in this system (mg L− 1); Qe is the amount of target gas absorbed at each 
time (mg); Qm is the max amount of target gas absorbed at saturation 
(mg); Q0 is the quality of residual in ILM (mg); kL is the adsorption rate 
(mg sec− 1); t is time (sec), t0 is the time-dividing point (sec), which 
depends on the IL types and process conditions. 

2.2.2. One-dimensional (1D) diffusion model (Step 2) 
The 1D diffusion model was proposed to determine the binary 

diffusion for a gas dissolving into an IL, and the volume of the IL is 

Table 1 
The influence of the anion nature and cation structure of the IL on the toluene 
affinity [32].  

Parameter Influence on the toluene affinity 

Influence of the anion [NTf2] > * [PF6] and [NfO] 
Influence of the cation 

core 
[Iq] with no ether function > [Morph] and [Triaz] >
[im] 

–CH3 in the alkyl chain + with [NTf2] and imidazolium cation 
− with [PF6] and imidazolium cation 

–CN in the alkyl chain − with [NTf2] and imidazolium cation 
Ether in the alkyl chain ROC2H7 > ROCH3 except with morpholinium cation  

Fig. 1. The photos of the ILM and the stainless-steel carter [37].  
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constant during the process [41,47,48]. The basic assumptions of the 
model are following: i) no phase changing occur; ii) for one experiment 
the temperature and pressure remain constant (once gas dissolving 
occur, the system pressure and the IL density are constant); iii) the IL-gas 
system is a dilute solution where the thermophysical properties remain 
constant; iv) gas dissolves through a vertical diffusion process. 1D mass 
diffusion can be expressed as follows: 

∂C/∂t = D × (∂2C/∂z2) (5)   

initial condition: C = C0, when t = 0, and 0 < z < L; 
boundary conditions: C = Cs, when t > 0, z = 0; 

∂C/∂z = 0, at z = L. 
The quantity of gas dissolved at a specified time is the total mass of 

dissolved gas in the IL and not the mass profile in the z-axis. The mass of 
dissolved gas at a given time can be express: 

Cm = Cs × [1 − 2(1 − C0/Cs) ×
∑∞

n=0
exp

(
− λ2

n × D × t
)/

L2 × λ2
n], t > t0

(6)  

where Cm is mass of target gas absorbed by per gram of ILs at each time 
(mg-toluene g-IL− 1), C0 is the initial concentration (Qm in Step 1) (mg- 
toluene g-IL− 1), Cs is the saturate mass of target gas absorbed by per 
gram of ILs (mg-toluene g-IL− 1) (Cm ≤ Cs), D is the diffusion coefficient 
of gas vapor in the selected IL at operational conditions (m2 s− 1), t is 
time (s), L is the height of IL in one channel of ILM (m) (Fig. 4). λ = (n +
1/2)*π/L (n = 15 for convergence, the summation in Cs will less than 
10− 12): this equation is an infinite summation, only initial time periods 
are sufficient in applications [47]). 

It should be mentioned that the support membrane is nonwetted, 
which means pores of the support membrane full of gases. The toluene 
sorption by the ILM as a function of time during the first period (step 1) 
is approximately linear (Qe = kL × t + Q0, t ≤ t0). During step 2, the 
diffusion of toluene into the IL depended on the physicochemical 
properties (e.g., viscosity and solubility of the IL) and operating condi-
tions (e.g., temperature). Based on this hypothesis, the step 2 (Cm = Cs ×

[1 − 2(1 − C0/Cs)×
∑∞

n=0exp
(
− λ2

n × D × t
)/

L2 × λ2
n ], t > t0) is much 

slower than step 1 (a linear function). Because the toluene adsorbing 
from the gas phase to the surface is fast compared to the diffusion in the 
liquid phase, the toluene sorption is mainly controlled by diffusion. The 
time used in the two steps varies for different gases and ILs. 

The gas diffusion coefficient in ILs can be described as following the 
Wilke-Chang equation [30]: 

Dgas− IL = 7.4 × 10− 8 × (∅ × MIL)
0.25

× T/μIL × Vgas
0.6 (7)  

where Dgas-IL is the diffusivity (m2 s− 1), T is the temperature (K), MIL is 
the molar mass of the IL (g mol− 1), µIL is the viscosity of IL (mPa s), Vm is 
the molar volumes (cm3 mol− 1), ∅ is the association parameter (∅ =1, 
because IL acts as unassociated solvents). 

Fig. 2. The schematic diagram of VOCs removal process.  

Fig. 3. Proposed two steps sorption mechanisms for gas sorption by the 
ILM [38]. 

Fig. 4. The diagram of liquid sorbents height in the ILM.  
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3. Effects of operating parameters on toluene absorption by the 
ILM 

In this study, the selected IL was used as a physical absorbent to 
capture toluene from the gas stream. The ceramic membrane acts as a 
support membrane. The absorption performance of toluene by the ILM 
was investigated by studying the influences of variable operating pa-
rameters, including the concentration of toluene inlet, flow rate, system 
pressure and temperature. Moreover, the sorption mechanism for 
toluene absorption by ILMs on different operation conditions was dis-
cussed. Toluene absorption by ILMs was simulated with two steps model 
following simulations: i) absorption of toluene by the IL is a physical 
absorption process; ii) the diffusion coefficients of toluene into the 
selected IL were calculated by the Wilke-Chang equation [30]. The 
modeled results were obtained by nonlinear regression fitting experi-
mental data at given operating conditions. 

3.1. Effect of the concentration of toluene inlet 

Fig. 5 showed the effects of the initial concentration of toluene on the 
absorptivity at 1.07 atm, 20 ◦C and a flow rate of 0.30 L min− 1. Increased 
inlet concentration enhances membrane uptake of toluene for the same 
time before the membrane saturated. According to Fig. 5(a), the ab-
sorption process can be divided into two stages. First, toluene passes 
through the porous support membrane very fast. This stage was 
exhibited that the toluene concentration outlet of the ILM increasing 
rapidly. Second, the absorption went to a slow stage, which showed in 
the concentration outlet of ILM increasing slowly. At the experiment 
stop time (Fig. 5(b)), the ILM at 50 ppm of toluene almost reached a 
relatively stable stage, whereas the same ILM at 70 ppm still had a clear 
rising trend. In the gas–liquid absorption process, a toluene film (gas 
phase) and an IL film (liquid phase) were formed on the interface based 
on two-film theory [49]. Toluene must pass through these films to be 
dissolved into the bulk IL. The concentration gradient of the interface 
was increased with toluene concentration increasing due to higher 
concentration providing a higher driving force. This effect was favorable 
for the toluene absorption in an IL. When temperature and pressure were 
constants, the absorption capacity of toluene should be the same for the 
same quantity of [Bmim][NTf2]. Therefore, higher concentration inlet 
resulted in more quantity of toluene reached the bulk IL and was 
absorbed during the same time. It should be mentioned that the ILM 
under 50 ppm absorbed toluene very slowly compared to under 70 ppm 
at the experiment stop time. Normally, higher toluene concentration in 
the gas phase was high results a higher concentration in liquid phase 
own to vapor–liquid equilibrium. There are two other assumptions 
proposed based on this result: i) the ILM under 50 ppm stop absorbing 
toluene at experiment stop time, but not all IL worked during this pro-
cess: the IL in the center of channels might not absorb toluene; ii) the 
ILM under 50 ppm of toluene still absorbing toluene at experiment stop 
time, but the absorption rate was very slow, which could not be 

exhibited clearly on the figure. For the surface adsorption (step 1), 
toluene molecules passed through the porous ceramic membrane and 
reached the IL surface. As Table 2 shown, a higher concentration of 
toluene inlet resulted in a faster surface adsorption rate (kL) because of a 
higher driving force provided. Therefore, it was clear that the first step 
took a long time with lower concentration inlet. For gas diffusion into 
the liquid phase (step 2), this step was the rate control step. The diffu-
sion coefficient was a key parameter for the second step. According to 
the Wilke-Chang equation, the diffusion coefficient of toluene into ILs 
was influenced by the temperature and pressure [30]. From Fig. 5(b), 
the modeled results were fitted well on experimental results, and it 
demonstrated that the diffusion coefficient was not affected by con-
centrations. It was observed that ILM absorbed toluene much faster with 
higher concentration inlet, because the increasing concentration of 
toluene inlet, the mass transfer resistance of the liquid phase was 
reduced. In conclusion, the absorption performance of ILM with higher 
concentration inlet was better. Considering the measuring range of 
VOCs sensor used, 70 ppm of toluene inlet was selected for the optimized 
experiment. 

3.2. Effect of gas flow rate 

The effect of different flow rates from 0.10, 0.15 to 0.30 L min− 1 was 
studied. The flow rate of gas passing was measured by a digital flow-
meter in the input and output of the ILM. The values are similar. From 
Fig. 6(a), there was a distinct downtrend for the concentration of the 
toluene outlet with the acceleration of the flow rate. This result indi-
cated that absorptivity significantly influenced by the contact time be-
tween the toluene and the IL. At high flow rate, toluene may be blown 
out without fully contacting with the IL. From the total mass of toluene 
absorbed by ILM as a function of time (Fig. 6(b)), during the same time 
and before the ILM saturation, the membrane with a higher flow rate 
absorbed more quantity of toluene. The higher flow rate could enhance 
the toluene absorption rate because of the higher mass of the toluene 
inlet (higher concentration gradient) during the same time. The surface 
adsorption parameters from the Langmuir model were shown in Table 3. 
It observed that the surface sorption rate was enhanced with a higher gas 
flow rate. For our ILM geometry, the influences of the quantity of 
toluene inlet have a dominant role compared to contact time reduction. 
Therefore, the time consumption of surface adsorption was greatly 
reduced. It was confirmed that the toluene adsorption rate was increased 

Fig. 5. (a) Effects of inlet toluene concentration on ILM absorption performance; (b) Mass of toluene absorbed by ILM with different inlet toluene concentration. 
([Bmim][NTf2], The concentration of toluene inlet = 50 / 70 ppm, Flow rate = 0.30 L min− 1, P = 1.07 atm, T = 20 ◦C). 

Table 2 
The surface sorption parameters of different concentrations inlet.  

Concentration 
(ppm) 

Mass of toluene 
inlet (mg 
min− 1) 

kL Qm (mg- 
toluene g- 
IL− 1) 

t 
(min) 

R2 

70  0.085  0.0012  0.17  2.33  0.990 
50  0.063  0.0004  0.11  4.50  0.992  
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with flow rate increasing from 0.10 to 0.30 L min− 1. The diffusion co-
efficient of toluene was not affected by the gas flow rate based on 
simulated results. During the same time and before the ILM saturation, a 
higher flow rate inlet resulted in higher mass absorbed. 

3.3. Effect of pressure 

Pressure for the gas phase is a crucial factor for ILM due to the 
gas–liquid absorption mechanism. Experiments were performed on the 
ILM in the operating conditions of 20 ◦C, gas flow rate of 0.30 L min− 1, 
pressure from 1.07 to 1.17 atm. The experimental results were (Fig. 7) 
showed that pressure significantly influenced the mass transfer. The 
membrane flux depended on the mass transfer coefficient and the 
driving force (△P) [50]. When increase pressure, the driving force was 
increased, thus membrane flux boosted. As operating conditions, for one 
same ILM, the absorption capacity was constant due to the same quan-
tity of the IL used. According to the mass of toluene absorbed by the ILM 
under different pressures, higher pressure brought a faster absorption 
rate owing to reaching the same absorption capacity of the ILM at a 
shorter time consumed. Therefore, higher pressure has a positive effect 
on toluene absorbing by the ILM. From Fig. 7(b), higher pressure pro-
vided a higher driving force, which pushed the more quantity of toluene 
into the IL bulk. For surface adsorption (step 1), Table 4 showed that the 

higher pressure increased the surface sorption capacities, but the sorp-
tion rates kept constant. The ILM took a longer time in surface adsorp-
tion with a higher pressure. However, it was inversed in diffusion. For 
diffusion (step 2), Fig. 7(b) gave the tendency of toluene gas diffusion 
into [Bmim][NTf2] bulk with different pressures. When P = 1.17 atm, at 
the beginning of diffusion, the modeled line was not in good agreement 
with the experimental result: it could be the reason that higher pressure 
results over-saturated surface adsorption and excessed toluene vapors 
cannot be diffusion into the bulk IL efficiently. Therefore, parts of 
toluene vapors desorbed from the surface of the IL and exit [51]. When 
the pressure increased 0.10 atm (from 1.07 to 1.17 atm), for the same 
duration, the absorption mass increased from 129.46 to 219.07 mg- 
toluene g-IL− 1 with the slightly increasing of diffusion coefficient. 
Higher pressure has a positive effect on toluene removal by the ILM 
based on experimental and modeled results. However, it should not be 
ignored that the increasing pressure also could push the IL into porous of 
the ceramic membrane resulting in leakage. In this work, it is impossible 
for the IL to enter the porous of the ceramic membrane: the critical 
pressure of the porous membrane can be calculated based on the Young- 
Laplace equation [52]. According to the contact angle between the IL 
and the ceramic membrane, surface tension of the IL and pore size of the 
ceramic membrane, the critical entry pressure is very large (higher than 
10 atm). Among all experiments, the operating pressure was lower than 
the critical entry pressure, which indicated that the IL could not enter 

Fig. 6. (a) Effects of different flow rates on ILM absorption performance; (b) Total mass of toluene absorbed by ILM with different flow rates. ([Bmim][NTf2], The 
concentration of toluene inlet = 70 ppm, Flow rate = 0.10 / 0.15/ 0.30 L min− 1, P = 1.07 atm, T = 20 ◦C). 

Table 3 
The surface sorption parameters of different flow rates.  

Flow rate (L 
min− 1) 

Mass of toluene 
inlet (mg min− 1) 

kL Qm (mg- 
toluene g- 
IL− 1) 

t 
(min) 

R2  

0.10  0.028  0.0003  0.15  8.33  0.983  
0.15  0.042  0.0004  0.14  5.83  0.982  
0.30  0.085  0.0012  0.17  2.33  0.986  

Fig. 7. (a) Effects of different pressures on ILM absorption performance; (b) Mass of toluene absorbed by ILM with different pressures. ([Bmim][NTf2], The con-
centration of toluene inlet = 70 ppm, Flow rate = 0.30 L min− 1, P = 1.07 / 1.12 / 1.17 atm, T = 20 ◦C). 

Table 4 
The surface sorption parameters of different pressures.  

Pressure 
(atm) 

Mass of toluene 
inlet (mg min− 1) 

kL Qm (mg- 
toluene g-IL− 1) 

t 
(min) 

R2  

1.07  0.085  0.0012  0.17  2.33  0.990  
1.12  0.089  0.0012  0.19  2.63  0.989  
1.17  0.093  0.0012  0.21  2.91  0.990  
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the porous of the ceramic membrane. 

3.4. Effect of temperature 

Temperature is a key factor in removal efficiency for toluene removal 
by the ILM. The effect of temperature was investigated from 20 to 60 ◦C. 
From Fig. 8(a), there was no significant effect of temperature on toluene 
removal by the ILM in our testing range. However, from Fig. 8(b), the 
amount of toluene absorbed by the ILM increased with decreasing 
temperature. The temperature has a negative effect on toluene removal, 
which has been confirmed by several studies [30,53,54]. This is agreed 
by Henry’s law that solubility of gases usually decreases with increasing 
temperature. Faghihi-Zarandi et al. [55] showed that the absorption 
capacity was increased from 0 to 20 ◦C. For the temperature range from 
20 to 60 ◦C, the toluene removal efficiency and absorption capacity by 
ILs were a little bit reduced by temperature increasing. However, when 
temperature increased from 60 to 120 ◦C, the toluene absorption ca-
pacities by ILs was decreased sharply because the physical interactions 
between toluene and the IL such as hydrogen bonds and hydrophobic 
interaction were decreased in high temperature. Moreover, some phys-
ical properties of ILs were strongly influenced by temperature. For 
example, for a pressure of 1 atm, increasing temperature from 20, 40 to 
60 ◦C could reduce the viscosity of [Bmim][NTf2] from 62.0, 27.8 to 
15.1 mPa s respectively. Furthermore, a higher viscosity (lower tem-
perature) resulted in a lower gas diffusion coefficient and consequently, 
higher liquid phase mass transfer resistance [51,56–58]. 

From Table 5, the surface sorption parameters showed that the sur-
face equilibrium concentration was slightly increased. At the same time, 
the surface adsorption rate also enhanced with temperature increasing 
due to the toluene molecular motion increasing. From the gas diffusion 
into liquid bulk (step 2), it is observed that the effect of temperature on 
toluene absorption was negative. When the temperature increased from 
20 to 60 ◦C, the diffusion coefficient was increased while the absorption 
capacity (gas solubility) was decreased. The differences in the toluene 
concentration outlet of the ILM over the testing temperature range were 
not large because the temperature effect on toluene removal was 
limited. The influence of gas solubility plays a dominant role. Therefore, 
the optimized temperature selected should consider based on both gas 
solubility and the viscosity of the liquid sorbent. 

4. Toluene absorbed by the ILM: The case of optimal conditions 

According to the above results, the toluene absorbed by an ILM at 
proposed operating conditions was studied on the experiment. The 
proposed operating conditions are the concentration of toluene (Ctoluene) 
in gas stream = 70 ppm, Flow rate = 0.10 L min− 1, Pressure = 1.17 atm, 
Temperature = 20 ◦C. From Fig. 9(a), the concentration of the toluene 
outlet of the ILM increased with time going. Around 32 h, the concen-
tration of the toluene outlet was stable at the range from 63 to 64 ppm. 

Considering the accuracy of the VOCs sensor (±10%), the ILM could be 
regarded as saturation. In addition, as Fig. 9(b) shown, the mass of 
toluene absorbed increased 0.22 mg-toluene g− 1 of the IL from 31 to 32 
h (1 h). While this value only increased 0.04 mg-toluene g− 1 of the IL 
from 32 to 33 h (1 h). Furthermore, from 33 to 64 h (31 h), the mass of 
toluene absorbed by the ILM was 0.05 mg-toluene g− 1 of the IL. These 
results also demonstrated the ILM was near saturation. 

The modeled results (Fig. 9(b)) were agreed experimental results, 
both surface adsorption (Step 1) and diffusion (Step 2). From the insert 
figure (step 1), the surface adsorption rate (kL) was 0.0008, which was 
higher than 0.10 L min− 1 gas flow rate and 1.07 atm (kL = 0.0003) but 
lower than 0.30 L min− 1 gas flow rate and 1.17 atm (kL = 0.0012). This 
result indicated that the gas flow rate played a relatively important role 
than the system pressure. The surface equilibrium concentration (Qm) 
was 24.96 mg-toluene g-IL− 1. For gas diffusion into the bulk IL (Step 2), 
the diffusion coefficient (Dtoluene-IL) was 4.12*10− 11 m2 s− 1, which was 
the same with 1.07 atm and 20 ◦C because this value was depended on 
temperature and pressure. At proposed operating conditions, the ILM 
needed 31.47 h to reach its saturation, and the saturated mass of toluene 
captured by the ILM was around 224.74 mg g− 1 of [Bmim][NTf2]. Wang 
et al. [54] studied results showed that the toluene absorption capacity by 
[Bmim][NTf2] was 140 mg g− 1 of the IL at 20 ◦C and 1 atm. Moreover, 
Bedia et al. [30] indicated the toluene absorption capacity of [Bmim] 
[NTf2] was around 210 mg g− 1 of [Bmim][NTf2] at same operating 
conditions based on both experimental data and computational analysis. 
From this work, the toluene absorption capacity was 224.47 mg g− 1 of 
the selected IL, which is in agreement with Bedia’s research. Thus, the 
[Bmim][NTf2] is a promising liquid sorbent for toluene removal. 

5. Conclusion 

Recently, ILs are attracting more and more attention to gas separa-
tion due to their excellent properties. However, some studies underlined 
that there are some environmental risks of ILs, which limits their ap-
plications in industrial processes. The ILM provides a new pathway to 
prevent ILs from environmental risks in gas separation processes. Based 
on the high absorption capacities, [Bmim][NTf2] was selected as an 
absorbent combining with a ceramic membrane for toluene removal. In 
addition, the ILM was investigated by experiment and modeling based 
on different operating conditions, including the concentration of toluene 

Fig. 8. (a) Effects of different temperatures on ILM absorption performance; (b) Mass of toluene absorbed by ILM with different temperatures. ([Bmim][NTf2], The 
concentration of toluene inlet = 70 ppm, Flow rate = 0.30 L min− 1, P = 1.07 atm, T = 20/40/60 ◦C). 

Table 5 
The surface sorption parameters of different temperatures.  

Temperature 
(℃) 

Mass of toluene 
inlet (mg min− 1) 

kL Qm (mg- 
toluene g- 
IL− 1) 

t 
(min) 

R2 

20  0.085  0.0012  0.17  2.33  0.990 
40  0.079  0.0013  0.20  2.50  0.995 
60  0.075  0.0015  0.22  2.45  0.991  
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inlet, gas flow rate, system pressure and temperature. A comprehensive 
two steps model was used to simulate the gas absorption process of the 
ILM with nonwetted conditions. Results demonstrated that higher con-
centration boosts the mass transfer due to a higher concentration 
gradient. Flow rate influenced the contact time between the toluene and 
the IL. ILM removal efficiency was enhanced with the flow rate 
increasing. Higher pressure provided a higher driving force to enhance 
toluene absorption. The temperature could influence both gas absorp-
tion and the viscosity of the IL. The lower temperature was a benefit for 
gas absorption on liquid absorbent, however, increase the viscosity of 
the IL, which resistance the mass transfer. The modeling results 
explained that the absorption process was involved in two steps: surface 
adsorption and diffusion. For the surface adsorption (step 1), the dy-
namic equilibrium concentration was around 0.18 mg-toluene per gram 
of the IL, which was not affected by the operating conditions as ex-
pected. For the diffusion (step 2), the ILM absorption capacity of toluene 
was calculated around 224.47 mg-toluene g-IL− 1 using [Bmim][NTf2] as 
a liquid sorbent. This value is in agreement with the state of the art. 
Above all, the ILM can effectively reduce the possibilities of environ-
mental risks from ILs because the ceramic membrane can prevent ILs 
leakage and protect ILs from solid suspension in the gas phase. It pro-
vides a promising method for using ILs as absorbents for purification of 
exhaust gas. 
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