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ABSTRACT: Ionic liquid desulfurization is an effective method
for achieving green and circulating desulfurization. To overcome
the negative impact of the high viscosity of ionic liquids on the
desulfurization process, an economical and efficient supported ionic
liquid�triethanolamine acetate ionic liquid/silica (TAIL/SiO2)
was prepared in this study. TAIL is synthesized using triethanol-
amine and acetic acid and subsequently loaded onto silica gel
particles. The effects of the reaction temperature, humidity, silica
particle size, and loading ratio on SO2 adsorption are investigated
using a fixed-bed reactor. The results indicate that the surface of the
silica gel loaded with ionic liquid formed uneven spherical clusters,
and the aggregate volume increased with an increase in the loading ratio. The TAIL/SiO2 sulfur capacity could be effectively
increased by increasing the loading ratio (exceeding 0.74 is unfavorable), decreasing the silica particle size, and reducing the reaction
temperature and moisture content. The maximum sulfur capacity can reach 124.98 mg SO2/(g TAIL/SiO2) under experimental
conditions, which is higher than that of activated carbon. The Bangham rate model effectively predicts the kinetics of the adsorption
process of SO2.

1. INTRODUCTION
As a major air pollutant, SO2 has a severe impact on human
health, productivity, and life, as well as on the ecosystem.1,2

Specifically, burning of fossil fuels, such as coal, remains the
main source of global SO2 emissions.3,4

Flue gas desulfurization (FGD) is one of the most effective
methods for reducing SO2 emission.5,6 Currently, limestone−
gypsum wet desulfurization is the most widely used and mature
desulfurization technology for FGD.7,8 However, this technol-
ogy uses a large amount of limestone as an adsorbent, which is
nonrenewable. In addition, treatment and utilization of
byproducts have been challenging.9,10 Hence, their large-scale
development and application are gradually being restricted by
limited resources and environmental considerations. In
particular, activated carbon has received considerable attention
for application in flue-gas desulfurization.11,12 Although
activated carbon desulfurization technology is simple and the
product can be regenerated, activated carbon has inherent
disadvantages (e.g., low sulfur capacity and large regeneration
loss).13,14 Therefore, a high-efficiency and high-sulfur-capacity
desulfurization technology that can be recycled after use
should be developed.
The commonly used circulation desulfurization technologies

include activated carbon desulfurization, organic amine flue gas
desulfurization,15,16 and ionic liquid desulfurization.17,18 Ionic
liquids (ILs) are salts comprising ions with a low melting point
and are in a molten state at room temperature (21−25 °C).

They are characterized by low vapor pressure, good solubility,
and strong thermal stability. Further, they are widely used for
gas adsorption, extraction, and biosynthesis.19−22 Based on the
cation type, ionic liquids can be classified into imidazoles,
pyridines, guanidines, quaternary ammonium salts, and
hydroxylamine ionic liquids.23 Yang et al.17 synthesized 1-
ethyl-3-methylimidazolium chloride ([Emim][Cl]) and 1-
ethyl-3-methylimidazolium thiocyanate ([Emim][SCN]) and
then mixed them together. Two IL mixtures were used to
adsorb SO2 at different temperatures and SO2 partial pressures.
The study showed that ILs can effectively adsorb SO2 and the
sulfur capacity can reach 0.11 g g−1 solvent at 20 °C and 1960
ppm. Jiang et al.24 developed a Langmuir model for predicting
SO2 adsorption performance. Then, they synthesized five types
of imidazolium ionic liquids to validate the model. They found
that this model can successfully predict SO2 adsorption by
imidazolium ionic liquids, with a maximum adsorption capacity
of IL [Emim][Tetz] of 0.24 g g−1 IL. Unlike traditional
solvents, the capacity of ionic liquids for adsorbing polluting
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gases, such as SO2, is significantly improved, but high viscosity
and desorption energy remain as limitations.25 Due to their
high resistance to gas diffusion, high-viscosity ionic liquids are
not conducive to SO2 adsorption. To address this problem,
some scholars have proposed loading an ionic liquid onto a
porous medium for optimization. Severa et al.26 synthesized a
1-ethyl-3-methylimidazole acetate ionic liquid and loaded it
onto activated carbon. They found that the loaded [C2mim]-
[Ac] had better selectivity for SO2. Compared with pure ionic
liquids, gas diffusion through the supported [C2mim][Ac]
ionic liquid film increased, and low concentrations of SO2 can
be easily captured. Karousos et al.27 prepared different
supported ionic liquid phase adsorbents (SILPs) by loading
1-ethyl-3-methylimidazole-bis(trifluoromethyl sulfonyl)imide
and 1-ethyl-3-methylimidazole acetate on activated carbon
using a physical impregnation method. These were used to
examine the adsorption and separation of SO2 in simulated flue
gas. The results indicate that the SILPs prepared using the
physical adsorption method had significant stability and SO2
trapping efficiency. However, the conditions for the synthesis
of imidazoles and guanidines must be strictly controlled, and
the cost of raw materials is high, making them difficult to
promote and apply on a large scale. Unlike imidazoles and
guanidines, hydroxylamine ionic liquids have attracted
attention because of their low cost, easy availability, high
desulfurization efficiency, and easy desorption.28 Yuan et al.29

synthesized a series of hydroxylamine ionic liquids using
alcohol amines, lactic acid, and acetic acid. They investigated
the influence of hydroxylamine ionic liquids, prepared with
different cations and anions on the adsorption capacity of SO2.
Qi et al.30 synthesized hydroxylamine ionic liquids with
different anions using the neutralization method to examine
the adsorption of SO2 under low pressure. The results showed
that the adsorption capacity of [TEOA][AC], [TEOA][LA],
and [TEOA][CA] reached 1.02, 1.19, and 3.34 mol mol−1,
respectively, under a SO2 partial pressure of 4 MPa. Zhai et
al.31 used a water bath microwave method to directly neutralize
alcohol amines (e.g., ethanolamine, diethanolamine, and
triethanolamine) and acids (e.g., lactic acid and formic acid)
to prepare hydroxylamine ionic liquids. The results showed
that the adsorption rate of SO2 by most hydroxylamine ionic
liquids was above 90%.
In these studies, although the combination of ethanolamine

and lactic acid showed a higher desulfurization efficiency, the
combination of triethanolamine and acetic acid was less
expensive. In addition, the latter has relatively high SO2
removal efficiency, making it more suitable for large-scale
applications. However, current research on the use of
triethanolamine and acetic acid to synthesize ionic liquids for
desulfurization still focuses on gas−liquid reactions. The
limitations caused by the high viscosity of the ionic liquid in
a gas−liquid reaction are difficult to overcome.
To address these limitations, this study used triethanolamine

and acetic acid as the main raw materials to synthesize a
triethanolamine acetic acid ionic liquid (TAIL) and support
the ionic liquid TAIL on silica gel particles to obtain TAIL/
SiO2. The reasons for using silica gel particles as a support of
ionic liquids are that silica gel has a uniform microporous
structure, stable physicochemical properties, good thermal
stability, and high mechanical strength, which is used by many
researchers to support ionic liquids.32,33 The adsorption
performance of TAIL/SiO2 for SO2 in simulated flue gas
under different factors (temperature, silica particle size, loading

ratio, and moisture) is systematically studied using an
experimental system. In addition, the adsorption kinetics is
the basis for studying the adsorption rate and adsorption
process. The adsorption mechanism can be further explored by
fitting the experimental data to a kinetic model. Therefore, this
study calculates and analyzes adsorption kinetics.

2. MATERIALS AND METHODS
2.1. Preparation and Characterization of TAIL/SiO2.

The main chemical raw materials used in this experiment,
triethanolamine (C6H5NO3) and acetic acid (C2H4O2), were
provided by Sinopharm Chemical Reagent Co., Ltd. and were
analytically pure (AR). TAIL was synthesized using the
microwave reaction method34 and supported on silica gel
particles. The commonly used methods for preparing
supported ionic liquid adsorbents include chemical bonding
and the physical immobilization method.35,36 In this study,
TAIL/SiO2, which is a physical immobilization method, was
prepared using immersion evaporation. Using TAIL/SiO2 with
a loading ratio of 1:1 as an example, 10 g of TAIL and 75 mL
of anhydrous ethanol were weighed and stirred well in a beaker
to obtain mixture A. Further, 10 g of silica gel particles was
placed in a beaker containing mixture A to obtain mixture B.
Mixture B was placed in a water bath pot heated to 80 °C. The
mixture was stirred continuously until most of the solvent had
evaporated. Finally, the mixture was placed in an oven and
dried at 55 °C to obtain TAIL/SiO2.
A viscometer and pH detector were used to obtain the

physical properties of TAIL, including its viscosity, pH value,
and density. The surface functional groups of TAIL and TAIL/
SiO2 were analyzed by Fourier transform infrared spectroscopy
(FTIR) via attenuated total reflection (ATR) using a Thermo
Scientific Nicolet Is5. The weight loss of TAIL/SiO2 was
tested using a synchronous thermal analyzer to obtain the
actual load ratio of TAIL/SiO2 under different loading
conditions. The surface morphologies of the samples were
characterized using a SUPRA 55 scanning electron microscope
(SEM).
2.2. SO2 Adsorption Experiments. To explore the

adsorption characteristics of TAIL/SiO2 for SO2 under
different conditions, the following variables were considered:
silica particle size, adsorption temperature, humidity, and
loading ratio. The experimental parameters are listed in Table
1.

As shown in Figure 1, the experimental system was mainly
composed of a simulated flue gas generation system, a fixed-
bed reaction system, and a flue gas analysis system. The fixed-
bed reactor was made of glass tubes with a height of 400 mm
and inner diameter of 20 mm. A quartz sand core was arranged
150 mm from the reactor outlet to support TAIL/SiO2.
The total flow rate of the simulated flue gas was 1 L min−1,

consisting of 1000 ppm SO2, 6% O2, 6% CO2, and 0−12%

Table 1. Main Experimental Parameters

parameter value

silica particle size [μm] 125.4 178.7 218.3 428.7 636.4
temperature inside the
reactor [°C]

30 35 40 45 50

loading ratio 0.2:1 0.39:1 0.58:1 0.74:1 0.89:1
humidity inside the
reactor [%]

0 6 8 10 12
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H2O, with N2 used as the balance gas. Experiments were
conducted using the control single-variable method to
investigate the effects of different silica particle sizes,
temperatures, loading ratios, and humidity on the TAIL/
SiO2 adsorption of SO2.
When the concentration of SO2 in the flue gas analyzer

reached 1000 ppm, it was considered that TAIL/SiO2 had
completely broken through. In this case, the quantity of SO2
adsorbed by TAIL/SiO2 is called the sulfur capacity, and its
value can be calculated from the penetration curve of the
TAIL/SiO2 adsorption of SO2. The sulfur capacity (repre-
sented by the capital letter Q) was evaluated using the amount
of SO2 (mg) adsorbed by TAIL/SiO2 (per gram), as expressed
in eq 1

Q
C C V

M
t2.86

( )
d

t

0

in out=
(1)

where Q is the sulfur capacity, mg SO2/g(TAIL/SiO2); Cin and
Cout are the concentrations (ppm) of SO2 at the inlet and
outlet of the reactor, respectively; V is the total gas flow rate (L
min−1); and M is the TAIL/SiO2 mass (g).
2.3. Kinetic Model Development. To investigate the

adsorption mechanism of SO2 on TAIL/SiO2, several kinetic
models were used to fit the experimental data. Commonly used
kinetic models include the pseudo-first-order kinetic, pseudo-
second-order kinetic, Elovich kinetic, and Bangham rate
models.37−41

Pseudo-first-order kinetic model, eq 2

q

t
k

q q

d

d
t

t

1

e

=
(2)

Upon integrating eq 2, eq 3 is obtained

q q (1 e )t
k t

e
1= (3)

where k1 is the first-order adsorption rate constant (min−1).
The pseudo-first-order kinetic model can determine whether
the adsorption process is controlled by internal mass transfer.38

Pseudo-second-order kinetic model, eq 4

t
q k q q

t1 1

t 2 e
2

e

= +
(4)

where k2 is the second-order adsorption rate constant (min−1)
and t is the adsorption time (min). The pseudo-second-order
kinetic model can be used to determine whether the
adsorption rate is limited by the chemical reactions.38

Elovich kinetic model, eq 5

q

t
a

d

d
et bqt=

(5)

It can be converted to eq 6

q
b

ab t
1

ln( ) lnt = [ + ]
(6)

where a is the initial adsorption rate (mg g−1 min−1), b is a
constant (g mg−1), and t is the adsorption time (min). If the
data are consistent with that of the Elovich kinetic model, the
reaction rate decreases exponentially with increasing surface
adsorption.37

Bangham rate model, eq 7

q q (1 e )t
kt

e

n
= (7)

where k and n are constants and t is the adsorption time (min).
The Bangham rate model determines whether the adsorption
process is controlled by pore diffusion.42

In eqs 3, 4, 6, and 7, qt is the adsorption capacity at time t
(mg g−1) and qe is the adsorption capacity at saturation (mg
g−1).

Figure 1. Schematic diagram of the experimental system.
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3. RESULTS AND DISCUSSION
3.1. Characteristic Analysis of TAIL and TAIL/SiO2.

TAIL was yellow and viscous with a density of approximately

1.207 g mL−1 and a pH of approximately 8.37. When the
temperature was low, TAIL solidified and began to melt at
approximately 35 °C. Figure 2 shows the change in the TAIL
viscosity with temperature. Viscosity reflects the resistance to
gas diffusion when the flue gas passes through it. Supporting it
with silica gel particles can effectively overcome the resistance
caused by the viscosity, which can also maintain the nature of
the TAIL and improve its SO2 adsorption capacity.

The surface functional groups of TAIL were analyzed using a
Fourier transform infrared spectrometer, and infrared spectra
were obtained (Figure 3). The amine structure is indicated by
a strong and broad adsorption band at 3500−3000 cm−1,
which is a combination of stretching vibrations of N−H and
−OH.43,44 The stretching vibration of C�O is at 1710
cm−1;43 the antisymmetric stretching vibration of −COO−

combines with the N−H bending vibration to form a peak at
1560 cm−1, the symmetric stretching vibration of −COO−

forms a peak at 1400 cm−1, and the stretching vibration of C−
N forms a peak at 1060 cm−1.44

Therefore, the chemical equation that represents the
reaction between triethanolamine and acetic acid is as given
in Scheme 1. The principle is that the nitrogen atom in
triethanolamine and the hydrogen ion in acetic acid form an
N−H bond.
TAIL/SiO2 with different load ratios were obtained using

the immersion evaporation method. The weight loss of TAIL/
SiO2 was measured using a synchronous thermal analyzer to
obtain the actual loading ratio. In an argon atmosphere, it was
heated to 300 °C at a heating rate of 10 °C min−1 (held at 300
°C for 20 min). The actual loading rate was calculated using eq
8, and the thermogravimetric analysis results are listed in Table
2. The difference was within 2%, and the average loading rate
was 84.82%.

Q

Q
actual loading rate 100%1

2

= ×
(8)

where Q1 is the quality of the loaded ionic liquids (mg) and Q2
is the quality of the theoretically loaded ionic liquids (mg).
SEM images of silica gel and TAIL/SiO2 are shown in

Figure 4. After ionic liquids are supported on silica gel, TAIL
penetrates between the silica gel surface microspheres and
multilayer microspheres, changing the spacing between
microspheres and causing multiple or multilayer microspheres
to stick together to form uneven spherical clusters. Therefore,
the TAIL/SiO2 surface was rougher than that of silica gel. With
an increase in the loading ratio, more TAIL is supported, the
pore size between the microspheres on the silica gel surface
decreases, and more of the multilayer microspheres stick
together to form larger aggregates.
Figure 5 shows the FTIR characterization of silica gel and

TAIL/SiO2, that is, the surface functional group structures of
silica gel and TAIL/SiO2. The band centered at 3440.39 cm−1

Figure 2. TAIL viscosity changes with temperature.

Figure 3. FTIR analysis of TAIL.

Scheme 1. Reaction between Triethanolamine and Acetic Acid

Table 2. TGA Analysis of the Actual Loading Ratio

theoretical loading ratio actual loading ratio average loading rate (%)

1.25:1 0.89:1 84.6
1:1 0.74:1 85.1

0.75:1 0.58:1 85.0
0.5:1 0.39:1 84.9
0.25:1 0.2:1 84.5
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corresponds to the stretching vibration of the Si−OH group in
silica.45 At 1105.98 cm−1, the asymmetric stretching vibration
of the Si−O−Si bond was observed. Furthermore, 803.21 and
471.5 cm−1 are the stretching vibration and in-plane bending
vibration of the Si−O bond, respectively.46

When TAIL was immobilized onto silica gel, the functional
groups on the silica gel surface changed significantly. The
peaks at 3356.02, 3154.01, and 2931.75 cm−1 appear at the
wide adsorption band of 3440.39 cm−1. According to the ATR
analysis of TAIL, there is a stretching vibration combining the
N−H of the amine structure and −OH at 3500−3000 cm−1;
therefore, it is speculated that the peak at 3356.02 cm−1 is
formed by the combination of silanol groups and amine
structures.47,48 The peaks at 2931.75 and 3154.01 cm−1 are
attributed to the vibration of −CH2 and −CH3 groups,
respectively, in TAIL.49,50 There was a symmetrical stretching

vibration of −COO− at 1405.37 cm−1 and a stretching
vibration of C−N and Si−O bond at 1107.9 cm−1. The TAIL/
SiO2 peaks are slightly shifted, which may be due to the
binding of TAIL to the silica surface.
3.2. SO2 Adsorption Characteristics. 3.2.1. Effect of

Silica Gel Particle Size. TAIL/SiO2 samples with silica
particles of the same quality but different particle sizes were
selected to conduct adsorption experiments under a loading
ratio of 0.74:1, adsorption temperature of 30 °C, and SO2
concentration of 1000 ppm. Figure 6a shows the adsorption
characteristic curves of TAIL/SiO2 for SO2 for different
particle sizes. Figure 6b presents the sulfur-adsorption capacity
of TAIL/SiO2 under the complete range of adsorption
conditions.
As shown in Figure 6, the smaller the particle size of the

silica gel used for immobilization, the longer the breakthrough
time and the larger the sulfur capacity. For example, TAIL/
SiO2 with silica particle size of 125 μm was completely broken
through by SO2 at 115.5 min, and the sulfur capacity of TAIL/
SiO2 was 124.98 mg/(g TAIL/SiO2). However, TAIL/SiO2
with the silica particle size of 634.6 μm was completely broken
through by SO2 at 80.67 min, and the sulfur capacity of TAIL/
SiO2 was 62.77 mg/(g TAIL/SiO2). Upon analysis, the ionic
liquid was found to be attached to the surface of the
microspheres of silica gel and in the pores between the
microspheres. For silica gels of the same quality, silica particles
with a smaller size have a larger total surface area than those
with a larger size. Hence, the same mass of ionic liquid
supported on silica gel with a small particle size has a larger
area of attachment;45 That is, TAIL/SiO2 with a smaller
particle size has a larger adsorption contact area. Therefore,
under the condition of the same quality, the smaller the
particle size of TAIL/SiO2, the better the adsorption
performance for sulfur dioxide and the larger the sulfur
capacity. Santiago’s study also showed that the CO2 break-
through time increased with the decrease of SILP particle
size.51

Figure 4. SEM images of silica gel and TAIL/SiO2. (a) Macrostructure of silica gel. (b) Apparent morphology of silica gel. (c) TAIL/SiO2 apparent
morphology with a loading ratio of 0.4:1. (d) TAIL/SiO2 apparent morphology of loading ratio 0.74:1.

Figure 5. FTIR characterization of silica gel and TAIL/SiO2. The
particle size of TAIL/SiO2 in this figure is 178.7 μm, and the loading
ratio is 0.74:1.
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However, adsorption experiments using pure silica gel with
different particle sizes showed a complete breakthrough within
9 min, and the sulfur capacity was approximately 10.5 mg g−1

silica gel. The adsorption capacity of pure silica gel did not vary
with the particle size. Therefore, the adsorption capacity of
TAIL/SiO2 for SO2 mainly depends on TAIL.
The functional groups in the TAIL/SiO2 structure after SO2

adsorption were analyzed using a Fourier transform infrared
spectrometer. Figure 7 presents the results. In comparison,

results indicate that, after adsorption of SO2, the functional
groups of TAIL/SiO2 were almost the same as those of TAIL/
SiO2 before adsorption; however, a new peak appeared at
1488.3 cm−1 due to the formation of N−S bonds.29,52

The chemical reaction between hydroxylamine ionic liquid
and SO2 is given in Scheme 2 based on the analysis. SO2 reacts
with N atoms in TAIL to form N−S bonds. The H atoms of
the N−H bonds in TAIL combined with acetate ions to form

Figure 6. (a) SO2 breakthrough curves with different particle sizes of silica. (b) Silica gel carrier sulfur capacity and TAIL/SiO2 sulfur capacity.

Figure 7. FTIR characterization of TAIL/SiO2 before and after SO2 adsorption. The particle size of TAIL/SiO2 in this figure is 178.7 μm, and the
loading ratio is 0.74:1.

Scheme 2. Main Reaction of the SO2 Adsorption Process by TAIL
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acetic acid, leading to SO2 adsorption. This is the main
reaction governing the chemical adsorption process.

3.2.2. Effect of Temperature on Adsorption Character-
istics. The TAIL/SiO2 particles, with a loading ratio of 0.74:1
and a particle size of 178.7 μm, were selected. The reaction
temperatures were set to 30, 35, 40, 45, and 50 °C for the
TAIL/SiO2 adsorption experiments. Figure 8a shows the
breakthrough curve obtained, and Figure 8b presents the
calculated complete sulfur-adsorption capacity. As shown in
Figure 8, the adsorption capacity of TAIL/SiO2 for SO2
decreases with increasing temperature. At 30 and 50 °C, the
complete breakthrough time of SO2 was 99.5 and 69.17 min,
respectively, and the sulfur capacity was 113.98 mg/(g TAIL/
SiO2) and 70.18 mg/(g TAIL/SiO2), respectively. This is
because the adsorption of SO2 by TAIL/SiO2 mainly depends
on the chemical reaction between TAIL and SO2. The increase
in reaction temperature leads to the breaking of the N−S bond
and promotes the reverse reaction. This is consistent with the
conclusions of Wan53 and Wang54 studies. Hence, high
temperatures negatively affect the bonding between TAIL
and SO2.

3.2.3. Effect of Loading Ratio on Adsorption Character-
istics. TAIL/SiO2 with loading ratios of 0.89:1, 0.74:1, 0.58:1,
0.39:1, and 0.2:1 were selected for the adsorption experiments,
with a particle size of 178.7 μm. The concentration of SO2 in
the flue gas was 1000 ppm, and the temperature was set to 30
°C. Figure 9 presents the SO2 breakthrough curves and sulfur-
adsorption capacities. As shown in the figure, the breakthrough
time and sulfur capacity increased with increasing amounts of
TAIL supported on SiO2. When the loading ratio is 0.74:1, the
time required for SO2 to completely break through TAIL/SiO2
is the longest and the sulfur capacity is 102.77 mg/(g TAIL/
SiO2). However, when the loading ratio increased to 0.89:1,
the time required for SO2 to break through TAIL/SiO2 and the
sulfur capacity were less than those when the loading ratio was
0.74:1. That is, a peak was observed in the sulfur capacity at
the optimum loading ratio.
When the loading ratio was low, the TAIL supported on the

silica gel surface did not reach saturation. Under this premise,
the more the ionic liquid is supported, the greater the contact
area for the reaction with SO2 and the greater the SO2
adsorption capacity. As the loading ratio gradually increased,
based on the SEM characterization of TAIL/SiO2, excess ionic

Figure 8. (a) SO2 breakthrough curves at different temperatures. (b) TAIL/SiO2 sulfur capacity at different temperatures.

Figure 9. (a) SO2 breakthrough curves with different loading ratios. (b) TAIL/SiO2 sulfur capacity with different loading ratios.
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liquid blocked the pores between the microspheres on the
silica surface. This results in multiple microspheres or even
multiple layers of microspheres sticking together to form
clusters, leading to a reduction in the adsorption contact
area.55,56 In addition, excessive TAIL sticks to the micro-

spheres to form a thick liquid film, thereby increasing the

resistance to SO2 diffusion into the silica gel. Thus, the

breakthrough time is affected, and the sulfur capacity is

reduced.

Figure 10. (a) SO2 breakthrough curves with different moisture contents. (b) TAIL/SiO2 sulfur capacity with different humidities. (c) Sulfur
capacity comparison of TAIL/SiO2 and activated carbons.

Table 3. Comparison of Sulfur Capacity of Different Types of SO2 Adsorbents

types SO2 adsorbents
adsorption temperature

(°C)
concentration of SO2

(ppm)
gas flow

(mL min−1)
sulfur capacity

(mg g−1) refs

activated carbon PAC 75 1700 500 82.58 57
AC-400/AC-900 150 2000 300 30 13
MWY30T 25 700 130 27.66 58

supported ionic
liquid

[EMIM][OAc]-39.7% 25 1395 30 65.92 27

[C2min][Ac] 25 15 54.8 59
C3O1Mim-SiO2-
0.1/1

25 110 60

TMGL-SiO2-1/1 30 2160 150 56
TAIL/SiO2 30 1000 1000 124 this work
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3.2.4. Effect of Moisture Content on Adsorption
Characteristics. TAIL/SiO2 with a particle size of 218.3 μm
and a loading ratio of 0.74:1 was used. The SO2 concentration
in the flue gas was 1000 ppm, with the temperature set to 30
°C. The adsorption capacity of TAIL/SiO2 for SO2 in flue gas
containing 6, 8, 10, and 12% water vapor by volume was

determined and was compared without water vapor. Figure 10a
shows the influence of water vapor content in the simulated
flue gas on the TAIL/SiO2 adsorption of SO2. The sulfur-
adsorption capacity of TAIL/SiO2 was calculated based on the
breakthrough curves, as shown in Figure 10b.
As shown in Figure 10, the presence of water vapor had a

negative effect on the TAIL/SiO2 adsorption of SO2, and the
negative effect increased with an increase in water vapor
content. When no water vapor exists in the flue gas, the sulfur
capacity reaches the maximum and its value is 100.04 mg/(g
TAIL/SiO2). The adsorption sulfur capacity reaches a
minimum of 61.24 mg/(g TAIL/SiO2) when the flue gas
contained 12% water vapor. The results show that the
adsorption capacity of TAIL/SiO2 decreased with increasing
water vapor content.

Figure 11. Fitting curves of four kinetic models for SO2 adsorption on TAIL/SiO2 at different temperatures. (a) Fit of four kinetic models with
experimental data of 30 °C. (b) Fit of four kinetic models with experimental data of 40 °C. (c) Fit of four kinetic models with experimental data of
50 °C.

Table 4. Fitting Parameters of Kinetic Models for SO2
Adsorption on TAIL/SiO2 at Different Temperatures

pseudo-first-order kinetic
model

pseudo-second-order kinetic
model

temperature qe k1 R2 qe k2 R2

30 °C 266.3 0.006 0.995 4.816 0.0007 0.994
40 °C 106.07 0.017 0.995 3.17 0.0039 0.992
50 °C 76.949 0.025 0.993 2.175 0.0092 0.986

Table 5. Fitting Parameters of Kinetic Models for SO2 Adsorption on TAIL/SiO2 at Different Temperatures

Elovich kinetic model Bangham rate model

temperature a b R2 qe k n R2

30 °C 6.781 0.0303 0.812 147.72 0.004 1.28 0.998
40 °C 6.311 0.0394 0.892 92.88 0.009 1.228 0.999
50 °C 6.289 0.0504 0.911 69.93 0.012 0.073 0.999
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A possible reason for this is that the TAIL in TAIL/SiO2 is
hydrophilic, and silica gel, by itself, can easily adsorb moisture.
Qi30 and Li55 suggested that the presence of water vapor leads
to the degradation of the SO2 adsorption capacity because of
the competition between H2O and SO2 in the pore channel.
When TAIL/SiO2 contacts flue gas containing water vapor,
water molecules are adsorbed and occupy some of the pores in
TAIL/SiO2 and the active sites in TAIL, thus reducing the
reaction sites of SO2. Therefore, the presence of water vapor in
the flue gas can inhibit the removal of SO2 by TAIL/SiO2.
Activated carbon and TAIL/SiO2 with the same particle size

and mass were selected for the experiments under the same
experimental conditions (i.e., water vapor volume fraction of
6%, SO2 concentration of 1000 ppm, adsorption temperature
of 30 °C) for comparison of the SO2 adsorption capacity. The
experimental results are shown in Figure 10c. The sulfur
capacity of TAIL/SiO2 is 89.36 mg/(g TAIL/SiO2), while that
of “Zhuxi” and “Sinopharm” activated carbons is only 30.94
mg/(g AC) and 16.63 mg/(g AC) respectively. Notably, many
researchers have tested the adsorption and regeneration
performances of activated carbon for SO2.

13,57,58

Table 3 shows the SO2 adsorption capacities of the different
activated carbons and supported ionic liquids. The results of
this study show that the sulfur capacity of TAIL/SiO2 prepared
is better than that of activated carbon and some supported ILs.
3.3. Analysis of Adsorption Kinetics. Three sets of data

(i.e., 30, 40, and 50 °C) in Figure 8 were fitted with kinetic

models to obtain the fitting curve shown in Figure 11. The
parameters obtained by fitting are listed in Tables 4 and 5.
As shown in Figure 11, fitting using the Bangham rate model

overlapped with the experimental data and the fitting
correlation coefficient was as high as 0.999. The pseudo-first
and pseudo-second-order kinetic models were not as accurate
as the Bangham rate model for fitting the data in the early
stages of adsorption. Here, the fitting using Elovich’s dynamic
model was the worst. Therefore, the Bangham rate model was
chosen as the best model for predicting the dynamics of SO2
adsorption on TAIL/SiO2. The experimental data fitted well
with the Bangham model, indicating that the adsorption
process was limited by pore diffusion. Wu42 and Ahmed61

arrived at a similar conclusion.
The Bangham rate model was used to fit the dynamics of the

adsorption processes obtained from the experiments using
other variables. Figure 12a shows the fit of the Bangham rate
model to the experimental data using a particle size of 125.4
μm (Figure 6). Figure 12b shows the fit of the Bangham rate
model with the experimental data using a loading ratio of
0.74:1 (Figure 9). Figure 12c shows the fit of the Bangham rate
model on the experimental data using flue gas without H2O
(Figure 10). After fitting, the R2 values of the fitting statistics
using the Bangham rate model were 0.998, 0.997, and 0.998,
respectively, indicating excellent fitting.

Figure 12. Fit of the Bangham rate model with data from experiments at different particle sizes, loading ratios, and moisture data. (a) Bangham rate
model fit with experimental data of particle size 125.4 μm. (b) Bangham rate model fit with experimental data at loading ratio of 0.74:1. (c)
Bangham rate model fit with experimental data using flue gas without H2O.
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4. CONCLUSIONS
To overcome the negative impact of the high viscosity of ionic
liquids on the desulfurization process and to prepare a more
economical and efficient ionic liquid, this study used
triethanolamine and acetic acid to synthesize TAIL, which is
supported on silica gel particles. By changing the reaction
temperature, humidity, silica particle size, and loading ratio, the
adsorption capacity of the loaded particles for SO2 in flue gas
under different experimental conditions is examined in a fixed-
bed reactor. The results lead to the following inferences.
When the ionic liquid was supported on silica gel, uneven

spherical clusters formed on the surface of the carrier and the
aggregate volume increased with an increase in the loading
ratio. With an increase in the loading ratio and a decrease in
the silica particle size, the breakthrough time of SO2 and sulfur
capacity increased. However, the sulfur capacity decreased
when the load ratio exceeded 0.74. An increase in flue gas
temperature and water vapor content was not conducive to the
adsorption of SO2.
The experimental data were fitted by the pseudo-first-order,

pseudo-second-order, Elovich, and Bangham rate models. The
fitting coefficient R2 of the Bangham adsorption rate model
was greater than 0.997 under different working conditions.
This indicates an accurate prediction of the adsorption process
of SO2.
The maximum sulfur capacity in this study was up to 124.98

mg/(g TAIL/SiO2) under experimental conditions. This
proved that the synthesized ionic liquid supported on silica
gel could efficiently adsorb SO2. However, further research on
desulfurization capacity after regeneration is required to
provide better guidance for industrial applications.
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