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Abstract: Immobilized ionic liquids (ILs) with high selective adsorption capacity of SO2 from N2, on porous solid particles 
such as SiO2, has potential applications on SO2 emission control. As the first step towards the establishment of a comprehensive 
model for SO2 adsorption on supported IL, the performance of neat SiO2, the support material, was evaluated in this work. A 
series of adsorption/desorption breakthrough experiments were carried out using a micro-reactor system to investigate the effects 
of concentration, particle structure and temperature. Theoretical analyses of experimental observations were used to identify the 
adsorption mechanisms and relative importance of mass transfer processes. 
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1. Introduction 

SO2 emission from fossil fuel combustion is one of the 
major concerns of air pollution control and has been achieved 
by various flue gas desulfurization (FGD) techniques [1, 2]. 
However, conventional wet FGD method requires large 
amount of water and results in heavy duty after-treatments 
while dry FDG method converts SO2 into low-value calcium 
sulfate. It is therefore desired to develop newel techniques 
with improved SO2 capture efficiency.  

In the last decade, ionic liquids (ILs) have drawn great 
interests in both academic and industrial communities due to 
their potential applications on effective absorption of various 
gaseous species, more specifically, hydrocarbons [3, 4], CO2 
[5-8], and SO2 [9]. Han and coworkers successfully 
synthesized an IL, 1,1,3,3-tetramethylguanidinium (TMGL), 
and showed that it has high absorption capacity and selectivity 
of SO2 from N2 [9]. Since then, numerous studies have been 
carried out to develop new IL materials as well as to 
investigate the SO2 absorption mechanisms [10-26].  

While ILs have the desired properties in terms of selective 
absorption capacity, decent thermal stability and low vapor 
pressure, their direct application on industrial scale SO2 
removal is restricted by the high viscosities that may result in 

slow mass transfer rate and small gas-liquid interface area. In 
addition, the conveying of viscose IL for cyclic operation 
between absorption and regeneration may present another 
practical problem. In order to solve these problems, Li and 
Zhu and their coworkers proposed immobilization of ILs on 
solid materials by co-polymerization [27] and 
impregnation-vaporization methods [28]. They found that 
simply impregnating TMGL on porous silica particles gives a 
material maintaining the porous structure, large surface area 
and good mechanical properties of silica while taking the 
advantages of high SO2 capacity of IL [28]. Thereafter, 
various supported IL materials have been developed [29].  

Theoretical studies have been carried out to investigate the 
absorption of SO2 in ILs [16, 18, 30]. It has been generally 
agreed that both chemical and physical absorption are 
involved. Recently, Li et al. studied SO2 absorption behaviors 
on a mesoporous molecular sieve supported IL [29]. They 
divided the overall absorption into two independent and 
parallel processes, chemical and physical absorptions. Rate 
constants averaged over a tube reactor and activation energies 
of both processes were also estimated.  

However, the realistic material balance of SO2 in a packed 
bed is complicated and involves several sub-processes 
including convection, mass transfer, absorption and 
desorption. Each sub-process has its characteristic time and 
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may play different roles under different conditions. The 
on-going project in this group is aimed to develop a 
comprehensive model that could be used to assist design and 
optimization of practical SO2 capture process using 
TMGL/SiO2. For this purpose, SO2 adsorption on neat SiO2 
was first investigated in the current work. A series of 
breakthrough experiments were carried out under various 
conditions in terms of concentration, particle structure, and 
temperature. Theoretical analyses were used to identify the 
adsorption mechanisms and relative importance of various 
sub-processes under different conditions.  

2. Experiments 

Materials. SO2 (2.6% in N2) was acquired from Changzhou 
Jinghua Industrial Gases Co., Ltd., China. N2 (99.99%) was 
provided by Wenzhou Longwan Prosperous Gas Co., Ltd., 
China. SiO2 particle samples with different size and internal 
structure were purchased from Aladdin Chemistry Co., Ltd., 
China. 

Instruments. The breakthrough experiments were carried 
out on a modular microreaction system (Bayer, Ehrfeld 
Mikrotechnik BTS GmbH, German). Figure 1 shows the 
schematic diagram of experimental setup. The microreaction 
system has a platform on which various units can be 
conveniently integrated. A heat exchanger and a micro-reactor 
(i.d. 0.75 cm, 2 ml) were involved in this study. Both units 
were connected to a constant temperature circulator (F34-ED 
Series, Julabo, German) that provided precise temperature 
control with an accuracy of ± 0.1 K. Three mass flow 
controllers (MFC, Brooks) were used to provide desired feed 
composition and flowrate. In order to reduce the pressure drop 
effects on gas density, during the experiments, the column 
pressure was controlled at 2.0 bar (gauge) by a back pressure 
valve (BPV in Figure 1, Swagelok Company, America). 
Temperature and pressure were monitored by corresponding 
modules located between the heat exchange and the reactor. 
Outlet SO2 concentration was measured using an FT-IR 
Spectrometer (Alpha series, Bruker Optik Asia Pacific 
Limited). The MFCs and the FT-IR Spectrometer were 
independently collaborated before experiments. A PC system 
(Dell) was used for data acquisition. An ASAP 2020 
accelerated surface area and porosimetry analyzer 
(Micromeritics, America) was used to characterize various 
porous SiO2 particle samples.  

 

 
Figure 1. Schematic diagram of the experimental setup. 

Procedures. SiO2 particles were pre-treated in an oven at 
200°C and vacuum for at least 4 hours to remove moisture and 
then immediately loaded into the reactor tank with the 

assistance of a vacuum pump. The adsorption/desorption 
experiments were carried out following the procedure 
described in Table 1. In step 1, temperature of the heat 
exchanger and reactor is equilibrated with the circulator for at 
least 30 min and, at the mean time, the whole system is purged 
with N2. Step 2 is to stabilize the flowrates from MFCs 2 and 3 
which give the desired feed mixture. Step 3 is for the 
adsorption experiments. After the system is saturated with 
feed mixture, V1 is open to stabilized MFC 1 in step 4. The 
operation is switched to desorption mode in step 5. Step 6 is 
for the desorption experiment in which the system is purged 
with N2 provided by MFC 1. 

Table 1. Valve operations during the adsorption/desorption experiment. 

Step V1a V2 V3 V4b V5 

1 √ × × 1 0 

2 √ √ √ 1 -1 

3 × √ √ 0 1 

4 √ √ √ -1 1 

5 √ √ √ 1 -1 

6 √ × × 1 0 

a: V1,V2, and V3 are ball valves. √ open; × close. 
b: V4 and V5 are triple valves. 1 to reactor; 0 close; -1 to alkaline solution. 

3. Theories 

Throughout this study, the experiments were carried out 
under fixed temperatures. In addition, SO2 feed concentration 
involved in this study was lower than 0.5%. The adsorption 
heat effects can therefore be neglected. It was also observed 
that the column pressure drop during experiments was less 
than 0.12 bar, which is negligible compared with the absolute 
pressure of 3.0 bar in the reactor. Therefore, it is reasonable to 
assume that the experiments were carried out under isothermal 
and isobaric conditions. As such, material balance of the 
adsorbate, SO2, can be described by: 
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where c and q are concentrations in the mobile and stationary 
phases, t is time, z is axial coordinate, φ is phase ratio related 

to column voidage ε by 
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velocity of mobile phase, DL is coefficient of axial dispersion 
mainly contributed to molecular diffusion and eddy diffusion, 
f defines the accumulation rate in particles as a function of 
concentrations. In general, the accumulation rate is affected by 
mass transfer, adsorption and desorption rates (or equilibrium). 
If the equilibrium can be fast established, eqn (2) reduces to  
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where km is the overall mass transfer coefficient and q* is the 
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solid phase concentration in equilibrium with the bulk. If the 
mass transfer is also fast, eqn (2) becomes  

( )*q q c≡                     (4) 

Eqn (1) coupled with eqn (3) and (4) are normally referred 
to as transport-dispersion (TD) and equilibrium-dispersion 
(ED) models.  

4. Results and Discussion 

In this work, a series of breakthrough experiments were 
carried out to investigate effects of feed concentration, 
temperature, particle structure on the behaviors of SO2 

adsorption and desorption on porous SiO2 particles. The 
results are presented and discussed in this section. 

Effects of feed concentration.  

Figure 2 shows SO2 adsorption/desorption curves on a 
porous SiO2 sample (particle size 150 – 280 µm) measured 
45℃. Noted is that, for easy comparison, the concentration 
was converted to dimensionless form. It is seen that, during 
adsorption, the breakthrough time decreases with increased 
concentration but the divergence begins to diminish at 
concentration higher than 0.4%. On the other hand, during 
desorption period, the breakthrough starts at about 2.5 min, 
almost independent of concentration. The measured 
desorption breakthrough curves of concentrations 0.3%，0.4% 
and 0.5% essentially overlap each other while those of lower 
concentrations exhibit delayed tails.  

 

Figure 2. Dimensionless adsorption/desorption curves of SO2 on a porous 

SiO2 sample. Concentration 0.1% to 0.5%; temperature 45°C; particle size 

150 – 280 µm. 

Consider the TD reactor model (eqns 1 and 3) described in 
Section 3. If the adsorption follows Henry’s Law, i.e., q*=Hc, 
it may be proven that TD model can be simplified to ED 
model with DL replaced by Deff [31],  

( )
2
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         (5) 

where effective diffusivity, Deff, accounts for both axial 
dispersion and finite mass transfer effects: 
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In addition, km is independent of concentration in the linear 
range. As a result, in the case of linear adsorption, the 
breakthrough behaviors should be invariant with feed 
concentration, which is contradicting with the above 
observations. It may therefore be concluded that adsorption of 
SO2 on porous SiO2 is a non-linear process. The non-linear 
feature is more significant in the low concentration range and 
during the adsorption period.  

Another important observation from Figure 2 is that, at the 
constant temperature of 45°C, adsorbed SO2 cannot be 
completely generated by the purge of N2. Mole numbers of 
SO2 accumulated during adsorption and purged out during 
desorption can be calculated by 

( )0
0

Ads Q c c dt
∞

= −∫             (7) 

0
Des Q cdt

∞
= ∫               (8) 

where Q is the flowrate, c0 is the feed concentration, and c is 
the outlet concentration recorded by the FT-IR Spectrometer. 
Ads and Des are plotted against feed concentration in Figure 3. 
The figure shows that i) both Ads and Des increase with feed 
concentration and the plots form two straight lines; ii) the two 
straight lines are parallel, i.e., the balance between Ads and 

Des is barely dependent on concentration.  

 

Figure 3. Ads and Des against feed concentration and the fits by eqn (9). 

Based on these observations, the overall SO2 accumulation 
in the system during adsorption can be divided into two 
fractions: 

Ads Des b ac b= + = +               (9) 

where a is the equal slope shared by the two lines, b is the 
intercept of desorption line. The first term proportional to 
concentration accounts for SO2 accumulation in the gas phase 
and linear adsorption in the solid phase, i.e.,  

( )( )1D reactor Va V V Hε ε= + + −        (10) 

where VD is the extra column volume, Vreactor is the reactor 
volume, HV is dimensionless Henry’s constant of linear 
physical adsorption based on particle volume. The second 
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term, b, refers to adsorption on the sites functioning as a sink 
with a concentration independent SO2 capacity. The 
accumulation of SO2 in this sink is stable and cannot be 
desorbed at 45°C. Simultaneously fitting the Ads and Des data 
using two straight lines with a shared slope and 0 intercept of 
the Des line gives estimates to parameters in eqn (10). The fits 
are shown in Figure 3. The acquired values of a and b are 
1.91�10-4 m3 and 1.92�10-5 mol, respectively.  

Effects of particle structure  

In order to further investigate the effects of particle 
structure on SO2 adsorption on porous SiO2, the similar 
experiments were carried out using three porous SiO2 samples. 
The loadings and characteristics of these samples are 
summarized in Table 2 together with the acquired a and b 
values. The detailed data and fitting results are omitted in this 
article for conciseness and will be reported elsewhere [32].  

Table 2. Particle structures and the acquired a, b, NETP for different samples at 45°C. 

No Patic-le size (µm) 
Load-ing 

(mg) 

Surf-ace area 

(m2/g) 

Pore volu-me 

(m3/g) 

Pore 

diame-ter(nm) 
a (10-4m3) b (10-5mol) NETP 

I 37-54 0.828 386 0.98 7.0 1.94 1.8 13 

II 88-150 0.818 183 1.07 14.9 0.96 2.2 12 

Ⅲ 150-280 0.862 353 0.86 6.7 1.91 1.9 12 

 
It may be seen from Table 2 that mass loadings of the three 

samples were in the range of 0.836±0.02 g. Samples I and III 
have similar internal structure while sample II has a smaller 
surface area and a larger average micro-pore size. The 
independently acquired a values increases following the 
sequence of II, I and III. Plotting a against total surface area 
form a straight line as shown in Figure 4. Since extra column 
and reactor voidage volumes are in the order of few milliliters, 
their contributions to a can be neglected. Therefore, the trend 
in Figure 4 suggests that HV is proximately proportional to 
total surface area.  

 

Figure 4. Plot of a acquired at 45°C against total surface area for the three 

samples. 

On the other hand, comparing the trend of b values with 
particle size, pore volume, surface area and pore size shows no 
obvious relevance. As in most cases of linear fitting, the 
parameters corresponding to intercept cannot be estimated as 
accurate as those corresponding to slope [31, 33]. Acquired b 

values for the three samples are in the range of (2.0±0.2)	�10-5 
mol. Such a difference cannot be safely used to identify the 
determinant effects of particle structure. This fraction of SO2 
sink with constant capacity will be further discussed in the 
next section for temperature effects.  

The measured breakthrough curves gives residence time 
distribution function F(t) that can be used to evaluate mass 
transfer effects in addition to adsorption capacity. In the case 
of linear and fast adsorption, i.e., eqn (5) applies, number of 
equivalent theoretical plate (NETP) can be estimated as 
follows. First convert F(t) to density function E(t) by 

( ) ( )dF t
E t

dt
=                  (11) 

Since the nonlinear effects diminish during desorption 
period and for high concentrations, E(t) were calculated for 
the cases of 0.5% desorption. As shown in Figure 5, the 
obtained E(t) profiles exhibit typical Gaussian type 
distribution.  

2

/2h

t
NEPT

W
α
 

=   
 

           (12) 

where t  is the average residence time corresponding to the 
peak position, Wh/2 is width at half-height, 5.54α ≈ . The 
estimated NETP values are listed in Table 2. It may be seen 
NETP for the three samples are almost identical. NETP greater 
than 10 can be roughly correlated to effective diffusivity by  
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Substituting 4.52L =  cm, Re 2actorV =  ml, pressure and 

temperature corrected flowrate 77.1Q =  ml/min, 

12NETP =  and assuming column voidage 0.4ε =  gives 
1.3effD ≈  cm2/s.  

 

Figure 5. Typical E(t) profile converted from the breakthrough curve during 

desorption. 
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Molecular diffusivity of SO2 in N2 estimated using the 
following equation is about 0.05 cm2/s, much lower than Deff.  
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Details of the equation and parameters can be found in 
reference [34]. In addition to negligible molecular diffusion 
along the axial direction, that NETP is independent of particle 
size suggests unimportant effects of eddy diffusion, which is 
approximately proportional to particle size. Actually, it may 
be estimated using Giddings’ correlation that eddy diffusion 
accounts for less than 10% of the overall HETP(=L/NETP) for 
the largest particle sample. The percentage is even lower for 
smaller samples. Moreover, particle size independent NETP 

indicates that pore diffusion across the open mesopores 
(referred to as particle voidage) in the particle is also fast and 
is not the limiting step. It may therefore be concluded that the 
overall band broadening effect is dominated by mass transfer 
between the gas in mesopores and the internal surface of the 
particle.  

The above analysis on mass transfer kinetics provides 
valuable guidance for the practical design of supported IL 
materials and SO2 capture processes. First, since particle size 
does not have significant effects on NETP, larger particles 
may be used to reduce the pressure drop. Second, Zhang et al. 
[20] found that there exist two kinds of pores with different 
sizes in porous SiO2 particles. Immobilized TMGL on SiO2 is 
mainly confined in the nanopores in the order of 10 nm while 
the pores in the order of 104 nm remain unchanged even for 
TMGL/SiO2 mass ratio up to 2/1. According to our analysis, 
increasing the loading of TMGL on SiO2 may have significant 
effects on mass transfer kinetics, reducing the overall SO2 
capture and adsorbent regeneration rates. Therefore, TMGL 
loading has contradicting effects on mass transfer and 
adsorption capacity. Process based simulation and 
optimization are required to search the compromise between 
these two factors.  

Effects of temperature  

Temperature affects several factors that directly determine 
the performance of SO2 capture. In this section, temperature 
effects on adsorption equilibrium and mass transfer coefficient 
are discussed.  

Similar experiments as presented in the last section were 
carried out using sample I at several temperatures in the range 
of 25 – 65°C. The acquired a, b, and NEPT values are 
summarized in Table 3. It is first seen that a value consistently 
decreases with increased temperature. While a consists of 
three terms as defined in eqn (9), the first two terms are 
negligible, i.e., a is essentially proportional to HV. As such, 
according to Van’s Hoff correlation, plotting logarithm of a 
against the inverse of temperature can be used to determine the 
enthalpy of this fraction of reversible physical adsorption. The 
plot and linear fits are shown in Figure 6. Physical adsorption 
enthalpy calculated from the slope is -18.0 kJ/mol.  

Table 3. a, b, NETP acquired at different temperatures for sample I. 

T (°C) a (10-4m3) b (10-5mol) NETP 

25 3.04 2.6 15 

35 2.39 2.7 14 

45 1.91 1.9 12 

55 1.49 2.3 10 

65 1.32 1.8 9 

 

Figure 6. Temperature dependence of a and NETP for sample I. 

Table 3 shows that NETP slightly decreases with increased 
temperature. This trend can be explained using eqn (6). It has 
been shown in the last section that the overall band broadening 
effect is dominated by mass transfer between the gas in 
mesopores and the internal surface of the particle. Therefore, 
DL can be neglected. In addition, since a values are much 
greater than the reactor volume, HV is much greater than 1. In 
this case, NETP is approximately proportional to the product 
of HV and km. Surface diffusion can be seen as an active 
process and is enhanced by increased temperature [35]. The 
activation energy can be estimated by plotting logarithm of 
NETP against the inverse of temperature as shown in Figure 6. 
The slope obtained by linear fitting corresponds to an energy 
of 11.3 kJ/mol, which is the difference between adsorption 
heat and activation energy of surface diffusion. The activation 
energy is therefore estimated to be 6.7 kJ/mol.  

While temperature effects on both a and NETP show clear 
trends that can be theoretically interpreted, the acquired b 

values for different temperatures are randomly distributed in 
the range of (2.2±0.4)	�10-5 mol. The deviation of 20% is 
acceptable for a number estimated from the intercept of linear 
fitting. It could therefore be determined that desorption from 
this fraction of SO2 sink is an activated process and cannot be 
efficiently activated up to 65°C.  

5. Conclusions 

This work is focused on SO2 adsorption SiO2, which is the 
first step of our ongoing study towards the development of a 
comprehensive kinetic model for SO2 adsorption on 
TMGL/SiO2, a supported ironic liquid material. A series of 
adsorption/desorption breakthrough experiments were 
performed using a micro-reactor system with precisely 
controlled flowrate, column temperature and pressure. Effects 
of concentration, particle structure and temperature on SO2 
adsorption behaviors were systematically investigated. 
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Theoretical analyses were carried out based on an isothermal 
and isobaric reactor model to identify the adsorption 
mechanisms and relative importance of various mass transfer 
effects.  

It was found that SO2 adsorption on porous SiO2 can be 
divided into two fractions. The first fraction is physical 
adsorption that follows Henry’s Law and can be reversibly 
regenerated by the purge of N2. Henry’s constant of this 
fraction of adsorption is proportional to internal surface area. 
Temperature effect on Henry’s constant can be well described 
by Van’t Hoff equation and the physical adsorption enthalpy 
was estimated to be -18.0 kJ/mol.  

The second fraction can be seen as adsorption on the sites 
functioning as a sink with fixed SO2 capacity. SO2 adsorbed on 
these sites are stable and cannot be efficiently removed by the 
purge of N2 at temperatures up to 65°C. This indicates that the 
desorption of this fraction of SO2 is an active process and 
needs to be activated at higher temperatures. The capacity of 
this fraction of capacity are not in direct correspondence with 
the particle size, internal surface area, pore volume and 
average pore size.  

Due to the dual-site adsorption mechanism, the overall 
adsorption of SO2 on porous SiO2 is a nonlinear process. The 
nonlinear features are more important during the adsorption 
period and for low concentrations. The high concentration 
desorption breakthroughs that are dominated by linear 
physical adsorption were used to determine relative 
importance of various mass transfer processes. It was found 
that the NETP is not sensitive to particle size. Theoretical 
estimations showed that the contributions of molecular 
diffusion and eddy diffusion are also unimportant. The overall 
band broadening effect is mainly controlled by the mass 
transfer process between the gas in mesopores and the internal 
surface of the particle, which is an activated process and the 
activation energy was estimated to be 6.7 kJ/mol. This feature 
is of practical significance since the loading of ironic liquid on 
porous SiO2 may have contradicting effects on adsorption 
capacity and column efficiency. Process simulation and 
optimization are required to search the compromise between 
these two factors.  
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