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Abstract: The absorption of sulfur dioxide in simulated flue gas by using liquid-containing membrane was investigated. The process 
of sulfur dioxide desorption from the absorbent of citrate solution was explored. The influence of the gas-phase, and the liquid-phase 
on absorption efficiency of sulfur dioxide and the influence of ultrasonic frequency, ultrasonic power and stirring speed on 
desorption efficiency of sulfur dioxide were examined. The results indicate that the absorption efficiency decreases with increasing 
flow velocity and sulfur dioxide content in gas-phase, and can be improved by increasing the concentration and the pH value of 
citrate solution. It is concluded that lower ultrasonic frequency results in a better degassing efficiency. The using of ultrasound in 
desorbing sulfur dioxide from citrate solution improves the desorbing efficiency in the some conditions, without changing the 
essence of chemical reaction. 
Key words: sulfur dioxide; absorption; desorption; membrane; ultrasound; citrate; flue gas desulphurization 
                                                                                                             
 
 
1 Introduction 
 

Sulfur dioxide is one of the main components of the 
gas caused air pollution. Treatment of sulfur dioxide 
becomes important and imperative[1]. Currently, the 
absorption and desorption of sulfur dioxide by using 
citrate solution which was developed by Bureau Mineral 
Mountain Company[2] is one of the effective methods to 
control sulfur dioxide pollution. Membrane absorption is 
a new separation technique, which combines membrane 
with traditional absorption process[3−5]. Gas-phase is 
separated from liquid phase by the micropore in 
membrane and the transfer between the two phases is 
provided. The hollow fiber membrane is a kind of high 
polymer material with highly efficient separation 
function, which has been widely used in petrifaction, 
metallurgy, environment protection and food 
industry[6−12]. In this work, the membrane technique is 
combined with multi-element buffer solutions with the 
hollow fiber membrane chosen as the absorption 
equipment and citrate solution chosen as the absorption 
solution. The processes of the gas-phase and the 
liquid-phase have been studied comprehensively. 

From the viewpoint of environmental protection and 

reasonable utilization of resources, it is necessary to 
desorb the citrate solution used for desulfurization. At 
present, this desorption is achieved mainly by steam 
heating in packing columns, which suffers from many 
drawbacks. The utilization of ultrasonic in sulfur dioxide 
degassing is a new method, which is simple in 
processing, overcomes some drawbacks of steam 
degassing and avoids the secondary pollution. As a new 
mass-transfer method, it has been researched 
intensively[13−16]. In this work, the steady cavitation in 
ultrasonic wave was used to make the gas dissolve in the 
absorbent, so sulfur dioxide can be desorbed and the 
absorbent can be recycled. A set of equipment for 
gas−liquid separation with high efficiency was designed 
and the influence of operating conditions on the 
degassing efficiency was studied. The results provide a 
technical way for the deep desorption of sulfur dioxide 
and the fundamental data for disposal of sulfur dioxide in 
future industry. 
 
2 Theoretical analyses of absorption and 

desorption 
 

The SO2 in gas and H2O react to produce H2SO3 

when the flue gas containing SO2 goes through citrate  
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solution, then the H+ from the dissociation and citrate 
acid radical combine to produce citrate acid. Because of 
the excellent buffer performance of the citrate solution, 
the H+ can be combined continuously, so the 
dissolvability of SO2 is enhanced in the citrate solution 
significantly. 

The chemical reaction equations for the absorption 
and desorption of SO2 in citrate solution are 
 
SO2(g)+H2O=H2SO3(aq)                    (1) 
 
H2SO3(aq)= −+ + 3HSOH                      (2) 
 

−+ + 3CiH = −2HCi                           (3) 

 
−+ + 2HCiH = −CiH2                         (4) 

 
−+ + CiHH 2 = CiH3                          (5) 

where Ci denotes citrate acid radical. The reactions go 
rightward for absorption and leftward for desorption. 
Therefore, the dominant contents in the citrate solution 
after the absorption of SO2 are H3Ci, HSO3

− and H+. The 
distribution of the various citrate acid radical ions in 
citrate acid solution can be obtained by thermodynamic 
calculation[17]. 

Fig.1 shows the mass fractions of various citrate 
acid radical ions with different acidities. It is known 
from Fig.1 that citrate acid radical ions are simpler when 
they are at higher pH value. 
 

 
Fig.1 Distribution of various citric radical ions with respect to 
pH value of citrate solution 
 
3 Absorption of sulfur dioxide with hollow 

fiber membrane 
 

The simulated refining flue gas is chosen as the 
experimental gas, which is the mixture of air from an air 
compressor and a steel container with SO2, using 
high-precision gas-distribution system (φ(O2)＞20%). 
The buffered sodium citrate is chosen as absorption 
liquid, which is of lab and analytical purity. 

The modules of membrane are chosen to be made of 
PVDF (polyvinylidene fluoride), microporous hollow 

fiber membrane produced by Tianjin Motianmo 
Scientific and Technical Co. Ltd. and PP (polypropylene) 
membrane of d90 mm×1 106 mm produced by Zheda 
Kaihua Company, China. 

The absorption efficiency of SO2 is defined as 
 
η1=[(φ1−φ2)/ φ1]×100%                        (6) 
 
where φ1 and φ2 are the SO2 contents before and after 
absorption, respectively. 
 
3.1 Effect of gas-phase 
3.1.1 Influence of flow velocity of gas-phase 

The experimental conditions are as follows: SO2 
content in gas is 0.27%, air pressure is 20 kPa, citrate 
solution pH is 4.50 and its concentration is 0.40 mol/L, 
absorption solution flow velocity is 55 L/h, circulation 
solution volume is 4.0 L, the option mode is chosen to be 
gas-liquid countercurrent, modules are horizontally laid, 
gas flows in tube, and absorption time is 6 h. The 
contents of SO2 in gas and solution were analyzed in a 
certain time interval. The results are shown in Fig.2. 
 

 
Fig.2 Influence of flow velocity of gas phase on absorption 
efficiency 
 

Fig.2 shows that absorption efficiency is influenced 
by gas-phase flow velocity. By using the flow velocity of 
0.4 m3/h, the absorption efficiency remains about 95% 
when the absorption time reaches 6 h, but with the flow 
velocity of 0.7 and 0.8 m3/h, it drops below 95% when 
absorption time reaches 3 h and drops to about 80% at 6 
h. Furthermore, by using the flow velocity of 0.6 m3/h, it 
remains to be over 85% after 6 h. This behavior is in 
accord with the theoretical analysis. Because of the 
increase in the flow velocity of gas, the gas-phase 
mass-transfer resistance decreases and the total 
mass-transfer coefficient increases. But in reality, the 
absorption efficiency is not always increased with flow 
velocity of gas. Enhancing the flow rate of gas gives 
raise to increased energy consumption, shortens the time 
of the duration of gas staying in the module of membrane, 
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and enhances the SO2 content at outlet, thus it decreases 
the absorption efficiency. So, the low-rate gas may lead 
to a high disposal efficiency and makes the SO2 content 
in outgoing flue gas satisfy the national effluent standard. 
But, a mini flow flux of gas will cause a problem for 
industrial disposal of a large amount of flue gas. 
Reducing the dispose amount per unit will lead to the 
increase of the number of membrane modules and the 
cost of disposal, so a suitable flow flux of gas should be 
chosen for optimization. 
3.1.2 Influence of content of gas-phase 

The experimental conditions are as follows: flow 
velocity of gas-phase is 0.6 m3/h and the other conditions 
are the same as Section 3.1.1. The concentrations of SO2 

in gas and solution in a certain time interval were 
analyzed. The results are shown in Fig.3. 

Fig.3 shows that the absorption efficiency drops 
while the sulfur dioxide content increases from 0.14% to 
0.4% (volume fraction). The absorption efficiency is 
below 60% when the sulfur dioxide content reaches 0.4%. 
It is indicated that the absorption efficiency is much 
higher when the sulfur dioxide content in the gas is 
lower. 
 

 

Fig.3 Influence of SO2 content on absorption efficiency 
 
3.2 Effect of liquid-phase 
3.2.1 Effects of concentration of absorption solution 

The experimental conditions are as follows: citrate 
acid concentration is chosen to be 0.20, 0.40, 0.60 mol/L, 
respectively, the solution pH value is 4.5, SO2 content in 
gas is 0.27% (volume fraction). The results are shown in 
Fig.4. 

Fig.4 shows that at the beginning of the absorption, 
the absorption efficiency is not sensitive to the 
concentration of absorption solution, but it becomes 
sensitive to the concentration when the absorption time is 
increased. A higher concentration of citrate results in a 
better absorption efficiency. Thus, enhancing citrate 
concentration is favorable to increasing the absorption 
rate and capability of solution. From reactions of 

Eqs.(3−5), it can also be found that citrate with a higher 
concentration is favorable to combining with H+, leading 
to a larger absorption efficiency. It is proved that the 
citrate solution has a strong absorption for SO2. 
3.2.2 Effects of pH value of absorption solution 

Theoretically speaking, SO2 is an acidic gas, thus, 
the increase of pH value of absorption solution is 
favorable to the absorption. In the experiment, a certain 
amount of sodium carbonate was added into the 
absorption solution in order to enhance the pH value of 
absorption solution. Fig.5 shows that the absorption with 
SO2 content of 0.27% (volume fraction) in incoming gas, 
citrate acid concentration of 0.60 mol/L and citrate pH 
values of 4.0, 5.0 and 6.0. 

It is seen that the absorption efficiency with 
different pH values is very different when the absorption 
time increases. At 6 h, the absorption efficiency with pH 
4.0 falls to about 55% while that with pH 6.0 remains 
above 95%. From the reaction (2), it is known that H+ is 
produced during the absorption of SO2. The decomposed 
H+ can be associated effectively by citrate acid radial at 
the beginning of absorption, so the absorption rate is not 
sensitive to the pH value. But, with the consumption of  
 

 
Fig.4 Effect of citrate concentration on SO2 absorption 
efficiency 
 

 
Fig.5 Effect of solution acidity on SO2 absorption efficiency 
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citrate acid radial, the ability to associate H+ goes down 
for low pH absorption solution while the high pH 
solution maintains high ability to associate H+, thus it 
becomes sensitive to the pH value. 
 
4 Desorption of sulfur dioxide with 

ultrasound 
 

The prepared citric acid-sodium citrate buffer 
solution (θ=30 ℃, c=1.0 mol/L, pH=4.5) was allowed to 
absorb sulfur dioxide at a certain concentration used to 
provide the raw solution for testing the performance of 
the sonochemical reaction. In each experiment, 2.2 L of 
absorbent solution is filled into the sonochemical reactor, 
then the temperature-control system is employed to 
increase the liquid temperature to the set value. The 
ultrasonic system and the mixer are started to carry on 
the experiment of ultrasonic desorption, and monitor the 
concentration of sulfur dioxide in the solution. 

The concentration of sulfur dioxide in the solution 
can be analyzed by the iodometric method. In this 
experimental system, the desorption efficiency in the 
absorbed sulfur dioxide is defined as 
 
η2=[(φ1−φ2)/φ1]×100%                        (7) 
 
where φ1 and φ2 are the contents of sulfur dioxide in the 
citrate solution before and after desorbing, respectively. 
 
4.1 Influence of ultrasonic power 

Ultrasonic power is defined as the total actual sound 
energy radiated into the reaction system in unit time. 
Only when the ultrasonic power is input into the solution, 
above the threshold value of cavitation can the cavitation 
effects occur. The ultrasonic degassing process mainly 
utilizes the steady cavitation, which can occur under the 
ultra-low sound strength, meaning that under the 
continuous action of sound wave, the bubbles in the 
liquid keep growing until rising to the surface of liquid 
and merging into the space. When the strength of the 
wave is very strong, the cavitation happens too quickly 
to make the bubbles rise to the liquid surface, so the 
sulfur dioxide re-dissolves in the citrate solution. 
Therefore, it is necessary to choose a suitable ultrasonic 
power for the desorption of sulfur dioxide. 

It is known that the ultrasonic power is most 
sensitive to the reactor output power, which is scaled by 
the ultrasonic generator output power. Taking the actual 
conditions into consideration, 130, 175, 220, 255, 300, 
340 and 370 W were chosen for the examination of the 
influence of output power on the desorption efficiency. 
The results are shown in Fig.6. 

Fig.6 suggests that the desorption efficiency 
increases with the increase of the power at the beginning, 
then decreases, and the maximal value reaches 300 W. 
When the generator input power is above 300 W, the 

desorbing efficiency decreases with the power increasing. 
Therefore, the best electric power is 300 W at 40 kHz, 
and it is chosen in the experiments mostly. 
 
4.2 Influence of ultrasonic frequency 

With the same conditions as those in Section 4.1, 
the sulfur dioxide desorbing experiment is conducted 
with different ultrasonic frequencies (20, 40 and 60 kHz). 
The results in Fig.7 show that the sulfur dioxide 
desorption efficiency gets lower when the frequency gets 
higher. As the frequency goes up, the time of ultrasonic 
wave inflation becomes shorter and the cores do not have 
enough time to grow up to cavitation bubbles. Therefore, 
a lower frequency results in a better ultrasonic desorption. 
Furthermore, the threshold of cavitation is increased, 
when the cavitation is under a higher frequency. But, the 
ultrasonic waves with high frequency are more quickly 
dissipated in the solution and thus, more energy 
consumption is needed in order to obtain the same 
sonochemical effect. So, the ultrasonic with low frequency 
is beneficial in the aspect of energy consumption. 
 
4.3 Influence of stirring speed 

Fig.8 (the conditions are the same as in Section 4.1 
 

 
Fig.6 Relationship between desorption efficiency and input 
electric power 
 

 
Fig.7 Relationship between desorption efficiency and 
ultrasonic frequency 
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except the stirring speed) suggests that the sulfur dioxide 
desorption efficiency increases with the stirring rate 
whether using the ultrasound or not. It increases slowly, 
when the stirring rate is above 250 r/min. This means 
that the stirring can speed up the gas diffusion and thus 
speed up the escape of the sulfur dioxide bubbles. 
Increasing the stirring rate can also enhance the 
cavitation effect. It is noted that the influence of stirring 
rate on the sulfur dioxide desorption is independent of 
the using of the ultrasound. Under the same stirring rate, 
the using of ultrasound can enhance desorption 
efficiency by 25%. So, the ultrasound just accelerates the 
desorption, without changing the mechanism of the 
desorption process. 
 

 
Fig.8 Relationship between desorption efficiency and stirring 
rate 
 
5 Conclusions 
 

1) The absorption efficiency can be lowered by 
increasing the flow velocity and SO2 content in gas phase. 
However, it can be enhanced by using the high citrate 
concentration. The absorption is sensitive to the pH. The 
higher pH the citrate solution has, the larger the 
absorption efficiency is. 

2) Under some conditions, the using of ultrasonic 
can enhance the desorption without changing the reaction 
mechanism. At a frequency of 40 kHz for ultrasonic, 
desorption temperature of 50 ℃, generator output power 
of 300 W, stirring rate of 300 r/min, citrate concentration 
of 1.0 mol/L, initial SO2 concentration of 120 g/L and 
reaction of 5 h, a desorption efficiency of 82% can be 
obtained. 
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