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Abstract

:

A novel method of improving the SO2 absorption performance of sodium citrate (Ci-Na) using sodium humate (HA–Na) as an additive was put forward. The influence of different Ci-Na concentration, inlet SO2 concentration and gas flow rate on desulfurization performance were studied. The synergistic mechanism of SO2 absorption by HA–Na and Ci-Na was also analyzed. The consequence shows that the efficiency of SO2 absorption by Ci-Na is above 90% and the desulfurization time added with the Ci-Na concentration rising from 0.01 to 0.1 mol/L. Both the desulfurization efficiency and time may increase with the adding of HA–Na quality in Ci-Na solution. Due to adding HA–Na, the desulfurization efficiency of Ci-Na increased from 90% to 99% and the desulfurization time increased from 40 to 55 min. Under the optimum conditions, the desulfurization time of Ci-Na can exceed 70 min because of adding HA–Na, which is nearly doubled. The growth of inlet SO2 concentration has little effect on the desulfurization efficiency. The SO2 adsorption efficiency decreases with the increase of inlet flow gas. The presence of O2 improves the SO2 removal efficiency and prolongs the desulfurization time. Therefore, HA–Na plays a key role during SO2 absorption and can dramatically enhance the SO2 adsorption performance of Ci-Na solution.
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1. Introduction


It is well known that fossil fuels is mainly used to generate electrical energy in power plants and the combustion of fossil fuels generates SO2, which is the major source of acid rain and a major air pollutant, which severely influences the atmosphere environment and human health if not controlled [1,2]. Controlling SO2 is critical to improve air quality and has always caught people’s eye in recent years due to the environmental issues [3,4,5]. Therefore, improving the desulfurization performance economically and effectively of existing desulfurization technology has become a research hotspot at home and abroad [6,7,8].



There are plenty of desulfurization processes developed on the laboratory scale, some of which are applied at industrial standards around the world [9]. In the traditional methods, limestone, sodium hydroxide solutions, calcium hydroxide and magnesium hydroxide and a number of organic solvents have been used as an adsorbent [10]. There are other desulfurization processes such as the citrate method. During the citrate process, SO2 in the flue gas is absorbed by the sodium citrate (Ci-Na) solution [11,12]. According to the physical characteristics of Ci-Na [13], adopting the desulfurization technology of Ci-Na can meet the advantages of environmental protection, flexible operation, recyclable absorbents and recyclable SO2 for resource utilization, also meeting the increasingly strict requirements of environmental protection, desulfurization, etc. [14,15,16].



Humic acid (HA) is a type of amorphous organic molecular compound, most of these extensively exist in nature. It can be obtained from lignite and peat [17,18]. Due to its “sponge-like” structure, HA produces a large surface area (330–340 m2/g) and surface energy and has a strong adsorption capacity [19]. The adsorption capacity of HA is not only related to its surface area and surface energy, but also the swelling property of HA to water [20]. Sodium humate (HA–Na) is a water-soluble sodium salt of HA and a cost-effective absorbent, which reacts with H+ to produce HA precipitate thus promoting the dissolution of SO2 in the water [21]. They have been studied more broadly for biological breeding and pollution control due to their characteristics of adsorption, chelation and ion exchange [22]. HA–Na has higher swelling property than HA itself [23]. With the enhancement of the swelling property of HA, the active groups of HA can be more fully exposed in the aqueous solution and the probability of contact between HA and adsorbed ions is increased and then it improves the adsorption effect [24,25,26]. However, there have been few reports with regard to the addition of HA–Na to modify the Ci-Na solution to improve the adsorption capacity [27].



Sun et al. [28] investigated the desulfurization activity of the HA–Na/α-Al2O3 composite adsorbent on the fixed-bed quartz reactor. A series of characterization showed that coating α-Al2O3 fibers after being immersed in HA–Na solution can enhance the flue gas desulfurization performance of the α-Al2O3 carrier. The reason is that the HA–Na adsorbent has a stronger adsorption capacity for NH4OH. The longer the conversion rate of SO2 is maintained, the more NH4OH will be adsorbed in the HA–Na/α-Al2O3 adsorbent. According to the previous study, it revealed that the HA–Na solution has good SO2 absorption characteristics. The desulfurization products can be made into the HA compound fertilizer, which provides an economical and effective way to reduce SO2 from flue gas [29].



This paper studies the absorption performance of HA–Na/Ci-Na and the desulfurization mechanism, which will lay the foundation for further research and popularization in the future.




2. The Enhancement Mechanism


HA–Na may bring an enhancement effect on SO2 capture by the Ci-Na method. Table 1 shows the relevant reactions and the enhancement mechanism was put forward as follows: (1) The SO2 absorption by Ci-Na mainly depend on the buffering properties of its absorbing solution. (2) After adding HA–Na, the carboxyl (COO–) and hydroxyl (OH–) of HA–Na reacts with H+ rapidly and HA–Na is transferred to the HA sediment (Equation (8)). Due to these reactions, the reaction equilibrium of Equations (1)–(7) moves to the right and the amount of SO2 dissolved into solution is increased. (3) HA–Na may reduce the rate of pH decline of Ci-Na solution since the HA–Na solution is also a kind of acidic buffer solution, which also may enhance SO2 absorption.



R–(COONa)n is the structural formula of HA–Na and R–(COOH)n is the structural formula of HA.




3. Results and Discussion


3.1. Desulfurization Performance of Only Ci-Na


The influence of different concentrations of Ci-Na on the removal rate of SO2 was analyzed as can be seen in Figure 1. It shows the relationship of Ci-Na concentration and SO2 desulfurization efficiency [30]. The SO2 absorption by different concentrations of Ci-Na all shows higher efficiency and the SO2 absorption efficiency had no obvious change and basically maintained above 90% with the increase of Ci-Na concentration. The duration of high efficiency desulfurization also added with the increasing of Ci-Na concentration. When the concentration of Ci-Na added from 0.01 to 0.1 mol/L, the desulfurization time was extended from 20 to 80 min, which was increased by 4 times.



Figure 2 shows the relationship between desulfurization time and Ci-Na concentration. The desulfurization time experienced two rapid growth phases with the growth of Ci-Na concentration and it tended to be flat after 0.08 mol/L. The Ci-Na solution is weakly alkaline and the citrate ion has good buffering capacity. In this experiment, the concentration of 0.06 mol/L Ci-Na was selected as the optimum condition and the SO2 absorption efficiency was 96.4% and the duration was 40 min.




3.2. Effect of HA–Na Concentration


The different quantity of HA–Na was a significant factor on the reduction of SO2 concentration, hence a series of experiments were carried out to study the effect of quantity on desulfurization efficiency [31]. The desulfurization efficiency using only HA–Na solution was shown in Figure 3. With the quantity increasing of HA–Na, the SO2 absorption efficiency increased from 82% to 98%, which also had a certain impact on the break-through time. In addition, as the amount of HA–Na quantity increased (from 0.05 to 2.4 g), the desulfurization time also was enhanced and almost remained above 40 min when HA–Na mass was 2.4 g. The reason is as follows: the HA–Na solution is alkaline (generally the PH value is 10), and the hydroxide (OH−) in the solution is rapidly neutralized with the generated H+. Moreover, a large number of acid ions ionized by HA–Na (such as COO- and OH−), which will interact with a large number of H+. The H+ combines with HA–Na to generate HA precipitation, which moves the dissolution balance to the right and promotes the dissolution of more SO2 into the HA–Na solution.




3.3. Effect of the Additive Amount of HA–Na on the Desulfurization Performance of Ci-Na


The addition of a different quantity of HA–Na may be one of the factors affecting the desulfurization efficiency of Ci-Na [32]. HA–Na was added into Ci-Na solution as an additive, such as 0.05 g, 0.1 g, 0.2 g, 0.4 g, 0.8 g, 1.2 g and 2.4 g, respectively, and the desulfurization effect was shown in Figure 4. The SO2 absorption efficiency increased as the adding amount of HA–Na, and the saturation time also was improved, from 40 to 70 min. The reason may be that the addition of HA–Na increases the hydroxide ion (OH−) in the solution, promoting more SO2 absorption. Ci-Na and HA–Na had a synergistic effect for SO2 absorption. This is more clearly confirmed in Figure 5.



It is evident from Figure 5 that the addition of HA–Na can remarkably enhance the desulfurization efficiency and saturation time of Ci-Na. It was also found that the SO2 absorption efficiency was close to 0% at 40 min when there was no HA–Na added, but it was still about 50% after adding HA–Na. Moreover, the desulfurization time increased by 15 min. The causes of this phenomenon are various [33]. In addition to the hydrolysis of HA–Na to generate hydroxide ions, it can also ionize the acid radical ions (carboxylate), thus consuming H+ to move the dissolution balance to the right and cooperating with Ci-Na to absorb more SO2.




3.4. Effect of the Inlet SO2 Concentration


The concentration of SO2 is different in the actual industrial flue gas. Hence, it might be necessary to research the influence of SO2 concentration on SO2 absorption efficiency. The influence of different SO2 concentrations on the SO2 removal efficiency as illustrated in Figure 6. Simulated flue gas with the SO2 concentrations of 1000 ppm, 2300 ppm and 3000 ppm were used for the desulfurization experiment. The results are represented in Figure 6 that with the increase of SO2 concentration, the desulfurization time of reaching saturation decreased from 92 to 40 min and diminished by 2.3 times. Moreover, the desulfurization time decreased significantly at 40 min, only about 5% under the high SO2 concentration condition, while the desulfurization time was still close to 100% under the condition of low SO2 concentration. The result shows that the inlet SO2 concentration had a certain influence on the removal efficiency.



The main reason is that the driving force of mass transfer increased with the increasing of SO2 concentration, which is beneficial to the absorption reaction [34]. However, the SO2 capacity per unit volume of the solution was constant. As the inlet SO2 concentration increased, the mass transfer rate was heightened while the time of SO2 absorption saturation was shortened. So, the SO2 absorption rate will be accelerated and the desulfurization time will be reduced.




3.5. Effect of the Gas Flow Rate


Most of the experiments were discussed as the influence of the gas flow rate on SO2 removal efficiency. The initial inlet gas flow rate were respectively set as 1.0 L/min, 1.3 L/min and 1.6 L/min in the experiment. The results was presented in Figure 7. It is proved by the experiment that the removal efficiency of SO2 increased as the initial inlet gas flow decreased. The increasing of the gas flow rate reduced the driving force of the absorption reaction, which is unfavorable for the desulfurization reaction. At the same time, the gas flow rate increased and the gas–liquid reaction time was reduced. A part of SO2 was released before the reaction, which affected the absorption efficiency. In general, increasing gas flow had only some negative consequences.




3.6. Effect of O2


The actual industrial flue gas contains a variety of ingredients, such as O2. For instance, the flue gas of coal-fired power plant typically contains about 5–15 vol% O2 [35]. Therefore, the existence of O2 in the simulated flue gas was also explored. Figure 8 shows the effect of the presence of O2 on the SO2 removal efficiency. The experimental results indicated that SO2 absorption efficiency at 50 min was improved significantly from 5% to 95% by the addition of 15% O2. It can be seen that the existence of O2 increased the desulfurization efficiency noticeably and also prolonged the desulfurization time from 55 to 80 min. The possible reasons were as follows [36]. The presence of O2 could be more effective in improving O2 dissolving into water so that the centration of dissolved O2 into the solution was far higher than before, which is conducive to the oxidation of sulfite. According to Equation (9), it can infer that dissolved O2 could accelerate the oxidation of sulfate. This reduces the concentration of        HSO   3 −    in the liquid phase and makes Equation (10) shift to the right. The liquid phase mass transfer coefficient was reduced.



After the addition of O2, the desulfurization process will be accompanied by the following reactions.


2SO32−(aq) + O2(g) → 2SO42−(aq)



(9)






HSO3−(aq) ↔ H+(aq) + SO32−(aq)



(10)







It could be deduced that more O2 in the solution participated in the desulfurization reaction and both the amount of SO2 absorbed and desulfurization time were increased.





4. Materials and Methods


4.1. Sample Preparation


Ci-Na, sodium hydroxide, sodium acetate, acetic acid solution, anhydrous ethanol and sodium carbonate were from Sino pharm Chemical Reagent Co., Ltd., in Shanghai, China. HA–Na was from Shanghai Jincheng Biochemical Co., Ltd, in Shanghai, China. Deionized water was made in the laboratory.




4.2. Desulfurization Test


A principle diagram of the experimental devices are represented in Figure 9 below. Absorption experiments of the SO2 in the laboratory consisted of SO2, O2 and balance N2 as simulated flue gas. The SO2, O2 and N2 gases were provided by cylinders. The experiment adopted SO2 with a concentration range of 1000–3000 ppm. The total flow rate of the simulated flue gas was controlled with a mass flow controller (MFC). The flue gas analyzer was used to monitor the change of SO2 concentration at the inlet and outlet of the reactor (KANE-9506, UK) [29].



The absorption efficiency SO2 can be obtained by the following formula:


  η =   (  C  in   −  C  out   ) × 100 %    C  in      



(11)




where η is the SO2 absorption efficiency and Can and Coot are the inlet and outlet of the SO2 concentration, respectively.





5. Conclusions


The new desulfurization method with Ci-Na/HA–Na solution was put forward. The influence of different Ci-Na concentration, inlet SO2 concentration, flow rate and other elements on the desulfurization performance were studied. The mechanism of HA–Na as an addition agent to improve the desulfurization performance of Ci-Na was discussed. For the absorption process, the higher the Ci-Na concentration and the lower the inlet flue gas flow, the more conducive to the SO2 absorption. The presence of O2 had a slight influence on the desulfurization efficiency. HA–Na played a key role during SO2 absorption by the Ci-Na solution and can improve obviously the desulfurization performance of the Ci-Na solution.
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Figure 1. Effect of Ci-Na concentration on desulfurization efficiency. SO2 = 2300 ppm, gas flow = 1.68 L/min and absorption solution = 60 mL and 25 °C. 
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Figure 2. The effect of Ci-Na concentration on desulfurization time. SO2 = 2300 ppm, gas flow = 1.68 L/min and absorption solution = 60 mL and 25 °C. 
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Figure 3. The effect of different quality HA–Na on desulfurization efficiency. SO2 = 2300 ppm, gas flow = 1.68 L/min and absorption solution = 60 mL and 25 °C. 
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Figure 4. Effect of HA–Na additive on the desulfurization effect. SO2 = 2300 ppm, gas flow = 1.68 L/min, absorption solution = 60 mL and Ci-Na = 0.06 mol/L and 25 °C. 
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Figure 5. Comparison of HA–Na and Ci-Na solution. SO2 = 2300 ppm, gas flow = 1.68 L/min, absorption solution = 60 mL and Ci-Na = 0.06 mol/L and 25 °C. 
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Figure 6. Effect of SO2 concentration on desulfurization efficiency. Gas flow = 1.68 L/min, absorption solution = 60 mL, Ci-Na = 0.06 mol/L and HA–Na = 0.2 g and 25 °C. 
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Figure 7. Effect of the gas flow rate. SO2 = 2300 ppm, absorption solution = 60 mL, Ci-Na = 0.06 mol/L and HA–Na = 0.2 g and 25 °C. 
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Figure 8. Effect of O2. SO2 = 2300 ppm, gas flow = 1.68 L/min, absorption solution = 60 mL, Ci-Na = 0.06 mol/L and HA–Na = 0.2 g and 25 °C. 
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Figure 9. Schematic diagram of the experimental apparatus. 
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Table 1. The reaction equation of CO2 capture.
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	Reaction Equation
	Number





	     SO  2   ( g )    ↔      SO   2   ( aq )    
	(1)



	     SO  2   ( aq )  +  H 2  O ↔    2 H   +     ( aq ) + SO   3  2 −    ( aq )    
	(2)



	    C i  3 −    ( aq )  +  H +   ( aq )  ↔   HC  i  2 −    ( aq )    
	(3)



	     HC  i  2 −    ( aq )  +  H +   ( aq )  ↔  H 2   C i −   ( aq )    
	(4)



	    H 2   C i −   ( aq )  +  H +   ( aq )  ↔  H 3   C i    ( aq )    
	(5)



	    H 2  O ↔  H +     ( aq ) + OH   −   ( aq )    
	(6)



	   R −    (  COONa  )   n   (  aq  )  ↔ R −   (   COO  −  )  n       ( aq ) + nNa   +   (  aq  )    
	(7)



	   R −   (   COO  −  )  n     + nH   +   ( aq )  ↔ R −    (  COOH  )   n   ( s )    
	(8)
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
1.0 L/min
1.3 L/min

¥ ¥ %
2 28 e ]
oAouaragye uondiosqyos

100%.

T/min





media/file4.png
mol/L
mol/L.
mol/L
mol/L
mol/L
mol/L

70 -
60 -
£ 350 -
2 |
[

40 <

1 B Sodium citrate 0.01

30 4 @ Sodium citrate 0.02

B Sodium citrate 0.04

1 7 Sodium citrate 0.06

20 B Sodium citrate 0.08

sl © Sodium citrate 0.10

| | L | |

mol/L

0.00 0.02 0.04 0.06 0.08 0.10






nav.xhtml


  catalysts-11-00865


  
    		
      catalysts-11-00865
    


  




  





media/file18.png
Exhaust

Gas mixer Drying tube
FC
N: 0z 50z
Erlenmeyer flask Riadston
Flue gas analyzer Flue gas analyzer






media/file16.png
—#— Anaerobic
—e— 0,/15%

"
m

S S S S
& 3 B &

9,/Auaniy) uondiosqytOs

0%

80

40

20

T/min





media/file2.png
SO,Absorption efficiency /%

100%

20%0+

nosa

—a—
-
—h—
—v—
——
_q_

Sodium citrate 0.01
Sodium citrate 0.02
Sodium citrate 0.04
Sodium citrate 0.06
Sodium citrate 0.08
Sodium citrate 0.10

mol/L
mol/L
mol/L
mol/L.
mol/L
mol/L.

L






media/file5.jpg
100%

—— HANa00Sg
—a— HANaOIg
—A— HANa02g
—v— HANaO4g
o HANaOSg

2

- HANal2g
HANa24g

SO, Absorption efficiency/%
1
Y

g






media/file3.jpg
®Sodium citrate 0.01
@Sodium citrate 0.02
W Sodium citrate 0.04
@ Sodium citrate 0.06
= Sodium citrate 0.08
odium citrate 0.10

mol/L
mol/L
mol/L.
mol/L
mol/L
mol/L

T
0.08 0.10






media/file1.jpg
SO,Absorption efficiency /%

100%:

80%

60%:

40%:

1H1t44

Sodium citrate 0.01 mol/L
Sodium citrate 0.02 mol
Sodium citrate 0.04 moV/L
Sodium citrate 0.06 mol/L.
Sodium citrate 0.08 mol/L
Sodium citrate 0.10 mol/L






media/file7.jpg
SO,Absorption efficiency/%

100%

80%

- S citrate .06 molL+HA 24 ¢
@ Sodiam citrate .06 mol.

60%

40%

20%

0% +

80





media/file10.png
SO,Absorption efficiency/%

100% =

=—MHl— Sodium citrate 0.06 mol/L+HA 0.2 g
—8— HA-Nal.lg
—A— Sodium citrate 0.06 mol/L

T/min

60





media/file12.png
SO,Absorption efficiency/%

100%

40% =

20% =+

0%

—m— 1000 ppm
—&— 3000 ppm
~—A— 2300 ppm

40

60 80 100






media/file9.jpg
SO,Absorption efficiency/%

100%

80%

60%

—B— Sodium citrate 0.06 molL+HA 0.2 ¢
—8— HANa02g
—a— m ctrate 0.06 molL

20

T/min

60





media/file0.png





media/file14.png
—8— 1.0 L/min
—o— 1.3 L/min

—&— 1.6 LL/min

b

S
s

L) L

S S
& 8

L)

S
=

S
&

op/Aouanagye uondiosqy’os

noa
v

T/min





media/file8.png
SO,Absorption efficiency/%

40% -
20% -
0% . —

0 100 20 30

=M= Sodium citrate 0.06 mol/L+HA 0.05g

== Sodium citrate 0.06 mol/L+HA 0.1 g
A= Sodium citrate 0.06 mol/L+HA 0.2 g
=W=— Sodium citrate 0.06 mol/L+HA 0.4 o
+ Sodium citrate 0,06 mol/L+HA 0.8 g
| = Sodium citrate 0.06 mol/L+HA 1.2 g
~ Sodium citrate 0.06 mol/L+HA 2.4 ¢
—@— Sodium citrate 0.06 mol/L






media/file11.jpg
100%

80%

60% o

40%

SO,Absorption efficiency/%

20%

—m— 1000 ppm
—e— 3000 ppm
—A— 2300 ppm

0%






media/file6.png
rption efficiency/%

SO,Abso

100%

80% -

60% -

40% -

20% -

0%

T/min

HA-Na 0.05 g
HA-Nallg
HA-Nal.2g
HA-Nal4g
HA-Na 0.8 g
HA-Nallg
HA-Naldg






media/file15.jpg
erobic

—a— An;

100%

2 2 2 g
8 8 2 8

u/AouapYy UONdI0saVE0S

0% -+

T/min





media/file17.jpg
m """"" _J 21





