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Abstract

:

Wet electrostatic precipitators (WESPs) are increasingly used in iron and steel plants and coal-fired power plants due to their higher efficiency at capturing fine particles than conventional dry-type precipitators. In order to achieve ultra-pure purification of dust in steel plant gas, we propose an improved method that involves adding a chemical coagulant and a surfactant to a WESP. The effects of the type and concentration of chemical coagulant and surfactant on the agglomeration effect and dust removal efficiency of blast furnace dust were investigated. The results show that the addition of a chemical coagulant could promote the agglomeration of blast furnace dust particles, and the D50 of dust particles increased from 5.8 to 15.0 μm after the addition of xanthan gum (XTG). The best increase in the blast furnace’s dust particle removal occurred at a concentration of 10 mg/L of XTG, and the dust removal efficiency reached 97.59%. The surfactant dodecyl trimethyl ammonium chloride (DTAC) improved the dust removal efficiency of blast furnace dust when added alone. The dust removal efficiency reached 97.82% when 10 mg/L of XTG and 9 mg/L of DTAC were added synergistically. The addition of a chemical coagulant and surfactant promoted the agglomeration of blast furnace dust and enhanced the dust capture effect of a WESP. We thus demonstrated that we can improve the efficiency of WESP in the future via chemical coagulation. The authors will further study the effect of multi-factor synergistic coupling on the chemical coagulation method in WESPs.






Keywords:


blast furnace dust; wet electrostatic precipitator; chemical coagulant; synergy; dust removal












1. Introduction


The iron and steel industry is the second most polluting industry in China after the electric power industry, and it is an important source of fine particle pollution in the air in China [1,2,3]. With the continuous growth of steel production every year, the total emitted amount of pollutants has been increasing, which has had a great impact on the air quality [4,5,6,7,8]. According to statistical data, in the first half of 2021, the national crude steel production reached a total of 563 million tons, which represented an 11.80% year-on-year increase. Pig iron production reached 456 million tons, which represented a 4.0% year-on-year increase. Steel production reached 698 million tons, representing a cumulative year-on-year increase of 13.90% [9]. The total amount of waste gas emission in the first half of 2021 also increased compared with the same period of the previous year. Blast furnace gas generation reached 523,805 billion m3, which represented a 6.80% year-on-year increase, and its recycling rate reached 97.95%. Converter gas generation reached 40.704 billion m3, representing a 13.70% year-on-year increase, and its utilization rate reached 98.40%. Both blast furnaces and converters have improved their gas utilization rate compared with the same period of last year [10]. Although the gas recovery rate has increased in recent years with the improvement of emission standards, some of the gas that is not recovered and is discharged still has a negative impact on the environment [11]. Blast furnace gas is a by-product of blast furnace ironmaking. Blast furnace gas has the characteristics of high dust concentration, high pollution, low calorific value, and difficult recovery, and the poor hydrophilicity of the dust particles in the gas affects the recovery of the gas [12]. When blast furnace gas is used for power generation and other purposes, the ultra-pure purification of gas is required to reduce the dust content in the gas to less than 1 mg/m3 (standard state). Therefore, this study proposes to enhance the hydrophilicity of blast furnace dust by adding a chemical coagulant and a surfactant to a wet electrostatic precipitator to improve the collection efficiency of blast furnace dust and to achieve the ultra-pure purification of gas [13].



The use of a chemical coagulant and a surfactant in wet electrostatic precipitators (WESPs) is based on adding one or more agents to the original dust removal equipment to enhance the agglomeration of fine dust particles to achieve a higher removal efficiency. In the 1990s, Durham et al. [14] sprayed a mixture containing atomized binder into an ESP gas stream and showed that the binder and fine particles effectively collected on the dust collection poles. In 2000, the U.S. Department of Energy and others developed new chemical conditioners for controlling fly ash resistivity and cohesion. In 2001, Johansen et al. [15] compared the morphology and particle size of agglomerates formed by PEG 20000 and PEG 3000 and concluded that PEG 20000 in powder form is the most effective agglomerate. Earlier research on the effect of chemical coagulants on the growth of ultrafine particles is described below. In 2003, Wei et al. [16] summarized the research on chemical agglomeration technology by foreign scientific researchers and proposed the use of a chemical coagulant to promote ultrafine particulate matter growth. In 2007, Zhao et al. [17] used coagulant spraying in a coal-fired flue to promote ultrafine particle growth. Later, researchers began to focus on the effects of temperature, pH, addition point, and coagulant aid when adding chemical coagulants. Rajniak et al. [18] investigated the effect of HPC in combination with other auxiliaries on the agglomeration of particles. In 2009, Li et al. [19] investigated the agglomeration effect of four chemical coagulants including PAM at different concentrations and under different pH conditions. In the same year, Carvalh et al. [20] investigated the physicochemical effects of using carrageenan as a coagulant. In 2011, Forbes et al. [21] investigated the effect of chemical coagulant droplets on the wetting and agglomeration of fine particulate matter at different temperatures. In 2013, Zhao et al. [22] analyzed the variation in dust concentration and particle size when using different coagulant addition points, temperatures, etc.



More and more researchers have begun to focus on the synergistic effect of chemical coagulation and electrocoagulation, the synergistic effect of chemical coagulation and turbulent coagulation, and the synergistic effect of chemical coagulants on the capture efficiency of fine particles. In 2014, Thonglek et al. [23] controlled fine particle agglomeration by pulsing the ESP to generate plasma inside the ESP. In the same year, Liu et al. [24] achieved a 30% increase in PM2.5 removal when adding chemical coagulants to a wet FGD system. In 2015, Balakin et al. [25] investigated the mechanism of agglomeration using capillary bridging in a multiphase flow agglomeration experiment. In 2016, Liu et al. [26] selected six chemical coagulants, including XTG, to study the growth of fine particles. In 2017, Guo et al. [27] evaluated the chemical agglomeration phenomenon by simulating the pressure, temperature, and velocity distributions in a chamber flow field. In 2018, Hu et al. [28] used water, pectin, and sodium alginate solution as coagulants to improve the fine particulate removal efficiency by more than 20%. In 2019, Sun et al. [29] proposed and investigated the effect of different chemical agglomeration and turbulent agglomeration coupling methods on the agglomeration effect and removal performance of ESP particles. Zhou et al. [30] investigated the agglomeration effect of sesbania gum (SBG) and styrene butadiene emulsion (SBE) on fine particulate matter using phase Doppler anemometry. In 2020, Li et al. [31] found that a carrageenan/Tween-80/NH4Cl (KC/TW/NH4Cl) three-component coagulant increased the average particle size of fine particulate matter from 2.8 μm to more than 10.0 μm. In 2021, Gao et al. [32] used chemical agglomeration and turbulent mixing to synergistically promote chemical agglomeration and greatly improve the effectiveness of electrostatic precipitation. Yang et al. [33] applied a new passivation coagulant to a 300 MW unit experimentally, and the exit dust concentration was reduced by about 32%. Therefore, the chemical agglomeration method has good prospects for application in electrostatic precipitators.



All of the above studies show that chemical coagulants have a good effect on the growth of fine particles of dust and can significantly improve dust removal efficiency. However, most of the particles selected in these studies were coal-fired dust, and the problems of high water consumption and high cost of coagulant dosage still exist, making it difficult to widely promote chemical agglomeration technology in dust removal applications. In this study, we focus on blast furnace dust with poor agglomeration performance. By adding a chemical coagulant to the original spraying system of a wet electrostatic precipitator, the dust removal efficiency can be improved without modifying the original equipment. In addition, this study applies a surfactant and a chemical coagulant simultaneously to investigate their synergistic effects and to identify a suitable concentration of chemical coagulant to promote dust agglomeration. This method could reduce economic costs and enhance the development of chemical agglomeration technology.



The purpose of this study is to investigate the effects of a chemical coagulant and a surfactant on the removal of blast furnace dust in wet scrubbers. The effects of chemical type and concentration on the agglomeration effect of blast furnace dust were systematically investigated to optimize the chemical agent type and concentration to improve the efficiency of WESP at capturing blast furnace dust. Our results may help improve the efficiency of WESPs in the future via chemical coagulation. The authors will further study the effect of multi-factor synergistic coupling on the chemical coagulation method in WESPs.




2. Materials and Methods


2.1. Experimental Setup


2.1.1. Wet Electrostatic Precipitators System


The wet type electric dedusting system used in this study is shown in Figure 1 and includes a low voltage control system, a high voltage power supply control system, a spraying system, and a fan system. The spraying system includes a circulating pool and a water pump. The electrode setup used a BS mansard cathode line and a 480C anode plate, and the dust collector size was 2.8 × 1.4 × 5.8 (L × W × H) (m). The dust inlet concentration was set to 80 mg/m3, the power supply voltage was 72 kV, and the current was 0.3 mA. When the wet-type electric dedusting system was in operation, the water pump sent water from the circulating pool to the inside of the dedusting system through nozzle atomization.




2.1.2. Sampling System


In this experiment, the isokinetic sampling method was used for the dust at the outlet of the WESP. The dust concentration obtained via this method was more accurate and closer to the dust concentration under real conditions. The following equipment was used in the sampling process: a filter cartridge (filter membrane), a sampling head, a drying bottle, a buffer bottle, a vacuum pump, and a flow meter. A diagram of the sampling system is shown in Figure 2. A high silica glass fiber filter cartridge was selected for dust sampling, and it was placed in the oven for drying before and after sampling to eliminate the influence of flue gas temperature and humidity. The total measurement error of the sampling system is less than 0.1 mg/m3.




2.1.3. Particle Size Distribution Measurement Device


A BT-9300H laser particle size analyzer was used to measure the dust particle size distribution. The device includes a sample cell, an ultrasonic disperser, a centrifugal circulation pump, and an electric stirrer.




2.1.4. Representation


In this study, a field emission scanning electron microscope (SEM, S4800-II, Kyoto, Japan) equipped with an energy spectrometer system was used to observe the morphology and elemental composition of blast furnace dust.





2.2. Experimental Materials


The experimental conditions used in this study were as follows: the gas temperature was 18–25 °C and the relative humidity was 20%–40%. The dust used was blast furnace dust, the operating voltage of the WESP system was 40 kV, the field gas velocity was 1 m/s, and the nozzle pressure was 0.5 MPa. The blast furnace dust was dried before entering the WESP, and then a quantity of dust was uniformly transported from the feed inlet to the interior of the precipitator by a fan. Inside the dust collector, dust particles went through the stages of gas ionization, dust charging, dust collection, and spray cleaning. Most of the dust particles were trapped, and the uncaught dust escaped through the pipeline.



The drugs used in this experiment included a chemical coagulant and a surfactant, as is shown in Table 1 below. By changing the concentration and type of chemical coagulant and surfactant, the effects of different variables on the corona discharge effect, dust agglomeration effect, and removal efficiency of the wet-type dust collector were investigated. At the end of the experiment, the dust was collected to measure the particle size distribution, observe the dust particle growth effect, and calculate the dust removal efficiency.





3. Analysis and Discussion


3.1. Blast Furnace Dust Particle Size Distribution and Morphology


3.1.1. Particle Size Distribution Analysis


The particle size distribution of the blast furnace dust is shown in Figure 3. D10, D50, and D90 indicate the particle size when the cumulative particle size distribution number reached 10%, 50%, and 90%, respectively. D50 is also called xdmedian size or median particle size. It can be seen that the particle size of xdblast furnace dust is small, with a particle size distribution in the range of 0.2–40 μm, and D50 was 6.754 μm. We found that, 10% of the dust was less than 2.010 μm, 50% was less than 6.754 μm, and 90% was less than 17.33 μm. In addition, particles with a size below 2.5 μm accounted for about 20.14% of the total, and particles with a size below 10 μm accounted for about 79.77% of the total. These dust particles below the particle size can cause serious air pollution, which is why they are the key target of blast furnace dust capture.




3.1.2. Morphological Analysis


Figure 4a shows that the blast furnace dust particles are varied in size and showed an irregular shape and a porous structure. The particles were either connected or dispersed with each other, which may be due to the various chemical changes accompanying the combustion process, resulting in the particles bonding together to form larger particle clusters during cooling. Figure 4b shows that the metallic elements in the blast furnace dust were mainly Ca, Na, Fe, and Al, and the inorganic elements Si and C were the most abundant.





3.2. Influence of Chemical Coagulant on the Effect of Blast Furnace Dust Capture


3.2.1. Effect of Coagulant Type


Coagulation Effect


Different types of chemical coagulants have different effects on particle agglomeration. In this study, five coagulants, PAM, KGM, KC, XTG, and kieselguhr, were selected at a concentration of 15 mg/L, and the experimental results are shown in Figure 5. The D10 particle sizes of the five coagulants showed no significant differences, but the differences were more obvious for D50 and D90. The sequence of the corresponding particle sizes of D90 were XTG, kieselguhr, PAM, KGM, and KC in descending order. XTG is a polymeric compound with strong hydrophilic properties, which dissolves in water and can form a highly viscous solution. XTG was added to the recirculation basin and sprayed into the dust collector through the nozzle as droplets, which collided with fine particles and bound together in a “bridging” manner to form larger particle clusters. The addition of a chemical coagulant makes the fine particles grow, increasing the probability of particle capture and improving the dust removal efficiency. Regarding the consumption of reagents, a simple calculation showed that less than 1.5 kg of agent was required to treat 100,000 m3 of gas. Therefore, the cost of the reagents was low.




Dust Removal Efficiency


To further investigate the effect of chemical coagulants on the removal of blast furnace dust in WESPs, this study applied sampling tubes to sample the inlet and outlet locations of the dust collector to calculate the dust removal efficiency of the WESP with different coagulants. The electric field wind speed was 1.0 m/s, the nozzle pressure was 0.5 MPa, the operating voltage was 40 kV, and the concentration of all five coagulants was 15 mg/L. Figure 6 shows that the dust removal efficiency increased after the addition of a coagulant. When the coagulant was XTG, the highest dust removal efficiency reached 97.59%. When the coagulant was KC, the dust removal efficiency was the lowest (95.68%). Among the five coagulants, XTG had the best agglomeration effect but the worst corona discharge performance and the highest dust removal efficiency. Similarly, the agglomeration effect of PAM was slightly worse than that of kieselguhr, but its corona discharge performance was better than that of kieselguhr. Therefore, it is assumed that the dust removal efficiency was more influenced by the agglomeration effect of particulate matter when the difference in corona discharge performance was not significant.





3.2.2. Effect of Coagulant Concentration


Coagulation Effect


The agglomeration effect of adding different concentrations of chemical coagulants was different. XTG, which had a better agglomeration effect, was selected to investigate the effect of concentration. Four different concentrations of XTG, 0 mg/L, 5 mg/L, 10 mg/L, and 15 mg/L, were added to the circulating pool for the experiment. As can be seen in Figure 7, the content of large-size particles gradually increased with an increase in coagulant concentration. Without XTG, 20.14% of PM2.5, 79.77% of PM10, and 20.23% of particles within 10–100 μm were found. When XTG was added, the PM2.5 content was significantly reduced. A concentration of 5 mg/L of XTG can reduce the PM2.5 content to 7.9% and the PM10 content to 62.33%, and the particulate matter content within 10–100 μm increased significantly to 37.67%. When the XTG concentration was 10 mg/L, the PM2.5 content remained basically unchanged, the PM10 content continued to decrease, and the content of particulate matter within 10–100 μm was dominant. There was particulate matter with a particle size larger than 100 μm, and the content of particulate matter with a particle size larger than 100 μm was 0.2%. When the XTG concentration was 15 mg/L, the PM2.5 content was reduced to 6.32% and the PM10 content was reduced to 41.9%. The dust particle size was concentrated between 10 μm and 100 μm, and the dust content in this particle size range was 45.85%. The proportion of particles larger than 100 μm increased to 12.25%. In general, chemical coagulant molecules contain chemical groups that can interact with the particle surface. When a chemical coagulant molecule collides with a particle, some groups in the chemical coagulant molecule will be adsorbed on the surface of the particle, while the rest of the particle can be in contact with other collision particles, resulting in secondary adsorption. In this way, the particles formed aggregates with each other by the action of chemical coagulant molecules [18,34]. Therefore, the particle growth was better with an increased concentration of the coagulant.




Dust Removal Efficiency


In order to investigate the effect of chemical coagulant concentration on the removal of blast furnace dust in WESPs, dust at the inlet and outlet of the dust collector was collected through the sampling tube, and the dust removal efficiency of the five coagulants at different concentrations was calculated. As can be seen in Figure 8, the dust removal efficiency of the five chemical coagulants at different concentrations were XTG, kieselguhr, PAM, KGM, and KC in descending order, and the dust removal efficiency increases gradually with the coagulant concentration. The maximum efficiency of XTG was achieved at a concentration of 10 mg/L, and the efficiency did not change significantly when the concentration of XTG was increased. XTG has excellent physical and chemical properties. Compared with the several other agglomerating agents used, it has good dust coagulation and dust removal effects. XTG helical molecules can agglomerate fine particles into larger particles under the action of van der Waals forces, hydrogen bonds, hydrophobic interactions, etc. However, it has the disadvantage of poor solubility, and it can easily form a non-conductive coating layer on the electrode surface. When the concentration is high, the electrostatic precipitator cannot work normally. When the chemical coagulant is added in excess, the particle surface is saturated by the chemical coagulant molecules and there are no adsorption vacancies on the particle surface, so the chemical coagulant loses its bridging effect. At the same time, due to the effect of polymer adsorption membrane vacancy resistance or mutual repulsion between the particles, the particles were again in a stable state of dispersion. In addition, continuing to increase the concentration of the coagulant leads to corona discharge performance degradation, resulting in a decrease in the capture efficiency of blast furnace dust. Therefore, the amount of chemical coagulant should be moderate, as more does not necessarily mean better.






3.3. Effect of Surfactants on Blast Furnace Dust Capture


3.3.1. Influence of Surfactant Type


Coagulation Effect


In order to investigate the effect of surfactants on the efficiency of WESPs at trapping blast furnace dust, three different surfactants, dodecyl trimethyl ammonium chloride (DTAC), sodium dodecyl sulfate (SDS), and octylphenyl polyoxyethylene ether (TX-100), were selected. The surfactants, in line with the experimental method of chemical coagulants, were injected into the recirculation basin and entered the dust collector through the nozzle. After the experiment, the particle size distribution was measured by collecting the particles in the recirculation basin. The results are shown in Figure 9. The more obvious agglomeration effect was shown by DTAC, followed by SDS, and TX-100 basically had no agglomeration effect. There was no significant change in D10 after the addition of a surfactant compared with no agent. When no agent was added, the particle D50 and D90 were 5.8 and 14 μm, respectively. When the surfactant TX-100 was added, the D50 and D90 increased to 6.382 and 15.75 μm, respectively. When SDS was added, the D50 and D90 increased to 13.14 and 18.87 μm, respectively. When DTAC was added, the D50 continued to increase. Therefore, among the three surfactants, the best effect on the agglomeration of blast furnace dust was exhibited by DTAC. The surfactant molecules completed the adsorption of fine dust and water molecules through hydrophobic bonding and electrostatic interactions, forming an adsorption configuration in which hydrophobic groups were adsorbed on the surface of fine particles and hydrophilic groups were extended to water; thus, the wetting of the dust was achieved. At the particle/water interface, the surfactant molecules were adsorbed on the particle surface due to the influence of van der Waals forces. However, when the surfactant molecules were adsorbed on the surface of the particles, their oxygen-containing groups tended to form hydrogen bonds with water molecules, and such hydrogen bonds had a lifting effect on the surfactant molecules, causing the surfactant molecules to aggregate at the interface. Multiple such particles wrapped by water film collide with each other to achieve particle aggregation [35].




Dust Removal Efficiency


We measured the inlet and outlet dust concentration after adding DTAC, SDS, and TX-100 and calculated the dust removal efficiency. As can be seen in Figure 10, the dust removal efficiencies were all improved with the addition of surfactants. When DTAC was added, the highest dust removal efficiency of 97.08% was achieved. When the surfactant was TX-100, the dust removal efficiency was the lowest at 96.17%. The dust removal efficiency was between that of DTAC and TX-100 when SDS was added (96.78%). Among the three surfactants, the addition of DTAC resulted in the best particle growth, the best corona discharge performance, and the highest dust removal efficiency. We find that the effects of the three selected surfactants on dust growth and corona discharge performance remained consistent, which was different from the effect of chemical coagulants, and this phenomenon is likely related to their different solubilities in water.





3.3.2. Effect of Surfactant Concentration


Coagulation Effect


In order to continue to investigate the effect of surfactants on the growth effects of particles, DTAC, which had the best agglomeration effect among the three surfactants, was selected to continue the blast furnace dust agglomeration experiment in this study with concentrations of 0, 5, 7, and 9 mg/L, and the results are shown in Figure 11. The content of large-size particles gradually increased with an increase in the surfactant concentration. At the DTAC concentration of 0 mg/L, 20.14% of PM2.5, 79.77% of PM10, and 20.23% of particles within 10–100 μm were found. After adding DTAC, the PM2.5 content was significantly reduced. When the DTAC concentration was 5 mg/L, the PM2.5 content was reduced to 8.64%, the PM10 content was reduced to 48.81%, and the content of particulate matter within 10–100 μm was significantly increased to 50.56%. There were particulate matter particle sizes larger than 100 μm, and the content of particulate matter particle sizes larger than 100 μm was 1.26%. When the DTAC concentration was 7 mg/L, the PM2.5 content remained basically unchanged, the PM10 content decreases slightly, and the particulate matter content within 10–100 μm was slightly higher than when DTAC was 5 mg/L. When the DTAC concentration was 9 mg/L, the PM10 content decreased to 41.76%, the dust content in the range of 10–100 μm was 54.59%, and the content of particulate matter with particle size larger than 100 μm increased to 3.65%. Therefore, with an increase in the surfactant concentration, the particulate matter grew better. DTAC, as a cationic surfactant, had the effect of reducing the surface charge and compressing the double electric layer for the adsorption of particulate matter, which was in a mosaic, chain-sequence fixation model on the surface of the particulate matter. As a result of this fixation, the surface charge of the particles was not uniformly distributed, and they easily attracted each other because they had opposite charges, and this caused flocculation.




Dust Removal Efficiency


To investigate the effect of surfactant concentration on the efficiency of WESPs at capturing blast furnace dust, the dust concentrations at the inlet and outlet of the dust collector were collected using sampling tubes, and the dust removal efficiency of the three surfactants at the different selected concentrations was calculated. The results are shown in Figure 12. The dust removal efficiency of the three surfactants at different concentrations was DTAC, SDS, and TX-100 in descending order, and it is obvious that the dust removal efficiency tends to gradually climb upward with an increase in the surfactant concentration in the figure. At low concentrations, the dust removal efficiency of DTAC and SDS remained the same, and the dust removal efficiency of SDS increased slowly as the concentration increased. Among several surfactants, DTAC has the best agglomeration effect and the highest dust removal efficiency. DTAC has a strong hydrophobic association effect, which can reduce the liquid film tension, improve the wettability of dust, and ensure the agglomeration of dust, thus improving the dust removal efficiency. Although higher concentrations of surfactants were not further investigated in this experiment, the growth rate of the dust removal efficiency gradually slows down as the concentration increases in Figure 13, especially for DTAC and SDS, and the curve tends to level off. Therefore, as with chemical coagulants, the amount of surfactant should be kept moderate and should be determined according to the concentration of dust to be removed. In addition, the dosage of both chemical coagulants and surfactants should be considered in terms of economic factors as well as dust removal efficiency, as excessive doses may lead to high costs.






3.4. Effect of Synergy on Blast Furnace Dust Capture


3.4.1. Impact of Synergistic Species


According to Nsengiyumva [36], when two different chemical coagulation solutions are mixed together, they may exhibit synergistic effects. DTAC at 9 mg/L was chosen as the surfactant to study the effect of synergistic interaction between surfactant and chemical coagulant on blast furnace dust capture. The chemical coagulants involved in the synergistic effect were changed to XTG, kieselguhr and KGM at 10 mg/L, and the effects of the synergistic effect of XTG/DTAC, kieselguhr/DTAC, and KGM/DTAC on the agglomeration effect of blast furnace dust were investigated. The results are shown in Figure 13. Compared with Figure 9 and Figure 13, it was found that the D10 particle size increased slightly under the synergistic effect compared with the addition of DTAC only, but the D50 and D90 particle sizes decreased. When comparing Figure 5 and Figure 13, it was found that the D10 particle size increased slightly under the synergistic effect of XTG/DTAC compared to the addition of XTG only, and the D10 particle size was 4.738 μm. However, the D50 and D90 particle sizes were smaller than that of XTG only. Similarly, the D10 particle size increased slightly with kieselguhr/DTAC synergy compared to that with kieselguhr only, and the D10 particle size was 4.031 μm. Unlike the XTG/DTAC synergy, the D50 and D90 particle sizes with kieselguhr/DTAC synergy were smaller than those with kieselguhr only. The particle size of D10 did not change under KGM/DTAC synergism compared with that of KGM only, but the particle sizes of D50 and D90 increased significantly, corresponding to 12.9 μm and 53.16 μm, respectively. At this time, the addition of polymeric chemical coagulants can make the small flocs become large flocs through adsorption and bridging effects. Therefore, the addition of a DTAC cationic surfactant increased the possibility of bridging with other polymeric chemical coagulants. In addition, polymer molecular chains tended to intertwine and form a mesh structure, thus increasing the possibility of particle capture and aggregation [37].




3.4.2. Dust Removal Efficiency


The inlet and outlet dust concentrations after adding KGM/DTAC, XTG/DTAC, and kieselguhr/DTAC were measured, and the dust removal efficiency was calculated separately. As can be seen in Figure 14, the highest dust removal efficiency of 97.82% was achieved with the synergistic effect of XTG/DTAC. Compared with the highest dust removal efficiency when only XTG or DTAC was added, both increased, but the increase was smaller. The dust removal efficiency reached 97.60% with the synergistic effect of kieselguhr/DTAC, which was a smaller increase than when only kieselguhr or DTAC was added. The dust removal efficiency with KGM/DTAC synergy was the lowest among the three, at 97.10%. The efficiency was significantly higher compared to when only KGM was added, but the dust removal efficiency was almost unchanged compared to when only DTAC was added. KGM is a gel with a stable cross-linking structure, which has hydrophobic and strong hydrogen bonding effects, and DTAC also has hydrophobic association effects. Under the synergistic effect of two chemical coagulants, the surface of blast furnace dust will generate a hydrophobic effect, and it will agglomerate into larger particles via the bridging effect of the chemical coagulant, thus improving the dust collection efficiency. Therefore, the addition of a surfactant to the chemical coagulant would improve the dust removal efficiency. The improvement of dust removal efficiency was not obvious, but this increases the economic cost. For a coagulant with a low dust removal efficiency, the addition of a surfactant can significantly improve the dust removal efficiency.






4. Conclusions


In this study, the effect of a chemical coagulant on blast furnace dust capture was investigated by coagulation experiments and dust removal efficiency experiments, and the synergistic effects of a chemical coagulant and a surfactant on the dust removal effect was found.



	(1)

	
All five chemical coagulants selected in this study can effectively promote the capture of blast furnace dust. The D50 of blast furnace dust and the proportion of large particles increased after the addition of coagulants. XTG had the best agglomeration effect on blast furnace dust, KC had the worst agglomeration effect, and their corresponding WESP removal efficiencies were 97.59% and 95.68%, respectively. With an increase in the XTG concentration, the agglomeration effect was better, and the dust removal efficiency reached its highest level when the XTG concentration was 10 mg/L.




	(2)

	
All three surfactants effectively improved the trapping efficiency of blast furnace dust in a WESP. As far as the agglomeration effect of the blast furnace dust was concerned, DTAC had the best agglomeration effect, and TX-100 had the worst agglomeration effect, corresponding to 97.08% and 96.17% removal efficiency of WESP, respectively; with an increase in the surfactant concentration, the blast furnace dust particles grew better.




	(3)

	
The synergistic effect of a chemical coagulant and a surfactant can improve the agglomeration effect and capture efficiency of furnace dust, but this effect was more obvious when the dust removal efficiency of the chemical coagulant was low. When XTG at 10 mg/L and DTAC at 9 mg/L acted synergistically, the number of respirable particles was significantly reduced, and the dust removal efficiency reached its maximum of 97.82%.
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Nomenclature




	d
	Particle diameter



	D10
	Diameter when the cumulative distribution of dust is 10%



	D50
	Diameter when the cumulative distribution of dust is 50%



	D90
	Diameter when the cumulative distribution of dust is 90%
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Figure 1. Wet electrostatic precipitator system. (a) is the field physical diagram of WESP. (b) is the internal structure of WESP. 
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Figure 2. Sampling system. 1. Sampling tube. 2. Needle valves. 3. Dry bottles. 4. Pumping Pump. 5. Buffer bottles. 6. Wet gas flow meter. 7. Discharge tube. 






Figure 2. Sampling system. 1. Sampling tube. 2. Needle valves. 3. Dry bottles. 4. Pumping Pump. 5. Buffer bottles. 6. Wet gas flow meter. 7. Discharge tube.



[image: Coatings 12 01937 g002]







[image: Coatings 12 01937 g003 550] 





Figure 3. Particle size distribution of blast furnace dust. 
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Figure 4. SEM morphology of blast furnace dust. 
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Figure 5. Histogram of particle size cumulative distribution of coagulant types. 
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Figure 6. Effect of coagulant type on dust removal efficiency. 
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Figure 7. Histogram of particle size interval content of coagulant concentration. 






Figure 7. Histogram of particle size interval content of coagulant concentration.



[image: Coatings 12 01937 g007]







[image: Coatings 12 01937 g008 550] 





Figure 8. Effect of coagulant concentration on dust removal efficiency. 
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Figure 9. Histogram of particle size cumulative distribution of surfactant types. 
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Figure 10. Effect of surfactant type on dust removal efficiency. 
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Figure 11. Histogram of particle size interval content of surfactant concentration. 
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Figure 12. Effect of surfactant concentration on dust removal efficiency. 
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Figure 13. Histogram of cumulative particle size distribution of the synergistic effect of surfactant and coagulant. 
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Figure 14. Effect of synergistic types on dust removal efficiency. 
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Table 1. Chemical coagulants and surfactants used in the experiments.
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Species

	
Name

	
Manufacturer






	
Chemical coagulant

	
PAM (polyacrylamide)

	
Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China




	
KC (k-carrageenan)

	
Henan Wanbang Chemical Technology Co., Ltd., Zhengzhou, China




	
KGM (konjac glucomannan)

	
Henan Wanbang Chemical Technology Co., Ltd., Zhengzhou, China




	
XTG (xanthan gum)

	
Tianjin Guangfu Fine Chemical Research Institute, Tianjin, China




	
Kieselguhr

	
Tianjin Dengfeng Chemical Reagent Factory, Tianjin, China




	
Surfactant

	
DTAC (Dodecyl trimethyl ammonium chloride)

	
Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China




	
SDS (sodium dodecyl sulfate)

	
Tianjin Kemiou Chemical Reagent Co., Ltd., Tianjin, China




	
TX-100 (Octylphenyl polyoxyethylene ether)

	
Tianjin Guangfu Fine Chemical Research Institute, Tianjin, China
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