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Abstract

:

Multi-source ferrous metallurgical dust and sludge are significant components of iron-containing solid waste in the iron and steel industry. It is crucial for the sustainable operation of steel enterprises to recycle iron from ferrous metallurgical dust and sludge (FMDS) for use in steel smelting. However, besides Fe, FMDS also contains valuable elements such as Zn, Pb, K, and Na, among others. While these valuable elements hold high recovery value, they impede the direct reuse of FMDS by iron and steel enterprises. This paper introduces the compositional characteristics of multi-source ferrous metallurgical dust and sludge, analyzes the main recycling technologies associated with FMDS at the present stage of development, and discusses the characteristics of different technologies. In view of this, a new idea of the “cooperative treatment of multi-source ferrous metallurgical dust and sludge—full quantitative recovery of valuable elements” is put forward. This new idea integrates a variety of treatment processes to directly recycle FMDS within the steel plant, enhancing the adequacy of dust and sludge recovery and reducing the risk of environmental pollution. This paper provides a reference for achieving the full quantification and utilization of high-value-added FMDS in steel plants.
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1. Introduction


The ferrous metallurgical industry is one of the basic industries of all industrialized countries in the world, and it is also a major emitter of industrial solid waste. FMDS is a typical iron-containing solid waste in iron and steel enterprises, producing 8–12% of crude steel output [1]. Figure 1 shows that in the past two decades, FMDS production in China and the world has increased, caused by an increase in crude steel production, and China’s dust and sludge production has exceeded 100 million tons since 2020.



In addition to its high iron content, FMDS also contains a certain amount of K, Na, Zn, Pb, and other valuable elements, which are valuable secondary resources [2]. However, the heavy metal elements contained in FMDS, such as Pb, Cr, and Cd, easily pollute soil and groundwater resources under the action of rainwater, bringing harm to the living environment of animals, plants, and human beings [3,4]. In addition, with the rapid development of China’s economy, it has become difficult for the country to be self-sufficient domestically in terms of mineral resources, and the dependence on foreign mineral resources is becoming higher and higher [5,6,7]. The efficient recovery of valuable metal elements in FMDS is a pressing need.



For steel enterprises, sintering, blast furnace, and converter processes can all recover ferrous metallurgical solid waste. The sintering process is considered the main process for metallurgical solid waste recovery, as it effectively recovers iron resources from FMDS. However, some FMDS contains high levels of harmful elements (such as K, Na, Pb, and Zn) that can adversely affect blast furnace production. Recycling these materials via the sintering process can lead to the enrichment of harmful elements in the subsequent blast furnace smelting process, potentially impacting the operation and longevity of the blast furnace. When FMDS is added to the converter, the iron element in the dust and sludge is transformed into liquid steel, and the remaining part is discharged in the form of dust and steel slag, increasing the burden of dust and steel slag treatment in the later stage. At the same time, the composition of dust and sludge generated by different production processes is quite different, and the composition of dust and sludge generated by the same process is also different due to the change in raw materials, which also increases the difficulty of processing FMDS directly recycled in iron and steel enterprises.



Currently, most iron and steel enterprises directly recycle dust and sludge with lower levels of harmful elements within the company’s premises. However, dust and sludge containing higher levels of K and Zn are sold to companies specializing in KCl and Zn production, prioritizing the economic benefits of KCl and Zn extraction. This results in the presence of certain amounts of K, Na, Zn, and Pb elements in the iron-containing leaching slag, making these leaching slags undesirable for metallurgical enterprises and leading to the wasting of resources. Additionally, the transportation of dust and sludge increases recycling costs and the risk of environmental pollution. Therefore, achieving the full quantitative recycling of metallurgical dust and sludge in steel plants not only enhances economic value but also reduces the risk of environmental pollution. The direct recycling of metallurgical dust sludge in steel plants is a direction worth paying attention to in the future.



The world’s iron and steel enterprises and metallurgical workers have conducted a lot of research on FMDS, ranging from past investigations of the stacking of harmful elements to the present large-scale recycling techniques. Combined with an explanation of the characteristics of the dust and mud in each process, this paper analyzes the current FMDS treatment technologies and puts forward a new idea of “multi-source ferrous metallurgical dust and sludge cooperative treatment—full quantitative recovery of valuable elements”. This new idea aims to achieve the transformation of FMDS into fine iron powder, KCl, NaCl, Zn, Pb, and In in steel plants via exploiting they synergy between multiple processes. As the main product, iron essence powder can be directly recycled. In the enterprise sector, KCl, NaCl, Zn, Pb, and In can be sold in the form of products, which provides a reference for achieving the full resource utilization of valuable elements without leaving the factory.




2. Methods


This article summarizes the composition and crystalline phases of several typical FMDSs presently used and evaluates the current treatment process. It aims to present a method suitable for the full quantitative recovery of FMDS. A literature search was carried out by using the most important and commonly used databases, such as China National Knowledge Infrastructure, ScienceDirect, Web of Science, and Google Scholar. At first, the following specific keywords were chosen: dust, metallurgical dust and sludge, electric arc furnace dust, sintering dust, blast furnace dust, dust recycling, wet leaching process, and pyrometallurgical process. Then, the retrieved studies were read one by one to sort out the literature related to the objectives of this review. In order to understand the latest resource utilization methods related to FMDS, a focus was placed on studies published in the past decade. In particular, the authors summarized and analyzed the following studies: (1) Chemical composition and crystalline phase present of FMDS; (2) K and Na recovery from sintering dust; (3) Pyrometallurgical process of FMDS; (4) Study on wet leaching of FMDS.




3. Chemical Composition and Major Elements of Typical FMDSs


FMDS sources are mainly divided into two types. One type of FMDS comes from the preparation of raw materials, including the crushing, screening, and transportation of raw materials. The chemical composition of this type of dust and sludge is basically the same as that of the raw material, and it can be directly reused in the production process of the raw material. The other part comes from the metal smelting or heating process, as shown in Figure 2 [8], including sintering, the use of a blast furnace, conversion, the use of an electric furnace, rolling, and other production processes. The chemical composition of the dust and sludge produced by these processes is quite different from that of raw materials, and they cannot be directly recycled in the original production process. In order to realize the effective utilization of multi-source metallurgical dust and sludge, it is necessary to study the chemical composition and element occurrence state of this type of dust and the sludge generated in the process of metal smelting or heating.



3.1. Chemical Composition Properties


The dust and sludge produced by steel enterprises in the process of high-temperature smelting mainly include sintering dust, blast furnace dust and sludge, converter dust and sludge, and electric arc furnace dust. Different types of dust and sludge exhibit significant differences in chemical composition due to different production materials and processes. Table 1 shows the chemical composition of typical FMDSs.



Iron is the main component of several FMDSs, and the iron content of sintering dust fluctuates greatly but is generally in the range of 20–30%, with this type of dust being classified as a low-iron content metallurgical dust. Blast furnace dust and electric arc furnace dust are FMDSs with medium iron content. Converter dust and sludge belong to high-iron FMDSs [21]. From a single type of dust, it is possible to determine that the sintering dust has a higher potassium content, the blast furnace dust has a higher carbon content, the electric arc furnace dust has a higher zinc content, and the converter dust and sludge have a higher iron and zinc content. Overall, FMDS has a high iron content, and priority should be given to the reuse of iron resources during treatment while also taking into account the extraction of other valuable components.



In addition, some FMDSs also contains certain trace valuable elements and sparse elements such as Ag, In, Bi, Cd, and Sn [22,23,24], which are less abundant in the Earth’s crust, especially In, whose global reserves are about 160,000–190,000 tons. Therefore, the extraction of these valuable elements in metallurgical dust has high economic value [25].




3.2. Assignment States of Major Elements


Sintering dust, blast furnace dust and sludge, converter dust and sludge, and electric arc furnace dust are all produced via a high-temperature process. Different production processes and raw materials are used, and the occurrence states of elements are different. The mineral phases of the major elements in several FMDSs are shown in Table 2.



From Table 2, it can be seen that most of the iron in several types of dust exists in the form of oxides. Unlike other dusts, there is a small amount of MFe in converter dust and sludge, and ZnFe2O4 in electric arc furnace dust is also a major form of iron storage. Most of the zinc in blast furnace dust and sludge, converter dust and sludge, and electric arc furnace dust exists in the form of ZnO and ZnFe2O4. Alkali metals in sinter dust, blast furnace dust and sludge, and electric arc furnace dust are mainly present in the form of chlorides. Lead exists in sintering dust in the form of PbCl2 and Pb3O4, while Pb in electric arc furnace dust exists mainly in the form of PbO.





4. Valuable Element Recovery Process in FMDS


The selection of the valuable element recovery process of FMDS is mainly based on the type of dust and sludge, the chemical composition, and the target products. For several kinds of dust and sludge described in this review, the iron element is the main component, and the reuse of iron resources in the iron and steel smelting process is the common goal of several kinds of dust and sludge resource recovery methods. At present, most steel enterprises sell sintering dust with high a KCl content and electric arc furnace dust with a high Zn content to corresponding enterprises. Enterprises that recover KCl and Zn only focus on the economic benefits, and tailings often cannot be reused in metallurgical processes due to unclean extraction, resulting in the wastage of iron-containing resources. Other types of dust and sludge with low K and Zn contents are not relevant due to their poor economic value. This situation ignores the advantages of the collaborative utilization of multi-source ferrous metallurgical dust and sludge and restricts the comprehensive utilization of multi-source ferrous metallurgical dust and sludge [34,35].



4.1. Beneficiation Recovery Process


The beneficiation method is mainly used to deal with blast furnace dust and sludge. Blast furnace dust and sludge iron oxides have magnetic properties, the element zinc is mainly distributed in dust and sludge with a fine particle size, and carbon has good floatability. Through magnetic separation, gravity separation, and flotation separation, these can be enriched in the dust and sludge of iron, zinc, and carbon resources. After beneficiation treatment, iron ore concentrate is generally mostly used for sintering, carbon concentrate can be used as a substitute for fuel, and the enriched zinc-containing products need to be further processed to realize the recovery and utilization of the valuable elements of blast furnace dust and sludge.



A single beneficiation process can be used for the enrichment of a certain mineral, while the enrichment and separation of a variety of minerals require a combination of beneficiation processes. Niu et al. [36] used a flotation separation method with a one-step roughing process and a three-step concentrating process to finally obtain a carbon concentrate with a grade of 69.85% and a carbon recovery of 70.31%. To realize the effective separation of the three resources of zinc, iron and carbon, a variety of beneficiation processes can be used for joint treatment. Zhang et al. [37] used a self-made dispersant DW to disperse dust and sludge. After dispersion, a process of hydraulic cyclone zinc removal flotation carbon extraction and heavy selection iron collection was adopted to obtain zinc-, iron-, and carbon-enriched products with grades of 22.31%, 54.25%, and 72.36%, respectively. The beneficiation method processing process is a simple, mature technology with a good enrichment effect, but the separation grade is low, and the obtained iron and carbon products still contain zinc, lead, and other harmful elements. Therefore, beneficiation is more suitable for treating zinc-containing metallurgical dust and sludge in combination with pyrometallurgical or wet leaching processes.




4.2. In-Plant Recycling Process


The in-plant recycling process involves reusing dust and sludge with less harmful elements by incorporating the dust and sludge directly into the metallurgical process. As shown in Figure 3, this process mainly realizes the recycling of iron, carbon, and other resources in the dust and sludge in the iron and steel plants by using the sintering and pelletizing methods.



4.2.1. Sintering Process


The sintering process is the main recycling process for iron and steel plants that deal with ferrous solid waste, and most steel companies utilize the practice of utilizing the sintering process to recover FMDS. Iron, carbon, and calcium oxide in dust and sludge are all target components for recovery in the sintering process [38,39]. However, the large water content and high Zn content of some dust and sludge are obstacles to its recovery in the sintering process.



Sludge with excessive moisture content is prone to clumping and difficult to granulate when mixed with other raw materials. Sludge with a water content of about 30% can be further reduced in moisture by mixing and stacking it with dry materials such as lime. When the moisture content is about 50%, the sludge can be directly sprayed into the primary mixing system, or a tube press can be used for dehydration, and a filter cake with low moisture content can be mixed into the sintering raw material mixing system [40,41].



Normally, 15% of the zinc is removed during the sintering process. When using dust and sludge with high zinc contents to replace some sintering materials, the zinc content in the sintered ore exceeds the standard, causing zinc enrichment in later blast furnace smelting and reducing the service life of the blast furnace [42]. The lowest assimilation temperatures (LATs), liquid-phase fluidity index (IFL), and mineral-phase composition of sinter are affected by increasing the Zn content in the sludge. At the same time, the zinc in the sinter is mainly adsorbed in the crystals of hematite and magnetite, and the increase in zinc content leads to a decrease in crystal strength and deformation resistance, thus affecting the mechanical properties of hematite and magnetite in the sinter [43]. Zinc removal should be considered when the zinc-containing dust is reused in the sintering process. The most important thing for zinc removal is ensuring that the reducing atmosphere is appropriate and that the reduced zinc steam can quickly leave the sinter. By using multi-layer sintering technology, the sludge filter cake and reducing agent can be placed in the same layer, which is conducive to providing a sufficient reducing atmosphere. Stecko et al. [42] used a multi-layer sintering process in which converter sludge was placed under a layer of sintered material and a layer of coke powder was spread between the sludge layer and the sintered material layer in order to improve the reduction of the gas phase. Under these conditions, it is possible to replace 15% of the raw material with converter sludge in the sintering process, and the removal of zinc from the sludge is increased to 95%. Li et al. [44] pressed converter sludge into a filter cake and mixed it with coke powder for sintering. When the coke powder allotment is 9.43 wt%, the zinc removal rate of the filter cake can reach 69.6%, and the zinc migrates to the lower part of the sintered bed. Therefore, dispensing the filter cake coke powder mixture into the bottom of the sinter layer facilitates zinc removal.



Recovering metallurgical sludge with few hazardous elements through the sintering process by using existing equipment directly enables the full recycling of the iron and carbon in the sludge. However, dust and sludge with a high zinc content need to have the zinc removed by incorporating a reducing agent. The excessive addition of a reducing agent will make the local sintering temperature too high, resulting in excessive liquid-phase generation and reducing the quality of the sinter. Therefore, the direct reuse of metallurgical dust and sludge in the sintering process is not an ideal approach for efficient resource utilization.




4.2.2. Pelletizing Process


The pelletizing or balling process is a method of using FMDS as part of the main raw material and reusing it in the iron and steel smelting process. At present, the pelletizing process for the recovery of FMDS is mainly divided into the oxidation roasting method and the cold solidification method.



Finished pellets produced by oxidizing and roasting with a small amount of pellet production process dust or low-zinc, high-iron metallurgical dust and sludge can be used in blast furnaces [45,46]. The composition of the dust in the pellet production process is basically the same as that of the raw materials for pellet production, and this dust can be directly mixed into the raw materials for pellet production. Converter dust and sludge have a high iron content and fine particle size, so it is easy to form pellets from them. Blending them into a pellet can reduce the amount of bentonite used and contribute to the improvement of pellet ore grade [47]. However, it should be noted that pellet roasting in an oxidizing atmosphere cannot facilitate the removal of zinc, lead, and other elements from the dust slime, limiting the use of most of the dust and sludge in the oxidation roasting pellet process.



Cold solidification refers to the production of pellets by using the low-temperature solidification of FMDS as the raw material with a binder. It is not easy for the product index to meet the requirements of blast furnace smelting, and it is mainly used as a coolant and slagging agent for converter steelmaking [48,49]. The abundant CaO in the dust and sludge helps to reduce the use of lime in the steelmaking process, and FeO helps to improve the oxidization and accelerate the formation of slag. It also allows the iron in the dust and sludge that has been converted into steel to be recovered [50,51]. However, attention should be paid to the P and S content of the dust and sludge, which is too high and can increase the burden of P and S removal in the converter steelmaking process [52].



The pelletization method for recovering converter dust and sludge is simple and technically mature. However, there are more stringent requirements on the amount of dust and sludge allocated in the use of oxidized roasted pellets in blast furnaces and the alkali metal and zinc content, whereas valuable elements such as zinc and lead cannot be recovered from the cold-solidified pellets used in converters. Thus, the pelletization method of recovering converter dust and sludge is not a permanent solution.





4.3. Water Washing Salt-Rich Process


Sintering dust contains a high content of potassium and sodium elements and exists mainly in the form of chlorides, which cannot be recovered directly in the sintering and pelletizing processes. The alkali metal chloride is easily soluble in water, so the removal and recovery of alkali metal elements in the sintering dust is mostly achieved with a water washing process. The recovery of alkali metals from sintering dust can be achieved directly with primary or secondary washing and leaching processes. Su et al. [53] obtained a KCl product with a content of 95.84% by primary leaching under optimal conditions; Zhang et al. [54] used secondary leaching in an experimental study of sintering dust leaching. The potassium and sodium leaching rates in the experiment were 100% and 97.72%, respectively. The electrostatic precipitator of the sintering machine head is generally divided into three–four electric fields. There is a large difference in alkali metal content in the dust of each electric field, and the graded treatment method can be adopted for recovery. Qin et al. [55] used hierarchical treatment for an iron and steel enterprise with four types of electric precipitator field dust. A primary leaching method was adopted for Nos. 1–2 electric field dust, and a secondary leaching method was adopted for Nos. 3–4. The final potassium leaching rate was more than 99%, and the leaching effect was ideal.



The water washing salt extraction process mainly includes water washing, solid–liquid separation, purification, and evaporation concentration. Figure 4 shows the water washing and quadruple-effect evaporation crystallization process of FMDS. The soluble substances in the dust and sludge enter the brine after water washing, and solid–liquid separation is realized with pressure filtration. After separation, the iron-rich filter cake can be recovered for the metallurgical process, and the brine needs to be further purified to remove plasma impurities such as iron, calcium, and magnesium from the filtrate. The purified brine enters the quadruple-effect evaporation crystallization process. The quadruple-effect evaporation crystallization process adjusts the pressure in different evaporation tanks by using the vacuum system to achieve multi-stage evaporation concentration. Finally, the potassium chloride product is obtained by the dehydration of the potassium chloride salt slurry precipitated by the crystallization of the quadruple-effect evaporation tank, carried out via centrifugation [56].



The water washing salt-rich process is simple, the treatment effect is good, and the recovery rate of potassium and sodium is high, and it is the main process for recovering KCl and NaCl from sintering dust. The water washing salt-rich process can also be used for the removal of chloride salts from blast furnace dust and electric arc furnace dust, with significant treatment effects [57,58].




4.4. Wet Leaching Process


The wet leaching process is used to extract zinc, lead, indium, and other valuable elements from FMDS by selecting an appropriate leaching agent. The extracted iron-rich residue can be reused in the metallurgical process to realize the resource utilization of FMDS. Wet leaching can selectively extract valuable elements, which is the main process of non-ferrous metal recovery.



Zinc content in FMDS is high, and there are many studies on the wet leaching of zinc from dust and sludge. Leaching methods mainly include acid leaching [59,60], alkali leaching [61,62], and ammonia leaching [63,64]. Common leaching agents and leaching principles are shown in Figure 5.



Zinc powder can be prepared with acid leaching through leaching, purification, electrodeposition, and other processes, and zinc oxide can be prepared with leaching, purification, calcination, and other processes. Regardless of the kind of product produced, the leaching process is the key link. Zinc leaching mainly includes ZnO and ZnFe2O4 leaching. ZnFe2O4, insoluble in dilute acid, is a spinel with a stable structure, and a concentrated acid needs to selected as the leaching agent [65,66]. Increasing the leaching temperature, acid concentration, and liquid–solid ratio is beneficial to the leaching of zinc, but the leaching rate of iron will also increase. The difficulty of leaching solution purification is increased, and the iron grade of the leaching residue is also reduced [67,68]. Alkali leaching and ammonia leaching have strong selectivity, and the leaching solution does not easily react with iron content in dust and sludge, which reduces the burden of later treatment [69,70]. However, it is difficult to leach zinc from ZnFe2O4 by alkali leaching and ammonia leaching. Therefore, in alkali leaching and ammonia leaching, calcium oxide roasting [71,72], magnetization roasting [73], and other methods are usually used for pretreatment, or high-temperature techniques, high-pressure techniques, and other means are used to improve the leaching rate of zinc [74].



In addition to zinc, the sintering dust and blast furnace dust and sludge also contain valuable elements such as lead, silver, indium, and bismuth. Wu et al. [75] used the ammonia leaching method to leach lead, silver, and copper from sintering machine head ash in the form of a complex. After leaching, formaldehyde reduction, zinc powder replacement, and calcination were used to obtain silver, copper, and zinc oxide, respectively. The recovery rates of the three elements were 71.20%, 60.40%, and 56.71%, respectively. Wang et al. [12] obtained 99% lead chloride products after coordination leaching, cooling crystallization, and impurity removal by using sintering machine head ash as the raw material and ammonium chloride–hydrochloric acid as the leaching agent. Wang et al. [76] took blast furnace gas slime as the raw material to leach zinc from another raw material by using the ammonia leaching method. Then, sulfuric acid was used as the leaching agent to extract bismuth from the filter residue, and the recovery of zinc and bismuth was 70% and 72%, respectively, under the optimum experimental conditions. Qiao et al. [77] used blast furnace dust removal ash as the raw material, and DES of choline chloride–hydrated oxalic acid as the leaching agent. After leaching, Zn(II) and Fe(II) in the leaching solution were removed by using hydrolysis and light induction, and then, NaOH was added to the filtrate after impurity removal for secondary hydrolysis to obtain the final product, BiOCl.



The wet leaching process is necessary to extract non-ferrous metals from FMDS, but the content of non-ferrous metals such as zinc and lead in metallurgical dust and sludge in China is low, so it is not economical to directly use this process to recover valuable elements from FMDS [78].




4.5. Pyrometallurgical Process


Currently, the pyrometallurgical process is the mainstream process for treating zinc-containing dust in countries around the world. This process can be divided into the direct reduction process and the melting reduction process according to different working temperatures and product types, and the main processes involved include the rotary kiln process, the rotary hearth furnace process, the DK blast furnace process, and the OxyCup process [79].



At present, the direct reduction process, represented by the rotary kiln process and the rotary hearth furnace process, is most commonly used in China. This process is based on the carbothermal reduction reaction to reduce and volatilize non-ferrous metal oxides such as zinc and lead in dust into higher-grade secondary dust and convert iron oxides into iron concentrates or metallized pellets with less harmful elements. The main chemical reactions and mechanisms involved are shown in Figure 6 [80].



The carbon thermal reduction reaction of FMDS includes two parts: the direct reduction reaction of iron and zinc oxides with solid carbon and the indirect reduction reaction with CO. Initially, solid carbon is in close contact with FMDS, facilitating the smooth progress of the direct reduction reaction and the generation of CO gas. As the reaction progresses, the contact area between the solid carbon and the reactant diminishes. Simultaneously, carbon gasification reactions occur, leading to an increase in the CO concentration in the reaction system. Consequently, the indirect reduction reaction involving CO becomes the predominant mechanism in the overall reduction process [81]. With increasing temperature and the continuation of the reaction, the zinc and lead oxides in the raw materials are reduced to elemental forms and volatilized and removed, while the iron oxides in the material persist as metallic irons.



4.5.1. Rotary Kiln Process


The rotary kiln process is the most widely used process in the harmless treatment of Zn-containing FMDS [82,83], and the representative processes are the SPM method and Waelz method.



A flowchart of the rotary kiln process is shown in Figure 7 [80], including batching, mixed granulation, rotary kiln roasting, flue gas settlement, product collection, and other processes. The blast furnace gravity dust, blast furnace bag dust, converter dust and sludge, electric arc furnace dust, and other FMDSs are in accordance with a certain proportion of mixed granulation (the SPM method does not need granulation). The material is fed by the conveyor belt into the kiln tail feeding port into the kiln, and it moves to the high-temperature area of the kiln head as the rotary kiln rotates continuously. According to the temperature, the kiln can be divided into the pre-reduction zone, the reduction zone, and the sponge iron zone [84]. Among them, the highest temperature in the reduction zone and sponge iron zone exceeds 1200 °C, the zinc-containing compounds are reduced to zinc steam, which is released from the end of the kiln into the dust collection system, and harmless kiln slag is excluded from the kiln head. Generally, the rotary kiln process can remove more than 85% of the zinc from dust, the metallization rate of iron in a kiln slag is about 50%, and the iron grade is improved to about 60% [56].



The coal-based rotary kiln process is very popular in most parts of China, and the rich carbon source of blast furnace dust and sludge can be used as a heating agent and reducing agent in rotary kiln production. Therefore, in recent years, the rotary kiln process has been used to treat FMDS in large iron and steel enterprises such as Masteel, Kunming Steel, and Yongfeng Iron and Steel, as well as in a number of third-party solid waste enterprises. The rotary kiln process has a long history and is a mature technology for the treatment of zinc-containing dust and sludge. However, due to the high-temperature kiln slag cooling process involving full contact with the air, the metallization rate is generally difficult to improve. At the same time, the rotary kiln process also has the problems of easy ring formation and high maintenance costs.




4.5.2. Rotary Hearth Furnace Process


In the 1950s, Ross Company invented the Fastmelt process, which was initially used for the production of directly reduced iron and later for the treatment of zinc-containing dust in steel mills before being extended to many countries and regions of the world [85].



A flowchart of the rotary hearth furnace process, which mainly includes four parts— mixing, low-temperature pelleting, reduction smelting, and secondary dust collection— is shown in Figure 8. The rotary hearth furnace process uses FMDS, mixed with coal powder and a binder, as the raw material to make carbon-containing pellets, which are dried and sent to the furnace for smelting [86]. The thickness of the material layer in the furnace is 15–40 mm, and the pellet is rapidly reduced in 10–20 min at 1250–1350 °C. The metallization rate of the produced metallized pellets, which can be used in converters and electric furnaces, is about 70% [8,87]. The Zn, Pb, K, and Na contained in the pellets are reduced to secondary dust using volatilization. In actual production, the removal rates of Zn and Pb are more than 85%, and the removal rates of K and Na are about 70% [88].



The rotary hearth furnace process has been applied in China for nearly 30 years, and many large iron and steel enterprises, such as Baosteel, Masteel, Laisteel, and Yanshan steel, have put it into application. Rotary hearth furnace technology is mature, allowing Fe, Zn, and other secondary resources in the dust and sludge to be effectively recovered. However, this process also has some technical problems, such as its small processing capacity, high energy consumption, and easy blockage of the heat exchanger.



The DK process and OxyCup process have also been applied in China. The target products of both processes are hot metals which consume a lot of energy. In addition, the DK process uses small blast furnaces as reactors, and there is a problem of alkali metal load in the production process. The long-term treatment of raw materials containing Zn, Pb, K, and Na will endanger the stability and safety of blast furnace production. The OxyCup process has some disadvantages, such as the unclear reduction mechanism in the furnace and short operation cycle of the equipment. Therefore, the two processes are applied less frequently than the others discussed herein.



The pyrometallurgical process can take advantage of the chemical composition characteristics of FMDS and use blast furnace dust and sludge with a high carbon content as a carbon source. Through the reasonable matching of multi-source ferrous metallurgical dust and sludge in the steel plant, not only are the coal resources saved, but the harmless treatment of iron-containing materials can also be realized, providing raw materials for the iron and steel smelting process. At the same time, the non-ferrous metals in the dust and sludge are also enriched, which increases the economic benefits of the multi-source ferrous metallurgical dust and sludge resource. Therefore, the pyrometallurgical process is most commonly used in the harmless treatment of FMDS.






5. Discussion


The advantages and disadvantages of several processes are shown in Table 3. The direct in-plant recycling processes, such as the sintering method and pelletizing method, represent the most direct approaches for recovering iron from solid waste. However, dust and sludge from sintering, blast furnaces, converters, and electric furnaces may contain harmful elements that could adversely affect blast furnace production, limiting the utilization of direct in-plant recycling processes. The separation effect of harmful elements in the beneficiation process is not good. The water washing salt-rich process is only suitable for the recovery of KCl and NaCl in the dust. The wet process can realize the recovery of zinc, lead, bismuth, indium, and other non-ferrous metals, but the content of these elements in the general dust is relatively small, and the efficiency is poor. The pyrometallurgical process can effectively address the harmful elements in the dust and sludge, with elements like K, Na, Zn, Pb, and In being concentrated in secondary ash, thereby improving the economic viability of subsequent wet process recoveries.



The recycling of iron and carbon in the smelting process of iron and steel is the key aspect of the resource utilization of FMDS, and the recovery of other valuable elements makes the resource utilization of dust and sludge more economical. At present, most steel enterprises in China export sintering dust with a high potassium content and electric arc furnace dust with a high zinc content to manufacturers producing KCl and Zn. After recycling KCl and Zn, the iron tailings from these factories need to be transported back to the steel mills, which increases the additional transportation costs and the risk of environmental pollution. Some steel enterprises use the pyrometallurgical process to carry out the harmless treatment of dust and sludge, and the treated iron-containing roasting ore is returned to the smelting process, and the secondary dust after roasting is sold to zinc-producing enterprises. In fact, FMDS containing heavy metals should be reasonably recycled within steel plants as much as possible, but a single treatment process cannot achieve the full quantitative recovery of multi-source ferrous metallurgical dust. This article proposes a comprehensive treatment process of ‘multi-source ferrous metallurgical dust and sludge cooperative treatment—full quantitative recovery of valuable elements’ (hereinafter referred to as the comprehensive treatment process).



The comprehensive treatment process mainly includes four stages: multi-source ferrous metallurgical dust and sludge classification, the water washing salt-rich process, the pyrometallurgical process, and the wet leaching process. The specific processing concept is shown in Figure 9.



According to the characteristics of metallurgical dust and sludge, metallurgical dust and sludge can be divided into three categories: high-carbon dust and sludge, high-alkali dust and sludge, and high-zinc dust and sludge. High-carbon dust and sludge mainly refer to blast furnace dust and sludge. High-alkali dust and sludge mainly refer to sintering dust and some of the blast furnace dust and sludge. High-zinc dust and sludge include electric arc furnace dust and converter dust and sludge with a high zinc content.



KCl and NaCl in the high-alkali dust and sludge can be leached out in the water washing salt-rich stage. The potassium and sodium crystallization of the leaching solution is completed through the multi-effect evaporation process. After that, the crystallization products are separated by potassium and sodium to obtain NaCl and KCl products. After washing, the filter cake usually contains a small amount of potassium, sodium, zinc, lead, and other harmful elements that need further treatment.



In the stage of pyrometallurgical treatment, the high-carbon dust and sludge, zinc-containing dust, and leaching tailings are rationally mixed, and the residual carbon in the dust and sludge is used as a reducing agent and heating agent to separate the harmful elements in the iron-containing dust and sludge. At this stage, the reasonable combination of several types of dust and sludge avoids the addition of carbon during the impurity removal process. It not only reduces the consumption of fossil energy in the pyrometallurgical process but also realizes the enrichment of valuable elements in the secondary dust and improves the economy of FMDS recovery. Iron-containing roasting ore can be produced by magnetic separation to produce fine iron powder and recycled for the sintering process, and the magnetic separation tailings can be used for the preparation of building materials.



The grade of zinc, lead, indium, and other valuable elements in the secondary dust produced in the pyrometallurgical process stage is greatly improved. The secondary dust first removes potassium and sodium from the dust through the water washing salt-rich process to obtain NaCl and KCl products. After a series of wet leaching processes, zinc, lead, indium, and other valuable elements can be extracted.



At present, China is actively promoting the recycling and coordinated disposal of solid waste within iron and steel enterprises, exploring the comprehensive treatment of solid waste and the synergy of pollution and carbon reduction in iron and steel enterprises, and creating a recycling model in which solid waste in the iron and steel industry does not leave the factory. The comprehensive treatment process can remove harmful elements through the synergistic reaction of high-carbon dust and sludge and high-zinc dust and sludge, reduce the addition of extra carbon in the process of impurity removal, and save fossil energy. At the same time, this comprehensive treatment process integrates the water washing salt-rich process, the pyrometallurgical process, the wet leaching process, and the beneficiation recovery process, which can convert difficult to recycle FMDS into iron fine powder, KCl, NaCl, Zn, Pb and In products in the steel plant.This comprehensive treatment process can realize the efficient recovery of FMDS in iron and steel enterprises, which provides a new approach for future dust and sludge resource utilization.




6. Conclusions


FMDSs contains zinc, lead, cadmium, and other heavy metal elements, posing an environmental pollution risk that needs to be properly addressed. Additionally, the dust contains a certain amount of iron, carbon, potassium, sodium, zinc, lead, indium, and other elements, valuable secondary resources. The complete quantitative recovery of valuable elements in a reasonable way is not only helpful in realizing the sustainable development of steel enterprises but can also increase the economic benefits of dust and sludge recovery.



There are significant differences in the chemical composition and phase composition of FMDSs. The treatment processes for dust and sludge, including the beneficiation recovery process, water washing salt-rich process, wet leaching process, and pyrometallurgical process, each have their own specific applicable conditions. The appropriate process should be selected according to the characteristics of the dust and sludge. Iron is the main component of dust and sludge, and it is the responsibility of steel enterprises to return it harmlessly to the smelting process. In order to realize the recovery of iron from all dust and sludge, the deep integration of multiple treatment processes is essential.



KCl and NaCl in FMDS can be recovered by the water washing salt-rich process, and the recovery rate is close to 100%. The non-ferrous metals in the dust can be enriched in the secondary ash by using the pyrometallurgical process, and the harmless roasting ore can be incorporated back into the iron and steel smelting process. The wet leaching process is necessary for extracting Zn, Pb, In, and Bi from secondary dust.



The comprehensive treatment process (‘multi-source ferrous metallurgical dust and sludge cooperative treatment—full quantitative recovery of valuable elements’) deeply integrates the water washing salt-rich process, the pyrometallurgical process, and the wet leaching process to achieve harmless iron-containing raw materials in FMDS and obtain KCl, NaCl, Zn, Pb, In, and other products at the same time. Most importantly, this new process can allow FMDS to be recycled without it leaving the steel mill, reducing transportation costs and the risk of environmental pollution, which will become an important direction in the full resource utilization of FMDS in the future.
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Figure 1. Global and Chinese production of crude steel and FMDS from 2003 to 2022. (a) Global production volume; (b) Chinese production volume. 
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Figure 2. Different processes of FMDS production. Reprinted from [8] with permission from Elsevier Copyright 2022. 
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Figure 3. Schematic diagram of in-plant recycling process. 
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Figure 4. Flowchart of FMDS recycling process in washing and quadruple-effect evaporator. 
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Figure 5. Common leaching agents and leaching principles. 
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Figure 6. Mechanism of carbon thermal reduction of metallurgical dust and sludge. Reprinted from [80] with permission from Elsevier Copyright 2021. 
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Figure 7. Flowchart of rotary kiln process. Reprinted from [80] with permission from Elsevier Copyright 2021. 
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Figure 8. Flowchart of rotary hearth furnace process. 
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Figure 9. Flowchart of the proposed process: multi-source ferrous metallurgical dust and sludge cooperative treatment—full quantitative recovery of valuable elements. 
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Table 1. Chemical composition (wt%) of typical FMDSs.
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Fe

	
C

	
K

	
Na

	
Zn

	
Pb

	
Cr

	
References






	
Electric furnace arc dust

	
29

	
3

	
1.2

	
1.5

	
27

	
2.5

	
0.5

	
[9]




	
30

	
-

	
0.16

	
3.38

	
19.02

	
0.99

	
0.34

	
[10]




	
32.3

	
-

	
2.2

	
1.54

	
26.7

	
3.16

	
0.11

	
[11]




	
Sintering dust

	
25

	
2.7

	
2.8

	
0.3

	
-

	
22.4

	
-

	
[12]




	
30.31

	
-

	
10.35

	
2.52

	
0.07

	
1.09

	
-

	
[13]




	
21.73

	
2.76

	
11.5

	
1.48

	
0.2

	
0.89

	
-

	
[14]




	
Blast furnace dust

	
35.9

	
13.5

	
0.5

	
0.3

	
9.54

	
-

	
-

	
[15]




	
30.73

	
32.53

	
0.18

	
0.048

	
0.09

	
-

	
0.009

	
[16]




	
23.51

	
25.8

	
9.71

	
4.89

	
5.65

	
1.63

	
-

	
[17]




	
Converter sludge

	
49.87

	
0.97

	
-

	
-

	
9.37

	
0.24

	
-

	
[18]




	
50–80

	
0.2–4.5

	
<0.2

	
0.2–1.4

	
1.7–6.5

	
0.2–1.8

	
0.01–0.5

	
[19]




	
57.47

	
-

	
0.027

	
-

	
7.58

	
0.072

	
0.037

	
[20]











 





Table 2. Typical crystalline phases present in several FMDSs.
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	Element
	Sintering Dust
	Blast Furnace Dust and Sludge
	Electric Arc Furnace Dust
	Converter Dust and Sludge





	Fe
	Fe2O3, Fe3O4
	Fe3O4, Fe2O3
	Fe3O4, FeO, ZnFe2O4
	FeO, Fe2O3, Fe3O4, MFe



	Zn
	-
	ZnO, ZnFe2O4
	ZnO, ZnFe2O4
	ZnO, ZnFe2O4



	Pb
	PbCl2, Pb3O4
	-
	PbO
	-



	K
	KCl
	KCl
	KCl
	-



	Na
	NaCl
	NaCl
	NaCl
	-



	References
	[26,27,28]
	[29]
	[18,30]
	[31,32,33]










 





Table 3. Comparison of advantages and disadvantages of various processes.
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	Process Mode
	Common Process
	Advantages
	Disadvantages
	Type of Dust and Sludge Treated





	In-plant recycling process
	Sintering Process

Pelletizing Process
	1. Iron resources can be directly recovered

2. Can directly use the existing equipment in the plant
	1. Raw materials with high content of harmful elements shall not be used

2. Harmful elements cannot be effectively removed
	Dust and sludge with less harmful elements



	Beneficiation Recovery Process
	Independent mineral processing

Beneficiation combined method
	1. Simple process, less investment

2. The payback period of investment is short
	1. The type of dust suitable for handling is limited

2. The separation of iron and zinc elements is not complete
	Blast furnace dust and sludge



	Water washing process
	Water washing salt-rich process
	1. Mature technology

2. The effect of salt extraction is remarkable
	1. High water consumption

2. Serious corrosion of equipment
	ESP dust and Blast furnace bag dust



	Wet leaching process
	Acid leaching

Alkaline leaching

Ammonia leaching
	1. Strong leaching ability, good leaching effect

2. Low energy consumption
	1. It is not suitable to deal with low zinc dust

2. Environmental pollution

3. The impurity removal process is complex
	Secondary dust after fire treatment and Electric furnace dust



	Pyrometallurgical process
	Rotary kiln process

Rotary hearth furnace process

DK process

OxyCup process
	1. To separate iron from harmful elements

2. Can use the residual carbon in the dust

3. Enrichment of non-ferrous metal elements

4. Mature technology, large processing capacity
	1. High energy consumption

2. The metallization rate of iron is not easy to control
	A variety of metallurgical dusts with high iron content
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