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Abstract

:

The acid mud produced in the nonferrous smelting process is a hazardous waste, which mainly consists of elements Hg, Se, and Pb. Valuable metal (Hg/Se/Pb) can be recovered from acid mud by heat treatment. For safe disposal of the toxic acid mud, a new resource utilization technology by microwave roasting is proposed in this paper. The reaction mechanisms were revealed through thermodynamics and thermogravimetric analysis, which showed that the main reaction was the oxidative pyrolysis of HgSe in the process of roasting. Moreover, the mercury removal effects of acid mud by microwave heating and conventional heating were studied, the recovery rate of mercury by microwave heating for 30 min at 400 °C was 99.5%: far higher than that of conventional heating for 30 min at 500 °C (44.3%). This was due to the high dielectric constant of HgSe, as microwaves can preferentially heat HgSe and reduce the adsorption energy of HgSe on the surface of PbSO4 blocks, thus strengthening the pyrolysis process of HgSe and reducing energy consumption. The preferable prototyping technology for resource utilization of toxic acid mud should be microwave roasting. This study is of great significance for the realization of mercury pollution reduction and for green production of lead-zinc smelting.
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1. Introduction


Mercury’s polluting features are its persistence, mobility, high toxicity, and biological accumulation [1,2,3], and it is a pollutant that has attracted worldwide attention. Mercury-containing wastes are considered hazardous in waste management [4]. Mercury is associated with sphalerite, although the content is low, but with the increase in zinc smelting scale, mercury gradually accumulates in the roasting dust [5,6]. In the roasting process of sphalerite, due to the boiling point of mercury, selenium and lead levels are lower than other metals: when the roasting temperature reaches above 800 °C, most of the mercury, selenium, and lead in sphalerite volatilize into the flue dust, then mercury-containing dust is collected into the dust-collecting system. Finally, mercury-containing dust is washed to form mercury-containing acid mud (MAM) [7,8,9] (Figure 1). The mercury content of MAM is about 35%, and according to the US Land Disposal Restrictions, MAM is a type of “high mercury waste” (total Hg content > 260 mg/kg) [10]. A zinc smelter in Yunnan produces 200 tons of MAM every year. The amount of MAM is increasing every year, and the mercury content of MAM is also gradually increasing. The storage of MAM constitutes waste of resources and potential threat to the survival environment and human. Therefore, how to treat MAM in a harmless way and realize the recycling of metals in MAM is of great significance to the green production of the lead-zinc smelting process.



At present, two commonly used conventional methods are mainly thermal treatment and acid leaching. Thermal treatment method was investigated by Lei [11], who heated the mixture of MAM and CaO at temperature 650 °C for 90 min, so mercury evaporated and collected in the condenser. Though the mercury recovery rate reached 99.4%, this method consumed large amounts of energy for its low heating efficient and produced a large amount of slag. Zhou [12] used KClO3/HCl to leach MAM and precipitate the mercury with NaOH to obtain HgO which can be turned into Hg0 by roasting; however, only 72.73% mercury was recovered. Zhang [13] leached MAM with Na2S solution for the first stage, and then leached MAM with NaOH solution for the second stage. The HgS22− formed during leaching was finally reduced by aluminum powder to obtain Hg0. The mercury recovery rate by this method was 91.87%. However, it takes 4 h and the steps are complicated. It can be seen that the acid leaching method is cumbersome and time-consuming. Currently, the U.S. Environmental Protection Agency recommends heat treatment to remove mercury from these “high mercury wastes” [14,15,16]. Due to the good microwave absorption ability of mercury compounds [17], microwaves could heat mercury compounds selectively, and remove mercury efficiently.



A microwave is a kind of the electromagnetic wave with a frequency from 300 MHz–300 GHz and wavelength 1 mm–10 m [18]. Microwave heating could heat the materials (microwave absorbing materials) selectively and intensified the related reactions [19,20,21], this heating method has been widely used in green chemistry [22]. Specifically speaking, the advantages of microwave heating are that it is rapid, volumetric, and selective [23,24,25]. Compared with conventional heating systems, microwave heating could heat directly within the material [26] and require less heating time [27,28], and therefore be more efficient. Due to the large amount of MAM, it is necessary to find a proper heating method to recovery the valuable metals and release the environmental pressure. Considering the good microwave heating behavior of MAM, microwave heating is suitable to treat MAM.



In view of the high energy consumption in the recent MAM treatment, a new resource utilization technology was proposed for MAM by microwave heating in this paper. Busto et al. [29] and Liu [15] researched that the effect of treatment temperature (300–800 °C) on mercury removal was greater than that of treatment time (10–120 min). So, the reaction mechanism in the microwave heating process of MAM at different temperatures in details was studied in this work. By comparing the mercury recovery rate and remaining roasted phases, the advantage of microwave treatment is analyzed. The microwave treatment with MAM is a key factor for the realization of green production in the lead-zinc smelting process which has great research value.




2. Experimental


2.1. Materials


The MAM was obtained from a lead-zinc smelter (Chihong Company, Yunnan, China) of the Yunnan province in China, MAM was pre-processed and ground to a powder size under 8.47 μm in kibbler. The composition of the dried MAM was determined by X-Ray Fluorescence Spectrometer (Tianrui Instrument Co., Ltd, Taizhou, China). The main chemical compositions of MAM are shown in Table 1. MAM has a high grade of Hg, Pb, and Se, with total amount exceeding 80%, which can be classified into high toxic acid mud. According to the X-ray Diffraction (XRD) patterns of MAM (Figure 2a) analysis, the main phases of MAM are HgSe and PbSO4. Hg4f X-ray Photoelectron Spectroscopy (XPS) detailed spectrum of MAM is shown in Figure 2b, the binding energy of Hg4f can be divided into two peaks, 100.6 eV (Hg4f7/2) and 104.6 eV (Hg4f5/2), which demonstrated the HgSe phase [30,31]. According to the results of the field emission scanning electron microscope (Figure 2c), the positions of the two elements of mercury and selenium are well matched, which is consistent with the XRD patterns phases and Hg4f XPS detailed spectrum results. HgSe powder is dispersedly attached to the surface of PbSO4 blocks with flocculent structure.




2.2. Experiments of Microwave and Conventional Heating


Two heating methods were used to process MAM. The power of microwave heating is 800 W, and conventional heating 2700 W. Except for the different heating methods, the other experimental conditions were the same. Details are as follows: the atmosphere of the reaction process was air, and the flow rate was 0.5 L/min, the amount of MAM used in each experiment is 20 g, and a ceramic crucible was used for loading. A sheltered type-K thermocouple was plugged into the center of the sample to measure the temperature, and the reaction temperatures were 300, 350, 400, 450, and 500 °C. The reaction time of each experiment was fixed at 30 min. The equipment flow chart is shown in Figure 3. Equipment 1,2 are an air intake system, equipment 3,4 are a heating temperature measurement system, 5 is MAM, equipment 6 is a mercury recovery device, equipment 7–10 are a tail gas treatment system. Mercury recovery experiments were performed in a tube microwave furnace at 2.45 GHz and a tube muffle furnace, respectively. The generated Hg0 (g) was condensed by the water condenser to form mercury beads for recovery. SeO2 (g) was dissolved in the water condenser and H2SeO3 was generated, which realized the separation and recovery of mercury and selenium. For safety, some gas-washing bottles containing 4% KMnO4/10% H2SO4 solution, Na2S solution, NaOH solution, and activated carbon mixed with sulfur powder were attached to the rear of the condenser to absorb exhaust gas.



After the experiment, the samples were cooled to room temperature, and then tested and characterized. Due to the collected mercury being hard to accurately weigh, mass conservation was used to calculate the recovery rate of mercury. The recovery rate of mercury was calculated using the below Equation (1):


  x =    m 1  ·  ω 1  −  m 2  ·  ω 2     m 1  ·  ω 1       



(1)




where m1 is the weight of before roasting MAM (g); m2 is the weight of after roasting MAM (g); ω1 is the content of mercury before roasting MAM (%); ω2 is the content of Hg after roasting MAM (%); and  x  is the recovery rate of mercury (%).




2.3. Material Characterization


The FESEM images were taken by field emission filament scanning electron microscope (Nova-Nano SEM450, FEI Company, Hillsboro, OR, USA). The acceleration voltage was set at 30 KV, and the working distance was kept between 2.8 and 3.5 mm. XRD patterns of MAM detected by Rigaku D/MXA-3B (Malvern Panalytical, Shanghai, China) with Cu Kα radiation at 40 kV and 40 mA, a scan rate of 4 °min−1 was applied to record a pattern in the 2θ range of 10–90°. In addition, the thermochemical characteristics of MAM were examined by a high-temperature TGA thermogravimetric analyzer (TGA/DSC 1/1600, METTLER TOLEDO, Switzerland), at a heating rate of 10 °C/min from 30–800 °C, with air flow (60 mL/min). X-ray Photoelectron Spectroscopy was detected by K-Alpha+ electron spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) to determine the surface chemical composition of materials. The dielectric properties of MAM were measured by a dielectric device (Agilent-E5071C, Innovation of Zhide, Beijing, China) [32,33].





3. Results and Discussion


3.1. Thermodynamics Analysis


Thermodynamic data of related reactions (2)–(5) were calculated by Factsage software 7.2 (GTT, Herzogenrath, Germany) [34]. In Figure 4, The Gibbs free energy values ∆Gθ of reaction (2) is negative in the temperature range from 0–600 °C, indicating reaction (2) might occur in the temperature range from 0–600 °C. When the temperature was high enough, reaction (3) (T > 338.7 °C, ∆Gθ < 0) and reaction (4) (T > 357.3 °C, ∆Gθ < 0) started.



The temperature of the intersection point of the ∆Gθ curve of reaction (2) and the ∆Gθ curve of reaction (5) is 357.3 °C. When the temperature is higher than 357.3 °C, both phases of Hg0 and SeO2 are transformed into gas phase, the free energy values ∆Gθ of reaction (5) is lower than that of reaction (2), indicating that reaction (5) is more likely to occur than reaction (2).The chemical reaction equations are as follows.


HgSe(s) + O2(g) = Hg(l) + SeO2(s)



(2)






Hg(l) = Hg(g)



(3)






SeO2(s) = SeO2(g)



(4)






HgSe(s) + O2(g) = Hg(g) + SeO2(g)



(5)








3.2. Thermogravimetric Analysis


The decomposition and volatilization of mercury compounds in MAM corresponded the temperature from 300 to 500 °C in the TG curve (Figure 5a). Based on thermodynamic calculation results (Figure 4), reaction (2) and (5) may occur at room temperature; however, for the adsorption of HgSe on the surface of PbSO4 blocks, the pyrolysis of HgSe started at 300 °C. As the temperature increases, (1) the equilibrium constant of the Arrhenius equation increases; (2) the adsorption ability of the surface of PbSO4 blocks to HgSe gradually decreases, and the adsorption energy decreases. The two phenomena led to HgSe removal from the surface of PbSO4 blocks and the beginning of pyrolysis at 300 °C.



It can be seen from Figure 5a that DSC curves of MAM with two endothermic peaks and one exothermic peak at temperature range is from 30 °C to 500 °C. The first endothermic peak (<100 °C) can be attributed to the evaporation of free water and crystal water of MAM, which corresponded to a small amount of weightlessness. The exothermic peak (300–400 °C) can be attributed to the beginning of exothermic reaction (2), then the generated Hg (l) gasified at 357.3 °C, and SeO2 (s) sublimated at 338.7 °C, with a little exothermic peak at the DSC curve. The endothermic peak between 400–500 °C can be attributed to the reaction (5) which absorbed a lot of heat, and HgSe was directly oxidized and decomposed into Hg (g) and SeO2 (g). From the DTG curve in Figure 5b, the degree of gasification reached the maximum at 468.4 °C. With the rapid removal of Hg (g) and SeO2 (g) by the protective gas, the reaction products were rapidly reduced, and this phenomenon intensified reaction (5) until all reactants HgSe disappear completely.




3.3. Heating Behavior and Dielectric Characteristics


As shown in Figure 6, microwave heating of MAM at 800 W was more effective than conventional heating at 2700 W. It only took 2.2 min for microwave heating of MAM to heat up from 20 °C to 500 °C, and the average heating rate was 227.27 °C /min, which was 3.79 times that of conventional heating. The rapid microwave heating of MAM can reduce the adsorption energy and the apparent activation energy, which was beneficial to the mercury removal process. Therefore, microwave intensified the pyrolysis of HgSe absorbed on the surface of MAM and made the mercury removal process more efficient and energy-saving.



The average heating rate of PbSO4 (20 g) by microwave heating at 800 W was only 72.3 °C/min, which was far lower than that of MAM by microwave heating at 800 W (227.27 °C/min), so the rapid temperature rise of MAM in microwave field does not depend on PbSO4. The dielectric constant of MAM at room temperature was detected as 7.54, and the dielectric loss was 0.294. Both of the dielectric constant and dielectric loss of MAM were higher than that (dielectric constant: 4.6; dielectric loss: 1.36 e−4) of PbSO4 which was the main phase after microwave heating treatment. Because MAM was mainly composed by HgSe and PbSO4, according to the mixture permittivity calculation equation as shown in Equation (6), the dielectric constant and dielectric loss of HgSe must be higher than that of MAM, which make the HgSe absorbed on the surface of PbSO4 blocks is easier to be heated by microwave heating. For the microwave selective heating of HgSe (Figure 7), the absorption energy of HgSe on the surface of PbSO4 blocks was reduced, and in this way the HgSe pyrolysis process was intensified.


   ε ′  =   ∑   i = 1  n     v i   ε i ′  +   ∑   i = 1   n − 1       ∑   j = i + 1  n   v i   v j     ε i ′  −  ε j ′             for     ε i ′  >  ε j ′           



(6)




where,   ε ′   = dielectric constant of the mixture;    v i    = volume fraction of the ith constituent;    ε i ′   ,    ε j ′    = dielectric constant of the ith, jth constituent, respectively; n = number of constituents in the sample.




3.4. The Recovery Rate of Mercury


According to the Equation (1), the calculation results of the mercury recovery rate are shown in Figure 8a. When the treating time was set to 30 min, the mercury recovery rate of both microwave heating and conventional heating increased with the increase in roasting temperature. When the microwave heating temperature was above 400 °C, the mercury recovery rate was more than 99.5%. While the mercury recovery rate of conventional heating was below 50% even when the roasting temperature was 500 °C. Therefore, the microwave heating was more effective for the recovery of mercury in MAM than conventional heating.



The reason for the high efficiency of mercury recovery from MAM by microwave heating was that HgSe adsorbed on the surface of PbSO4 blocks was selectively heated by microwave, and the rapid desorption of HgSe was realized. The desorbed HgSe can pyrolyze rapidly, and the effective recovery of Hg0 and Se (H2SeO3 in water condenser). The strengthening mechanism of mercury recovery by microwave heating is shown in Figure 8b.




3.5. Characterization Results of Roasting Slag


Figure 9(a1) is the XRD results of MAM treated by microwave heating at 400 °C and conventional heating at 500 °C. By comparison, the mercury recovery effect of MAM by microwave heating was much better than that by conventional heating, because no HgSe phase was detected in MAM treated by microwave heating while there was still obvious HgSe phase by conventional heating as shown in (Figure 9(a2)).



XPS detection results confirmed the conclusion that microwave heating had a better mercury recovery effect than that of conventional heating for intensity of Hg4f peaks decreased after conventional heating (Figure 9(b2)) while disappeared after microwave heating (Figure 9(b3)).



FESEM results also show that microwave heating had a better mercury recovery effect. As shown in FigX, the HgSe floc had been removed clearly from the surface of PbSO4 blocks by microwave heating (Figure 9c) while there was still a lot of HgSe floc absorbed on the surface of PbSO4 blocks by conventional heating (Figure 9d).



The advantage of mercury recovery of MAM by microwave heating can be summarized as follows: (1) Microwave heating can heat the HgSe selectively and achieve rapid heating to recovery mercury through HgSe pyrolysis. (2) Microwave can eliminate most of the adsorption energy of mercury compounds on the surface of the substrate, which can intensify the reactions through reducing the apparent activation energy of related reactions [27,35,36]. (3) Our previous research [37] also showed that the introduced gas was non-microwave absorbing and took away little heat in the microwave roasting process, and the energy of the microwave is mainly concentrated in the material, which means microwave heating was more energy saving than conventional heating.




3.6. Prototyping Technology


Based on the investigation results presented above, we proposed a proper process presented in Figure 10, to treat MAM by microwave heating, which can realize the recovery of Hg/Se/PbSO4 efficiently and save energy. By adopting this process, HgSe in MAM was separated from the surface of PbSO4 blocks; recovered as Hg0 and H2SeO3 in a water condenser; and the slag after microwave heating contained PbSO4 above 92%, which can be recycled in lead smelting plants. Compared with different mercury recovery methods for MAM, the microwave heat treatment process has certain advantages (Table 2).





4. Conclusions


The main phases of MAM produced by zinc smelter are HgSe and PbSO4, and metal resources of MAM can be recovered by thermal treatment. In this paper, by comparing microwave heating with conventional heating, the enhancement effect of microwave field on the pyrolysis of HgSe adsorbed on the surface of PbSO4 block was studied. The main conclusions are as follows:



(1) The pyrolysis of HgSe in MAM was conducted in air, and the main related reaction was: HgSe + O2 = Hg + SeO2 (the pyrolysis process also included the phase change of Hg and SeO2). The thermogravimetry results show that the mercury removal temperature range of MAM was 300–500 °C.



(2) Heating behavior experiments and dielectric characteristics detection showed that the order of microwave heating effect is HgSe > MAM > PbSO4. Therefore, microwave could heat HgSe selectively, eliminate the most adsorption energy of HgSe on the surface of PbSO4 block quickly, and strengthen the pyrolysis process of HgSe. When MAM was roasted at 400 °C for 30 min by microwave heating, the mercury recovery rate is more than 99.5%, which is far superior to conventional heating.



(3) Based on the microwave enhanced mercury removal process of MAM, the process flow of comprehensive recovery of Hg/Se/Pb from MAM was put forward, which was helpful to realize secondary resource recovery and the green production of lead-zinc smelting process.
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Figure 1. Background process of the production of MAM. 
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Figure 2. MAM characterization results: (a) XRD patterns of MAM; (b) Hg 4f XPS detailed spectrum of MAM; (c) FESEM-EDS images of MAM. 
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Figure 3. Schematic diagram of microwave/conventional heating equipment. (1) Air pump; (2) Flowmeter; (3) Type-K thermocouple; (4) Furnace (microwave furnace or muffle furnace); (5) Ceramic crucible; (6) Water condenser; (7) 4% KMnO4/10% H2SO4; (8) Na2S solution; (9) NaOH solution; (10) Activated carbon with sulfur powder. 
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Figure 4. Relationships between Gibbs free energy of the reaction and temperature. 
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Figure 5. (a) TG -DSC curves of MAM; (b) DTG curves of MAM. 
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Figure 6. (a): Heating curve of MAM by microwave heating (800 W); (b): Heating curve of PbSO4 (20 g) by microwave heating (800 W); (c): Heating curve of MAM by conventional heating (2700 W). 
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Figure 7. Mechanism diagram of the recovery of mercury from MAM by microwave heating. 
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Figure 8. (a) Recovery rate of mercury by (a1) microwave heating, (a2) by conventional heating, and the (b) enhanced desorption mechanism diagram by microwave selective heating. 
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Figure 9. (a) XRD results of MAM by (a1) microwave heating at 400 °C and (a2) conventional heating at 500 °C; (b) The high-resolution XPS survey spectra of MAM: (b1) untreated MAM, (b2) MAM treated by conventional heating at 500 °C and (b3) MAM treated by microwave heating at 400 °C; (c) FESEM-EDS image of MAM treated by microwave heating at 400 °C; (d) FESEM-EDS image of MAM treated by conventional heating at 500 °C. 
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Figure 10. Hazard-free treatment of MAM and efficient recovery of metal by microwave. 
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Table 1. Chemical compositions of MAM.
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	Compositions
	Hg
	Se
	Pb
	S
	Ca
	Fe
	Zn





	Content/wt%
	34.82
	13.15
	33.07
	5.42
	0.15
	0.15
	0.11
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Table 2. Effect of different treatment methods on mercury recovery of MAM.






Table 2. Effect of different treatment methods on mercury recovery of MAM.





	Mercury Content of MAM (wt%)
	Method
	Temperature
	Time
	Hg Recover Rate
	References





	3%
	Acid leaching
	Room temperature
	4 h
	91.87%
	[13]



	10%
	Acid leaching
	80 °C
	2 h
	72.73%
	[12]



	1.37%
	Thermal treatment
	650 °C
	1.5 h
	99.4%
	[11]



	34.82%
	Microwave heating
	400 °C
	0.5 h
	99.5%
	This work
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