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Abstract

:

This study investigated the removal of sulfur and iron from shungite rocks through different methods after fine grinding: flotation, magnetic separation, microwave treatment, and chemical leaching. In this work, first, a mineralogical study of shungite was conducted. The carbon, silica, iron, and sulfur compositions in the as-received shungite were 45.4%, 38.3%, 4.6%, and 2.4%, respectively. In flotation, a sulfur grade of 1.4% was obtained. In the wet high-gradient magnetic separation at a magnetic flux density of 1 tesla, the iron and sulfur grades in the nonmagnetic fraction were 2.8% and 1.9%, respectively. Furthermore, the sulfur reduced to 0.2% by the 9 min microwave irradiation. In addition, chemical leaching using chelating reagents and inorganic acids was utilized to remove iron and sulfur. Nitrilotriacetic acid (NTA) could reduce the iron and sulfur grades to 2.0% and 0.9%, respectively. For leaching using reverse aqua regia, the iron and sulfur grades were reduced to 0.9% and 0.23%, respectively. For leaching using a 6N HCl with H2O2 aqueous solution, the iron and sulfur grades were reduced to 0.8% and 0.34%, respectively. Overall, chemical leaching using HCl with H2O2 was the most effective for iron and sulfur removal from shungite.
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1. Introduction


Deposits of shungite rocks are produced in the Karelia region of Russia. Shungite is composed of a carbon-and-silica mixture, and it looks like low-crystalline graphite. The main shungite deposit in the world is a 1000 m sedimentary-volcanic succession developed over an area of 9000 km2, with an estimated total carbon reserve exceeding 2 × 1010 tons [1]. It is a carbon-rich rock produced by the metamorphism of sedimented carbon-rich materials in the Precambrian period. Shungite is characterized by porosity, stiffness, high electrical conductivity, and the tendency to produce SiC when subject to heating. Shungite has a wide range of carbon content, from 10 to 98 wt%. The physical properties of shungite [2]; structural information, obtained via X-ray diffraction (XRD) and scanning electron microscopy (SEM) studies [3]; properties of polylactide/shungite composites [4]; and fullerene content [5] have been reported. Moreover, some applications of shungite have been studied, including its uses as a rubber filler, an adsorbent material for water treatment, a component of composite materials [5], mineral and polymer binders [6], a material for electromagnetic-radiation shielding screens [7], carbonaceous photocatalytic materials [8], and anode materials of Li-ion battery electrodes [9]. The removal of impurities from shungite is essential for its utilization; however, although the amount of shungite resources is large, only a few papers have reported the physical treatment methods of shungite, such as mineral processing and chemical treatment. In the current study, the removal of iron and sulfur impurities through several methods, including flotation, magnetic separation, heat treatment, and chemical leaching, was investigated.




2. Materials and Methods


2.1. Materials


Photographs of the as-received shungite sample obtained from the Karelia region are displayed in Figure 1. The Mohs hardness of shungite is similar to that of quartz (i.e., about 7), and the density is around 2000 kg/m3. In this study, the shungite was ground using a ball mill and cutter mill. A scanning electron microscope (JEOL JSM-7001FA SEM) was used to observe the shapes of particles and composition (Figure 1). In this experiment, two ground shungite samples with different mean particle sizes were prepared to investigate impurity removal (Figure 2). Shungite’s structure is very complicated, with a fiber and grain mixture as shown in Figure 1. Therefore, fine- and coarse-ground shungite particle samples were prepared to compare impurity removal in this experiment. As shungite is a hard mineral, with a Mohs hardness of ~7, a long time (10 h) was required to reduce the size to 4.7 μm mean diameter (median diameter D50) through ball-mill wet grinding. The economical crushing of shungite is limited to several μm in size. If dry grinding is performed, dust explosion may occur at a certain carbon powder concentration. The mean diameters (median diameter D50) for coarse and fine particles were 11.6 μm and 4.7 μm, respectively. The liberation degree of small-size particles is usually larger than that of coarse-size particles. In magnetic separation and chemical treatment, the coarse particles (11.6 μm mean diameter) were mainly used for impurity removal for the economical point of preventing long grinding times. The XRD result (Rigaku Co. SmartLab) of the shungite powder is displayed in Figure 3. The quartz and graphite marks are indicated in Figure 3. Crystalline silica peaks were clearly observed, and most graphite peaks overlapped with silica peaks; however, the graphite peaks were observed [10]. In addition, carbon peaks in shungite have been reported by another article [11].



The elemental composition of the as-received shungite is presented in Table 1. Furthermore, chemical analysis and X-ray fluorescence (XRF, Rigaku Co., Supermini) results were used to calculate the compositions. Carbon and silica, which were the main shungite components, accounted for 45.4% and 38.3%, respectively. Regarding the impurity contents, iron and sulfur accounted for 4.6% and 2.4%, respectively, and other elements, including K, Na, Mg, Ca, Al2O3, TiO2, and a small amount of metals such as Zn, Cu, Pb, Mn, and Ni were observed.



To investigate the impurity distribution, the elemental maps of polished shungite coated with gold were measured in a high vacuum via scanning electron microscopy and energy-dispersive X-ray spectroscopy (Figure 4). The C, Si, and O elements were distributed in almost all areas. For the fine structure, it was difficult to separate carbon and SiO2. The Al and K plots were similar, indicating that the shungite contained feldspar and clay mineral impurities. It has also been reported that shungite contains microcrystalline mica and albite [12]. Moreover, given that S and Fe appeared on the same plots, iron sulfides, such as FeS2, existed in the shungite. From EDS spot analysis of the Fe and S ratio in minerals, most of the composition was pyrite. Fe is assumed to exist mainly as pyrite and a small amount of oxide. In this experiment, the removal of iron and sulfur was investigated.



Furthermore, the shungite was analyzed via thermogravimetry/differential thermal analysis (TG-DTA) under atmospheric air conditions, and the result is shown in Figure 5. The moisture content in Table 1 was about 1% by weight loss. The peak at around 500 °C indicates sulfur evaporation. It has been reported that the thermal decomposition of coal-derived pyrite, which starts at approximately 400 °C, is complete at 600 °C [13].



At temperatures of 500 °C to 850 °C, the carbon changed to CO2, and weight loss was observed.



Additionally, the exothermic peak from 500 to 700 °C might be caused by silicon carbide production because silicon carbide was produced after heating shungite to 1000 °C by microwave irradiation which was described in session 3.3.




2.2. Experimental Method for Impurity Removal in Shungite


The removal of iron and sulfur impurities in shungite was studied using flotation and magnetic separation as the mineral-processing methods. In addition, microwave irradiation to remove the sulfur content was investigated. Moreover, chemical leaching using chelate and inorganic acid for sulfur and iron removal was studied. In addition, the separated silica, iron, and sulfur were analyzed through XRF, and the analytical error was 0.1% to 0.2% at 3σ [14,15].



2.2.1. Flotation


Flotation was performed in a laboratory-scale Denver flotation machine. Air was fed through a glass filter of 5 to 10 μm pore size continuously to prevent clogging. A flowsheet of the flotation is shown in Figure 6A. The pulp’s solid concentration was 5 wt%, and the pulp’s pH was 4.4. The pH was regulated using HCl and NaOH. Although the solid concentration is usually 20 to 40 wt% [16], 5 wt% was employed to increase the froth grade for preventing contamination. Furthermore, froth flotation was performed to obtain carbon particles. Kerosene is usually used as a collector for coal and carbon mineral flotation, while methyl isobutyl carbinol (MIBC) is usually used as a frother [17], and sodium silicate is used as a depressant for silica [18]. To float the carbon particles, kerosene was added as the collector; a similar procedure was conducted for coal flotation, and the effect of kerosene amount was investigated. The effect of particle size on flotation was also investigated, considering mean diameters of 11.6 μm and 4.7 μm for large and small particles, respectively (Figure 2). Moreover, during flotation, 80 g/t of MIBC was added as the frother, and 100 g/t sodium silicate was used as the dispersant. The conditioning and flotation periods were 5 min each.




2.2.2. Magnetic Separation


Magnetic separation was performed using a batch-type high-gradient magnetic separator. A matrix cell filled with several expanded ferromagnetic stainless-steel plates of 1 mm thickness was set between electromagnet poles, and the slurry was fed from the top.



The separation zone filled with the matrix was 2 × 3 cm wide and 10 cm high. The applied magnetic flux densities were set at 0.5 and 1T. A flowsheet of magnetic separation is shown in Figure 6B. The pulp solid concentration of the fed slurry was 1.25 wt%, and 0.15 wt% of hexametaphosphate was mixed into the slurry as a dispersant.




2.2.3. Microwave Irradiation


A microwave oven (1000 W MICROWAVE REACTOR: MWR-CX1) was utilized to evaporate and remove the sulfur in shungite. The relationship between irradiation time and sulfur removal was investigated, and the composition of the irradiated shungite was determined via XRD.




2.2.4. Leaching Using Chelating Reagent


Three kinds of chelating reagents were utilized to dissolve the heavy-metal ions in shungite: nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA), and EDTA∙2Na. A flowsheet of chemical leaching using the chelating reagents is shown in Figure 7A. The leaching rates of iron and sulfur contents in shungite under the various reagents were compared. Here, 0.6 wt% slurry with chelate was agitated for 6 min at 80 °C.




2.2.5. Leaching Using Inorganic Acid


Various kinds of inorganic acids were added to dissolve the heavy-metal ions in shungite. A flowsheet of chemical leaching using acid is shown in Figure 7B. Nitric acid (HNO3), sulfuric acid (H2SO4), and hydrogen peroxide (H2O2) were used at different compositions, and the leaching rates of iron and sulfur contents in shungite were compared. Here, 0.6 wt% slurry with acid was agitated for 120 min at 30 °C.






3. Results and Discussion


Mineral processing techniques are usually used for removing impurities; therefore, flotation and magnetic separation were first performed. The increase in the carbon percentage in the float product and the increase in the silica content in the sink product were obtained in the flotation. However, in this experiment, the purpose was the removal of sulfur and iron as impurities; therefore, the distribution of sulfur and iron in the float and sink fractions were investigated by shungite flotation.



Shungite free of harmful impurities can be utilized as a rubber filler, a component of composite materials, and a polymer binder. As shungite has a specific surface area of 30 m2/g and an average pore diameter of 14 nm, it can be used as an adsorbent for wastewater treatment. For these applications, the sulfur and iron contents of shungite, which are its main impurities, need to be removed. Thus, the following physical and chemical treatment methods were investigated.



3.1. Flotation


Flotation experiments using only kerosene; MIBC and kerosene; and MIBC, sodium silicate, and kerosene were conducted for the shungite of 11.6 μm mean size, and a flotation experiment using only kerosene was performed for the ground shungite of 4.7 μm mean size. The added kerosene amount was 400 g/t. In shungite flotation, 400 g/t obtained the largest froth fraction; moreover, this amount has been reported as the optimum kerosene amount in coal flotation [17]. As the isoelectric points of shungite and silica are pH 4 and pH 2, respectively, both carbon and silica possessed a negative charge under the adopted pH, and there was a possibility of dispersion. However, it was difficult to separate carbon and silica due to the disseminated structure of the finer μm size, as predicted in Figure 1 and Figure 4. The experimental result of flotation effectiveness is shown by Newton’s separation efficiency [19]. Equation (1) shows the formula for Newton’s separation efficiency, ηc,Q, where Rc denotes the carbon recovery in the float product, and RQ is the silica recovery in the sink product. A larger ηc,Q indicates better separation performance.


ηc,Q = Rc + RQ − 1



(1)







The effect of pH on Newton’s separation efficiency, ηc,Q, is illustrated in Figure 8. The largest separation efficiency was obtained for the flotation of fine-ground shungite of 4.7 μm mean size at pH 13. Finer grinding increases the liberation degree of carbon and silica, and the increased OH- ions at higher-alkalinity conditions, pH 13, can depress the floatability of silica. However, the ηc,Q was quite small compared with that of perfect separation (ηc,Q = 1). Both the float and sink products can be utilized if the iron and sulfur impurities are removed.



The sulfur grades in the sink products during flotation at various conditions are shown in Figure 9. The lowest sulfur grade (1.4%) was obtained at pH 4.5, flotation using MIBC and kerosene, and shungite of 11.6 μm mean size. However, the ηcQ was quite low (Figure 8). Moreover, although the sulfur grade was 1.9% at pH 4.5, flotation using only kerosene, and 11.6 μm mean size, the ηc,Q was larger.



The iron grades in the sink products at various conditions are shown in Figure 10. The lowest iron grade was 2.5%, obtained at pH 13, flotation using only kerosene, and ground shungite of 4.7 μm mean size. The ηc,Q was large (Figure 8). The increase in the liberation degree of the finer shungite caused the removal of iron in the sink product at higher-alkalinity conditions.



On the other hand, in the froth product, the largest S grade of 3.8% with 45% recovery and the largest Fe grade of 0.8% with 55% recovery were obtained at pH 13 with kerosene 400g/t and MIBC 80g/t and shungite of 11.6 μm mean size. The sulfur grade in the froth product was larger than in the sink product, and the iron grade in the froth product was smaller than in the sink product.



In the laboratory-scale Denver flotation machine, the separation size was limited. Finer-particle separation with column flotation using finer microbubbles would be a future subject.




3.2. Magnetic Separation


The magnetic separation results are listed in Table 2. The grades of iron and sulfur in nonmagnetic materials under the magnetic field intensity of 1 T (2.8% and 1.9%, respectively) were lower than those under the magnetic field intensity of 0.5 T. Iron and sulfur were captured and removed as magnetic products. The minerals’ magnetic-specific susceptibilities of FeS2, Fe2O3, C, and SiO2 are 0.98, 2000, −2.2, and −0.46 (×10−6), respectively [20]. As the iron grade of magnetics and nonmagnetics was almost the same at 0.5 and 1 T, iron oxide particles of large magnetic susceptibility, like hematite (Fe2O3), had already been captured at 0.5 T. If iron is included in weekly magnetic sulfide minerals, such as in pyrite (FeS2), a higher magnetic field and magnetic-field gradient are necessary to capture [21]. This separation result shows that half of the iron would exist as sulfide minerals. In magnetic separation, the small number of ferromagnetic particles causes nonmagnetic particles to be captured and decreases the separation efficiency. The Currie point measurement (pyrrhotite at about 320 °C and magnetite at about 580 °C) of particles is necessary to investigate the existence of ferromagnetic impurities in shungite.




3.3. Microwave Irradiation


Sulfur removal was performed via microwave irradiation, and the result is shown with temperature in Figure 11. The 9 min microwave irradiation reduced the sulfur content in shungite to 0.2%, i.e., 92% sulfur removal. The dielectric loss for heating is shown in the next formula using electric field intensity (E), electrical conductivity (σ), frequency (ω), permittivity of vacuum (   ε o   ), relative permittivity (   ε r   ), and dielectric loss tangent (  t a n δ  ) [22].


  P =  E 2    σ + ω  ε o   ε r  t a n δ    



(2)







The electrical resistivity, 1/σ, of amorphous carbon in shungite is around 1000 to 2000 μΩm and is quite small compared to other minerals. The temperature of heated sample is almost proportional to time [23]; therefore, the connected line was used in Figure 11. Irradiation caused the heating of shungite, and the temperature of shungite subjected to 9 min microwave irradiation increased to about 1000 °C. Through XRD, silicon carbide (SiC) was observed in the irradiated shungite. After 3 min of heating, the temperature increased to around 400 °C and 80% of sulfur evaporated by the decomposition of pyrite as shown in [13]. The sulfur in shungite can be easily removed via evaporation (boiling point of sulfur: 445 °C). The total weight loss of shungite was about 10% because some carbon was also incinerated with oxygen in atmospheric air.




3.4. Leaching Using Chelating Reagent


Three kinds of chelating reagents were employed for the leaching of iron and sulfur in shungite. The iron and sulfur contents in the as-received and leached shungite samples are listed in Table 3. The three kinds of chelates could decrease the iron and sulfur contents. NTA, especially, showed the largest leaching rates for iron and sulfur. The pure pyrite mineral was also leached by NTA; however, only a few percent was dissolved; therefore, the iron and sulfur compounds are different from pure pyrite. The pH of slurry leached using NTA decreased to pH 2.4. The sulfur and iron grades became 0.9% and 2.0%, respectively, i.e., 63% sulfur and 57% iron removal rates. A leaching temperature of 80 °C was adopted. When leaching was performed at room temperature, only the sulfur removal rate decreased. Other sulfur compounds, except pyrite, could be leached by the acidic chelate at 80 °C. On the other hand, when EDTA-Na was dissolved in water, the pH ranged from 4.2 to 4.8, and a smaller amount of iron was dissolved. Dissolved Fe2+ ions produced a chelate complex with the chelate. If there was no chelate, the dissolved Fe 2+ ions could be adsorbed by the carbon in shungite through increasing the pH by washing. Iron chelate complexes prevent adsorption of Fe2+ ions by carbon and can be removed from shungite by water washing. Leaching using a chelating reagent does not change the surface property of carbon compared with the utilization of strong acid; therefore, it has been used in purification to produce high-grade carbon [24].




3.5. Leaching Using Inorganic Acid


Eight kinds of inorganic acid solutions were utilized for leaching iron and sulfur in shungite. The results are presented in Table 4. The largest iron removal was obtained using an aqueous mixture of HCl and H2O2, and the Fe percentage became 0.8%. The aqueous solution of HCl with H2O2 showed 83% iron removal and 86% sulfur removal from shungite. H2O2 increased the Eh of the aqueous solution, and the sulfur and iron oxidized and dissolved well at a lower pH. For removal using a reverse aqua-regia liquid, the Fe percentage became 0.9%, and the sulfur content decreased to 0.23%. Reverse aqua regia decomposes sulfur in pyrite so that it changes to sulfate ions [25]. Reverse aqua regia removed 80% of iron and 90% of sulfur. In this experiment, the largest Fe removal was performed with the HCl and H2O2 aqueous solution, and the largest S removal was established using reverse aqua regia. The difference of both Fe and S removal rates was about 0.1%. Considering the reagent cost in inorganic-acid leaching, leaching using HCl with H2O2 aqueous solution is the most effective method to remove impurities in shungite.





4. Conclusions


In this mineralogical study on shungite, silica particles were disseminated into fine structures of micrometer size using carbon fibers, graphite and a small amount of pyrite, which contains iron and sulfur, was observed. Iron and sulfur impurity removal in shungite was performed via flotation, magnetic separation, microwave treatment, and chemical leaching, and the following results were obtained.



In flotation, kerosene was used as the carbon collector. The iron and sulfur amounts in the sink and float products of shungite of 11.6 μm mean particle size were measured. The Newton’s separation efficiency value for the ground shungite of 4.7 μm mean size was higher than that of the shungite of 11.6 μm mean size, due to the fine size of the former. Moreover, in the flotation at pH 13, the iron grade of the 4.7 μm shungite in the sink product (2.5%) was lower than that of the 11.6 μm shungite (4.6%). Furthermore, in the flotation at pH 4.5 with MIBC as the frother, sulfur removal was low, and the sulfur grade obtained was 1.4%.



In the wet high-gradient magnetic separation, at a magnetic flux density of 1 T, the grades of iron and sulfur in the nonmagnetic fraction were 2.8% and 1.9%, respectively.



The removal of sulfur was investigated via microwave heating; the sulfur content was reduced to 0.2% after 9 min irradiation, and SiC was produced by the heating reaction.



Chemical leaching experiments using chelating reagents and inorganic acids were conducted to leach iron and sulfur. The NTA reagent could reduce the iron and sulfur grades to 2.0% and 0.9%, respectively. For leaching using reverse aqua regia, the iron and sulfur grades were reduced to 0.9% and 0.23%, respectively. For leaching using a 6N HCl with H2O2 aqueous solution, the iron and sulfur grades were reduced to 0.8% and 0.34%, respectively. Overall, chemical leaching using HCl with H2O2 was the most effective, showing 83% iron removal and 86% sulfur removal from shungite of 11.6 μm mean size.
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Figure 1. Photographs of the investigated shungite rock and ground powder and scanning electron microscopy images. 
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Figure 2. Cumulative particle-size distribution of ground shungite used in this experiment. Mean diameters (median diameter D50) of large-size particles (L) and small-size particles (S): 11.6 μm and 4.7 μm, respectively. 
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Figure 3. X-ray diffraction pattern of shungite powder. 
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Figure 4. Elemental maps (C, O, Mg, Al, Si, S, K, Fe) of shungite, obtained via scanning electron microscopy and energy-dispersive X-ray spectroscopy. 
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Figure 5. Measurement of shungite via thermogravimetry-differential thermal analysis under air conditions and at 10 °C/min. 
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Figure 6. Flowsheet of mineral processing with flotation (A) and magnetic separation (B). 
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Figure 7. Flowsheet of chemical leaching. 






Figure 7. Flowsheet of chemical leaching.



[image: Minerals 11 00245 g007]







[image: Minerals 11 00245 g008 550] 





Figure 8. Results of flotation using only kerosene for shungite of 4.7 μm and flotations using only kerosene, MIBC + kerosene, and MIBC + sodium silicate + kerosene for shungite of 11.6 μm. 
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Figure 9. Sulfur grades in sink products of flotation using only kerosene for shungite of 4.7 μm and flotations using only kerosene, MIBC + kerosene, and MIBC + sodium silicate + kerosene for shungite of 11.6 μm mean size. 
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Figure 10. Iron grades in sink products of flotation using only kerosene for shungite of 4.7 μm and flotations using only kerosene, MIBC + kerosene, MIBC + sodium silicate + kerosene for shungite of 11.6 μm. 
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Figure 11. Change in the sulfur content of shungite with microwave irradiation time. 
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Table 1. Elemental composition (weight%) of shungite.
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	Elemental
	wt%
	Elemental
	wt%





	C
	45.4
	MgO
	0.2



	SiO2
	38.3
	Na2O
	0.1



	Fe
	4.6
	PbO
	0.1



	K2O
	2.5
	P2O5
	0.1



	Al2O3
	2.3
	Cl
	0.1



	S
	2.4
	Cr2O3
	0.1



	TiO2
	0.5
	MnO
	0.1



	CaO
	0.5
	NiO
	0.1



	ZnO
	0.3
	ZrO2
	0.1



	CuO
	0.2
	V2O5
	0.1
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Table 2. Result of high-gradient magnetic separation.
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Magnetic Field, T

	
Magnetics, %

	
Non-Magnetics, %




	
Fe Grade

	
S Grade

	
Fe Grade

	
S Grade






	
0.5

	
5.4

	
2.6

	
2.9

	
2.0




	
1.0

	
5.7

	
3.1

	
2.8

	
1.9











[image: Table] 





Table 3. Iron and sulfur contents in as-received and leached shungite samples.
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	Fe, %
	S, %
	Weight Loss, %





	As-received
	4.6
	2.4
	



	NTA
	2.0
	0.9
	12.2



	EDTA
	2.9
	1.0
	9.3



	EDTA-2Na
	3.3
	1.2
	7.7
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Table 4. Iron and sulfur contents in shungite samples leached using inorganic acids.
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	Fe, %
	S, %
	Weight Loss, %





	As-received
	4.6
	2.40
	



	3N HNO3
	2.2
	0.62
	13.7



	3N HNO3 75% + 4N H2SO4 25%
	1.7
	0.68
	15.6



	3N HNO3 50% + 4N H2SO4 50%
	1.7
	0.68
	15.8



	3N HNO3 25% + 4N H2SO4 75%
	1.8
	0.78
	14.4



	4N H2SO4
	3.2
	1.12
	6.8



	13N HNO3 75% + 12N HCl 25%

(Reverse aqua regia)
	0.9
	0.23
	22.4



	6N HCl
	2.2
	0.61
	13.4



	6N HCl 95% + 30 W/V% H2O2 5%
	0.8
	0.34
	21.7
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