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Abstract

:

Stainless steel dust is rich in valuable metal elements including Fe, Cr, Ni and Mn, which can be utilized to prepare Fe–Cr–Ni–Mn series black pigments. Meanwhile, manganese can absorb the majority of the visible light wavelength range, which improves the color rendering performance of Fe–Cr–Ni–Mn series black pigments. However, the coloring mechanism of manganese in the above black pigments is not clear. Therefore, the effect of manganese oxide content on the preparation of spinel-type black pigments from microwave-assisted calcination of stainless steel dust was studied in this work. The results show that with the increase in MnO content in the raw mixture, the crystal plane spacing of black pigments increases from 0.2525 nm to 0.2535 nm, the grain size grows from 61.4619 nm to 79.7171 nm, and the lattice constant grows from 0.8377 to 0.8406 nm. Moreover, the band gap is decreased from 1.483 eV to 1.244 eV, the absorbance increases significantly and has a consistent absorbance in the visible range, and the L*, a* and b* values reduce from 41.8, 0.6, 1.6 to 32.0, 1.0, 0.8, respectively. MnO can react with the spinel in stainless steel dust, forming Mn3O4, MnCr2O4 and Ni (Fe,Cr)O4 in the system, with a regular polyhedral structure. The prepared pigments have excellent thermal stability at 1100 °C and good compatibility with transparent glazes, which can be adhered to the surface of ceramic tiles after calcination to demonstrate better compatibility as the content of MnO increases.
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1. Introduction


Stainless steel dust (SSD) is a by-product of the stainless steel smelting process that is high in transition metal elements such as Fe, Cr, Ni, and Mn. During the manufacturing process, around 18–33 kg of SSD can be emitted for every ton of crude stainless steel produced [1,2,3]. Currently, the treatment process of SSD is widely classified as solidification landfill treatment, pyrometallurgical treatment and hydrometallurgical treatment [4,5,6]. Despite the solidification, and that landfill treatment can stabilize the heavy metal elements in SSD and reduce leachate concentration below the limit, the valuable metals from SSD have not been effectively exploited [7]. Moreover, hydrometallurgy and pyrometallurgy treatment processes also have some disadvantages, such as complicated process flow, unstable metal recovery, high energy consumption and secondary pollutants [8,9,10].



To achieve the harmless treatment of industrial solid waste, the processing of transition metal-enriched industrial solid waste into black ceramic pigments has gained favor among scholars [11,12,13,14]. According to the above ideology, and based on the composition features of SSD, the use of SSD to prepare black ceramic pigments was proposed to avoid the drawbacks of traditional treatment processes and achieve high value-added utilization and harmless treatment of SSD [15,16]. Typically, industrial solid wastes are used to make three types of Co-free black ceramic pigment: Fe–Cr, Fe–Cr–Ni, and Fe–Cr–Ni–Mn series. The preparation of the first two series of pigments by SSD has been studied and the proportion of SSD in raw materials is higher than 50% [17,18]. Furthermore, according to the color rendering principle of black ceramic pigments, which states that the more transition metal element species are enriched, the wider the range of visible light that can be absorbed by the ion leap class and the stronger the absorbance. As a result, the color rendering properties of Fe–Cr–Ni–Mn series spinel-type black ceramic pigments are optimal among the three series [18]. Manganese may exist in various oxidation states and it may potentially exert its impact on black ceramic pigments via multiple reaction mechanisms, such as redox reactions and coordination bonding. The complexity of these reaction mechanisms make it more challenging to comprehend how manganese affects the properties of black ceramic pigments. Therefore, the effect of Mn on Fe–Cr–Ni–Mn series black ceramic pigments prepared by SSD needs to be investigated.



Additionally, the solid-state reaction synthesis method is widely employed in the preparation of black ceramic pigments from industrial solid wastes [19]. However, raising the raw materials’ temperature using the conventional heating method takes a long time. Consequently, a significant temperature gradient arises between the interior and exterior, rendering it prone to excessive grain growth and over-sintering [20]. In contrast, microwave heating as a low-energy consumption alternative, offers the benefits of selective heating. Moreover, it effectively addresses the issue of a “cold center” and ensures that materials are heated quickly and uniformly [21]. The ability of the transition elements to absorb microwaves is good. Thus, manganese will also impact the heating behavior of raw materials.



In this study, the effects of manganese molar content in the raw material on the preparation and properties of pigments were investigated by gradually adding MnO to adjust the molar ratios of Fe, Cr, Ni, and Mn in the raw materials. By using XRD, FTIR, and SEM, the prepared pigment’s crystal structure, phase composition and coloring mechanism were investigated. The findings may provide theoretical and experimental grounds for the harmless utilization of SSD.




2. Experiment


2.1. Raw Material


The SSD was collected from a stainless steel plant located in southeast China. The chemical reagents: Cr2O3, NiO and MnO (analytically pure) were from Sinopharm, and both ceramic paste and common transparent glaze powder were procured from a ceramic factory in southern China. Table 1 displays the chemical composition of the SSD, ceramic paste and the common transparent glaze powders. From Table 1, it is demonstrated that the SSD has a comparatively high amount of Cr2O3 and Fe2O3 (10.68 wt.% and 69.60 wt.%, separately). Al2O3 and SiO2 make up the majority of ingredients in the ceramic paste (20.29 wt.% and 66.41 wt.%, respectively); meanwhile, transparent glazes have a higher percentage of Al2O3, SiO2 and CaO (11.14 wt.%, 52.38 wt.% and 11.13 wt.%, respectively).



The XRD patterns depicted in Figure 1 reveal that the SSD is mostly composed of Fe2O3, SiO2, and spinel phases. The ceramic paste is made up of SiO2 and Ca(Al2Si2O8). Moreover, the common transparent glaze is mainly composed of SiO2, (Na,Ca)Al(Si,Al)O3, KAlSiO3 and ZnO. Meanwhile, the particle size of SSD was analyzed by a laser particle size analyzer (Matersizer 2000, Malven, UK, test range: 0.02–2000 μm). As can be seen from Figure 2, the particle size distribution of SSD is mainly centralized in the range of 1–10 μm, and the overall particle size plot is normally distributed.




2.2. Process of Preparing Black Ceramic Pigments


At first, the raw mixtures with different Fe/Cr/Ni/Mn molar ratios (as shown in Table 2) were prepared by adding Cr2O3, NiO, and MnO to SSD individually. The raw mixtures were dried at 100 °C for 180 min to remove moisture. Thereafter, about 30 g of the raw mixture was placed in an alumina crucible and placed inside a microwave furnace (HUAE, HY-QS3016, Changsha, China). The microwave power was set at 2000 W and the heating rate was 50 °C/min. Then, the raw mixture was heated to 900 °C and maintained for 30 min in an air atmosphere. After the holding period, the crucible was immediately removed from the chamber and cooled to room temperature by air cooling. The pigment samples were then crushed to less than 200 mesh and stored under dry conditions for further use.




2.3. Stability Test


The thermal stability of the pigment samples was tested by thermogravimetric analysis (NETZSCH, STA449C, Waldkraiburg, German) in an air atmosphere with a flow rate of 50 mL/min and a temperature ramp of 10 °C/min. The temperature range for the TG curves was from room temperature to 1200 °C.



The chemical stability of pigment samples, particularly their resistance to acid and alkali, was evaluated in accordance with GB/T 5211.5-2008 [17]. The following is the description of the method. Three test tubes containing 0.500 g of pigment samples were filled with 20 mL of deionized water, 2 wt.% hydrochloric acid solution and 2 wt.% sodium hydroxide solution separately. Afterward, the test tubes were violently shaken for 5 min to achieve thorough mixing. The suspensions in the test tubes were then individually filtered to extract the filtrate and the filter cake. Thereafter, the filtrates were transferred into cuvettes and the filter cakes were dried. Finally, both filter cake and cuvette underwent assessment for discoloration and staining, respectively.




2.4. Application of Pigments in Ceramic Glaze Preparation


A total of 4 g of ceramic paste and 2 g of deionized water were compacted into a cylindrical green compact using a tablet press machine with a pressure of 15 MPa and a molding time of 2 min. The ceramic green compacts were set inside a muffle furnace (SX2-10-13) on an alumina gasket, preheated for 30 min at 600 °C with a heating rate of 8 °C/min and then cooled by furnace-cooling.



To obtain black glaze slips, the various pigment samples were mixed with common transparent ceramic glaze powders and deionized water at a weight ratio of 0.05:1:1 individually. Meanwhile, a control glaze slip without pigments was set to evaluate the coloring performance of pigments.



Finally, immersion glazing was used to glaze the surfaces of the preheated green compacts. The glazed sample was then sintered for 30 min at 1200 °C (heating rate of 8 °C/min) to obtain ceramic tiles with pigmented surfaces. As Figure 3 illustrates, all calcining and cooling procedures were carried out in an air atmosphere.




2.5. Characterizations


The chemical compositions of the SSD, the ceramic paste and the common transparent glaze powders were examined by using ICP-AES, (Thermo Elemental, IRIS Advantage ER/S, Waltham, MA, USA).



The phases and crystal structure of the SSD, the ceramic paste, the common transparent glaze and the prepared pigments were analyzed by using XRD (PANalytical, X’Pert PRO, Almelo, The Netherlands) with a Cu target Κα radiation source, a tube voltage of 40 kV, a tube current of 40 mA, a 2θ angle scanning angle range of 10°–70°, and a scanning rate of 2°/min.



The average crystallite sizes of pigment samples were obtained by applying the analytical results of the aforementioned XRD in conjunction with the computational method of Williamson–Hall (W-H), as shown in Equations (1)–(5).


   β T  = β D + β ε  



(1)




where βT denotes the total broadening and includes the contributions from the broadening caused by crystallite size (βD) and the broadening caused by micro-strain (βε).



According to the Scherer equation, as shown in Equation (2), it is evident that the crystallite size can be determined.


  D = 0.89 λ / β D cos θ  



(2)




where D represents the crystallite size (nm), λ denotes the wavelength of X-ray (0.15406 nm), θ stands for the Bragg diffraction angle (°), ε stands for stress.



Likewise, the broadening of XRD diffraction peaks due to micro-strain is indicated as:


  β ε = 4 ε tan θ  



(3)







By incorporating Equations (2) and (3) into Equation (1), Equation (4) can be derived, enabling the subsequent calculation of the average crystallite size (D) for the different pigment samples.


  D = 0.89 λ / (  β T  cos θ − 4 ε sin θ )  



(4)







The crystal plane spacing (d) between grains contained in different pigment samples can be determined by the Bragg equation shown in Equation (5).


  d = λ / 2 sin θ  



(5)







Based on the calculated corresponding crystal plane spacing d, the lattice constant of the grains can be computed using Equation (6). In the equation, h, k and l are the Miller indices of crystal planes, while a, b, and c represent the lattice constants of the grains.


  1 /  d 2  =  h 2  /  a 2  + k /  b 2  + l /  c 2   



(6)







A FTIR spectrometer (Thermo Scientific, Nicolet-is50, Waltham, CA, USA) was used to analyze the infrared reflectance spectra of the prepared pigment samples in the range of 400–4000 cm−1 with the KBr pressure method. Furthermore, the diffuse reflectance spectra of pigment samples were also measured using a UV–Vis spectrophotometer (Shimadzu, UV-2600, Kyoto, Japan) at a wavelength range of 200–800 nm with BaSO4 as the substrate and adopting the integrating sphere diffuse reflection method. The band gaps (Eg) of pigment samples were calculated using the Kubelka–Munk equation via the Tauc plot method [22], as demonstrated in Equation (7).


  F ( R ) = ( 1 −  R 2  ) / 2 R  



(7)




where R signifies the reflectance of the pigment sample at a specific wavelength.



The relationship curves of [F(R) hv]1/2 and hv can be obtained (h stands for Planck’s constant 4.135 × 10−15 eV·s, v represents the frequency of light), then a tangent line is made to the X-axis through the linear main part of the curve and intersects with the X-axis, and the intercept values obtained are the band gap of the different pigments [23].



The microstructure and micro-constitution of the pigment samples were examined using a field emission scanning electron microscope (FEI, Nova NanoSEM400, Hillsboro, OR, USA) in conjunction with energy dispersive X-ray spectrometry (Oxford, PentaFET-X3, UK, Oxford). The chromaticity values of the pigment samples, including L*, a*, and b* values were tested using a portable colorimeter (3 nh, TS7010, Shenzhen, China). The L*, a*, and b* values correspond to color models developed by the International Commission on Illumination (CIE). Within the system, the L* value indicates the lightness or darkness of a color on a scale ranging from white (L* = 100) to black (L* = 0). The a* and b* values signify the color scale from green (−a*) to red (+a*) and from blue (−b*) to yellow (+b*), respectively. The corresponding color saturation value C* can be calculated from a* and b* values of test pigment samples, as shown in Equation (8) [24].


  C * = [   ( a * )  2  ] +   [   ( b * )  2  ]   1 / 2    



(8)







Color saturation indicates the color purity of the pigment samples, and the closer the L*, a*, b* and C* values of the black ceramic pigments are to 0, the better the black color rendering performance of the pigments [25].





3. Results and Analysis


3.1. Thermodynamic Analysis of the Fe2O3–Cr2O3–NiO–MnO Reaction System


Figure 4 displays the thermodynamic calculation results of the Fe2O3–Cr2O3–NiO–MnO reaction system (the Fe/Cr/Ni molar ratio is 1:1:1) at different MnO additions applying the Equilib module of FactSage 8.1. The calculations were conducted at a calcination temperature of 900 °C in an air atmosphere with an oxygen partial pressure of 0.21 standard atmospheres. Meanwhile, the impurity elements in SSD were not taken into account, and only the interactions among the four metal oxides (Fe2O3, Cr2O3, NiO and MnO) were considered. As shown in Figure 4a, when MnO is not added, the reaction product contains only spinel. With the increase in MnO after addition, the growth rate of spinel content is slightly faster than that of NiO. Combined with the results shown in Figure 4b, it indicates that in addition to the substitution of Mn2+ for the dot position occupied by Ni2+, part of MnO will be oxidized to spinel Mn3O4. More precisely, the content of NiCr2O4 in the system gradually decreases while MnCr2O4 shows an increasing trend, which indicates that Mn2+ will occupy the Ni2+ position in the original NiCr2O4 and generate the MnCr2O4 phase.




3.2. Thermal Stability of the Raw Mixture


Figure 5 shows the TG–DSC curves of S4 raw mixture from room temperature to 1200 °C. The TG curve decrease is firstly caused by the volatilization of free and bound water. The subsequent rises in the TG curve from about 100 °C to 600 °C with the exothermic DSC curve is due to the oxidation of metal elements.



The TG curve shows an obvious declining peak at about 600 °C, which is attributed to the decomposition of Ni2O3 produced after the oxidation of NiO [26]. During the period of the temperature climbing from 700 °C to 900 °C, the results of TG–DSC curves suggest that the solid solution reaction in the system has been carried out and gradually occupies a dominant position at this stage. When the reaction temperature exceeds 900 °C, the DSC curve decreases rapidly. The situation primarily arises due to the elevation in vapor pressure of Cr2O3, resulting in the decomposition of spinel [27]. Therefore, a reasonable calcination temperature is conducive to the complete structure of spinel and high crystallization strength of the pigments.



Meanwhile, Table 3 shows the possible reactions in the system calculated by FactSage8.1. It is found that MnO is more easily oxidized to Mn3O4 in an air atmosphere, and this aligns with the previous analysis.




3.3. XRD Analysis and Crystal Structure of the Prepared Pigments


Figure 6 shows the XRD patterns of the S1–S6 samples. Upon the addition of a small quantity of MnO, the primary phase in the S1 sample consists of a spinel phase with a small amount of NiO. This indicates that the reaction system has undergone the spinel transformation reaction at 900 °C. As the MnO content increases, the diffraction peak associated with the spinel phase gradually becomes sharper and has a smaller half-peak width, and the crystallinity of the spinel phase is increased. The intensity of NiO also rises proportionally with the increase in MnO, which is consistent with the results of thermodynamic analysis. Meanwhile, as Figure 6 illustrates, the characteristic diffraction peaks of the spinel phase gradually shifted to the small angle direction with the increase in MnO content. This suggests that the doping of MnO caused the spinel phase to exhibit an increasing trend of grain plane spacing and lattice constant, which leads to lattice expansion, stress increases, and average grain size increases.



Based on the XRD data, the lattice parameters and average grain size of pigments with different MnO additions were calculated using the Williamson–Hall (W–H) method and Bragg’s formula, as shown in Table 4. Since spinel belongs to the cubic crystal system, its lattice constant a = b = c. It can be observed from Table 4 that the lattice constants of the prepared pigments are different from those of the single spinel phase.



The main reason for the above phenomenon is that most of the MnO is oxidized to Mn3O4, and Mn3+ (0.0645 nm) and Mn2+ (0.067 nm) are larger than Fe3+ (0.055 nm) and Cr3+ (0.0615 nm), leading to an increase in the average grain size [28]. At the same time, the gradual increase in stress also leads to distortion of the lattice. The stress is attributed to the incorporation of Mn2+ and Mn3+ into the lattice and alters the arrangement of atoms or ions in the crystal. As a result, stress concentrates in the vicinity of Mn2+ and Mn3+, creating a localized stress field. This localized stress field extends to a larger range, causing an increase in internal stress that ultimately results in lattice distortion.




3.4. FTIR Analysis of the Prepared Pigments


The FTIR analysis results of the pigment samples (S1–S6) are depicted in Figure 7. It is determined from Figure 7 that all pigment samples exhibit eight similar absorption vibrational peaks, which are observed near 3422 cm−1, 1610 cm−1, 1579 cm−1, 1370 cm−1, 1080 cm−1, 774 cm−1, 610 cm−1 and 493 cm−1, separately. The vibrational peak of the octahedral skeleton of MnO6 appears at 760–900 cm−1, which also indicates an oxidation of MnO in the raw material to Mn3+, while participating in the spinel reaction, and occupying the tetrahedral position [27]. Meanwhile, the absorption peak at 610 cm−1 belongs to the bending and stretching vibration of the tetrahedra in the spinel phase. The absorption peak at 610 cm−1 in the infrared spectrum of the S4 sample is noticeably higher compared to other samples. This observation can be attributed to the presence of a higher concentration of tetrahedral complexes. Additionally, the majority of the added MnO exists in the Mn2+ state within the S4 sample. The strong absorption peak near 493 cm−1 corresponds to the octahedron, which has a broader absorption peak at its position due to its composition of multiple functional groups, including FeO6 and CrO6, and due to the fine grain size of the prepared pigment spinel phase, which will also lead to its broadening [29].




3.5. SEM of the Prepared Pigments


Figure 8 shows the SEM–EDS photographs of prepared pigment samples with different MnO additions. As shown in Figure 8a–g, with the gradual addition of MnO, the particle size gradually increases, and most of them are spinels shaped like regular polyhedrals. At the same time, the irregular shape of the solid solution phase gradually reduces and disappears. Moreover, the surface morphology of pigment particles gradually changes to a regular geometry and becomes relatively consistent without obvious defects, which also indirectly indicates that the crystallinity gradually increases with the increase in MnO content. The micro-constitution analysis results show that the Mn content in spinel particles also increases.



Additionally, some pigment particles have a proclivity to agglomerate or fuse, resulting in the formation of lamellar particles with no distinct crystalline surface. This is because high temperature promotes the diffusion of atoms and ions, causing the migration of material from smaller particles to larger ones, further reducing the surface energy, van der Waals force, Coulomb force or chemical bonding cooperation of the particles, reducing the surface tension and capillary adsorption, making the surface energy reach a steady state. Furthermore, the pigment samples contain Fe3O4, MnCr2O4 and other weak magnetic substances. In the absence of an external magnetic field, these weakly magnetic materials attract one another, resulting in the magnetic dipole effect, which can also result in the above phenomenon [30].




3.6. Optical Properties of the Prepared Pigments


The UV–Vis absorption spectra of pigment samples are shown in Figure 9. All of the pigment samples have an approximate level of linear absorption in the visible spectrum from 380–780 nm. This indicates that the pigment samples can uniformly absorb different wavelengths of visible light, resulting in the black of the pigment samples. The absorbance of the pigment samples increases simultaneously with the gradual increase in MnO addition in the raw materials.



According to the crystal field theory, the Fe–Cr–Ni–Mn spinel pigments are colored because the transition metal elements they contain are in the ligand (ortho-spinel AB2O4, A tetrahedral, B octahedral), and are in the corresponding crystal field, and when exposed to light radiation the d-orbital electrons at lower energy levels absorb energy and jump to the excited state, undergoing a d–d electron transition [31]. This excitation process absorbs energy corresponding to the light energy in the visible range causing the pigment to show color [32].



Table 5 lists the transition types present in the visible band of Fe–Cr–Ni–Mn series black ceramic pigments and the visible range of the corresponding band that can be absorbed. It can be seen from Table 5 that the transition types present in the pigments cover all the wavelengths in the visible range, so that the pigments finally appear black. This absorption of a different frequency of light is attributed to the conversion between different energy levels of ions.



As the content of MnO increases, the absorbance of the pigment sample in visible light from 400 to 700 nm, which is mostly due to the spin allowed transitions 4A2g→4T1g of Cr3+ in the octahedral position and 2p (O2−)→3d (Fe3+) of Fe3+ in the octahedral position [35,37]. Mn3+ in the octahedral position spin-allowed 2p (O2−)→3d (Mn3+) to increase in visible light from 700 to 780 nm, and the crystal symmetry was improved [39]. It results in an increase in absorbance by enhancing the electronic transitions within the material.



In order to present in more detail the effect of MnO on the color rendering properties of black pigments, the band gap of the pigment samples was calculated by the Kubelka–Munk formula, as shown in Figure 10. In S1–S6 pigment samples, the band gap of the pigment samples gradually decreases with the addition of MnO. The band gap of the S4 pigment sample is the smallest. This is due to the doping of manganese atoms and may lead to the overlap or crossover of energy bands, causing a change in energy band structure. Furthermore, in the close atomic radius and electronegativity of each transition metal, mutual substitution occurs, and the orbital hybridization effect increases. The hybridized orbitals have a more powerful bonding ability than the original orbitals of the hybridized participating atoms, their spatial orientation improves the spatial configuration of the produced bonds. This reduces the repulsive forces between each bond or atom and stabilizes the molecular structure, thus reducing the energy required to jump between the conduction and valence bands [42]. As a result, the band gap narrows.



The chromaticity coordinates and chromaticity values in the chromaticity diagram were used to characterize and analyze the color rendering properties of the pigment samples with different MnO addition amounts, and the results are shown in Figure 11 and Table 6, respectively. It can be seen from Figure 11 that the color coordinates from S1 (0.3311, 0.3321) to S6 (0.3326, 0.3334) gradually become closer to the achromatic point O (0.3333, 0.3333), which indicates that the pigments have excellent coloring performance. In the S1–S4 pigment samples, the L*, a*, and b* values decreased from 37.9, 0.3, −0.1 to 36.1, 0.2, −0.1, respectively. However, the L*, a*, and b* value of S5 and S6 pigment samples are slightly increased, as shown in Table 6.




3.7. Stability Testing of the Prepared Pigment Samples


TG curves of the pigment samples from room temperature to 1200 °C, are shown in Figure 12. The curve shows an almost horizontal straight line from room temperature to 1200 °C except for the S2 pigment samples, which may be due to spinel phase decomposition for S2 pigment samples. Among them, S4 has the best thermal stability. The tests above show that Fe–Cr–Ni–Mn series of black ceramic pigments produced using SSD have excellent thermal stability of less than 1200 °C.



In this experiment, GB/T 5211.5-2008 was used to test the chemical stability (water resistance, acid resistance and alkali resistance) of the prepared pigments, and the results are shown in Figure 13, there is no obvious difference in the three types of filtrate or filter cakes. Under acidic conditions, the filtrate’s pigment staining is rated 3–4, while the filter cake’s discoloration is rated 5. Both staining and discoloration are at a highest level of 4 under alkaline conditions. This demonstrates the relatively outstanding acid and alkali resistance of the prepared pigment samples.




3.8. Application Studies of the Prepared Pigments


Figure 14 exhibits the glazed surface for ceramic tiles prepared with various pigment samples. The glazed surfaces of ceramic tiles are black and crack-free, indicating that they have great adaptability with the transparent glaze. The L*, a* and b* values of S1–S6 decrease from 41.8, 0.6, 1.6 to 32.0, 1.0 and 0.8, respectively, which shows excellent color rendering performance.





4. Conclusions


	(1)

	
With the increase of MnO content in raw material, Mn gradually replaces Ni in the spinel phase, the average grain size becomes larger, the crystal plane spacing of black pigments increases from 0.2525 nm to 0.2535 nm, the grain size grows from 61.4619 nm to 79.7171 nm, and the lattice constant grows from 0.8377 to 0.8406 nm.




	(2)

	
With the increase of MnO in the Fe–Cr–Ni–Mn series of black pigments, Mn3O4, MnCr2O4 and Ni(Fe,Cr)O4 begin to be generated, and exhibit a regular polyhedral structure. The band gap is reduced from 1.483 eV to 1.244 eV, the absorbance increases significantly and has a consistent absorbance in the visible range. Meanwhile, the L*, a*, and b* values are reduced from 41.8, 0.6, 1.6 to 32.0, 1.0, 0.8, respectively.




	(3)

	
The Fe–Cr–Ni–Mn series of black pigments have great stability at 1100 °C, the best pigments in the Fe–Cr–Ni–Mn series of black pigments are chemically stable, acid, alkali and water resistant, with filtrate staining levels of 3–4 and higher, and cake discoloration levels of 5, which are sufficient for daily environments.




	(4)

	
The absorbance of prepared pigments is highly consistent. With the formation of Mn-containing spinel phases and the increase in the concentration of transition metals, resulting in a shift in band gap energy and an enhancement of UV–Vis absorption.
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	Stainless Steel Dust
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	Inductively Coupled Plasma-Atomic Emission Spectrometry



	XRD
	X-ray Diffraction Patterns



	FTIR
	Fourier Transform Infra-Red



	UV–Vis
	UV–Visible Spectrophotometer
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	Scanning Electron Microscopy



	EDS
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	Thermogravimetric
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Figure 1. XRD patterns of the SSD, the ceramic paste and the common transparent glaze. 
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Figure 2. Particle size distribution of SSD. 
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Figure 3. Flow chart of black ceramic preparation. 
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Figure 4. Thermodynamic calculation results of the Fe2O3–Cr2O3–NiO–MnO reaction system. (a) Amount of different reaction products; (b) Amount of different spinels. 
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Figure 5. TG–DSC curve of the raw mixture S4. 
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Figure 6. XRD patterns of prepared pigment samples. 






Figure 6. XRD patterns of prepared pigment samples.



[image: Metals 13 01949 g006]







[image: Metals 13 01949 g007] 





Figure 7. FTIR of pigment samples S1–S6. 
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Figure 8. SEM–EDS of prepared ceramic pigments with different additions of MnO. (a) A point of S1 sample; (b) B point of S2 sample; (c) C point of S3 sample; (d) D point of S4 sample; (e) E point of S5 sample; (f) F point of S6 sample; (g) EDS-mapping of S1–S6 sample. 
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Figure 9. UV–Vis absorbance spectra of prepared ceramic pigments with different additions of MnO. 
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Figure 10. Band gaps of prepared pigment samples. 
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Figure 11. Chromaticity diagram of pigment samples prepared with S1–S6. 
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Figure 12. TG curve of prepared pigment samples. 
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Figure 13. Filtrate and filter of prepared pigment samples. 
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Figure 14. Surface of glazed ceramic tiles. 
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Table 1. Chemical composition of the raw materials (wt.%).
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	Composition
	SSD
	Ceramic Paste
	Common Transparent Glaze





	Al2O3
	0.2
	20.29
	11.14



	SiO2
	3.38
	66.41
	0.55



	Fe2O3
	69.60
	0.55
	0



	CaO
	5.21
	1
	11.13



	MgO
	0.55
	1.35
	1.80



	ZnO
	0.18
	0
	4.70



	MnO
	6.45
	0
	0



	Cr2O3
	10.68
	0
	0



	NiO
	1.03
	0
	0



	K2O
	0
	1.01
	1.62



	Na2O
	0
	2.82
	2.07



	BaO
	0
	0
	2.96



	B2O3
	0
	0
	0



	LOI
	0
	0
	11.36










 





Table 2. Raw mixtures with different Fe/Cr/Ni/Mn molar ratios.
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	Sample
	Fe/Cr/Ni/Mn Molar Ratio
	Fe2O3/Cr2O3/NiO/MnO Molar Ratio





	S1
	1:1:1:0.25
	0.5:0.5:1:0.25



	S2
	1:1:1:0.5
	0.5:0.5:1:0.5



	S3
	1:1:1:0.75
	0.5:0.5:1:0.75



	S4
	1:1:1:1
	0.5:0.5:1:1



	S5
	1:1:1:1.25
	0.5:0.5:1:1.25



	S6
	1:1:1:1.5
	0.5:0.5:1:1.5










 





Table 3. Possible reactions in the feedstock system.






Table 3. Possible reactions in the feedstock system.





	Reactions
	     Δ r   G m    θ  = Δ H − T Δ S ( J )    





	4FeO(s) + O2(g) = 2Fe2O3(s)
	−573,655 + 243.35T (273–1773 K)



	4Fe3O4(s) + O2(g) = 6Fe2O3(s)
	−488,333 + 270.82T (273–1773 K)



	4MnO(s) + O2(g) = 2Mn2O3(s)
	−373,811 + 226.71T (273–1773 K)



	6MnO(s) + O2(g) = 2Mn3O4(s)
	−458,953 + 248.54T (273–1773 K)



	3MnO(s) + 3Fe2O3(g) = 2Fe3O4(s) + Mn3O4(s)
	14,602 − 11.072T (273–1773 K)



	2MnO(s) + O2(g) = 2MnO2(s)
	−258,742 + 205.37T (273–1773 K)



	FeO(s) + Fe2O3(s) = Fe3O4(s)
	−21,331 − 6.8679T (273–1773 K)



	FeO(s) + Cr2O3(s) = FeCr2O4(s)
	−70,814 + 15.81T (273–1773 K)



	NiO(s) + Fe2O3(s) = NiFe2O4(s)
	−22,149 + 7.7441T (273–1773 K)



	NiO(s) + Cr2O3(s) = NiCr2O4(s)
	−9687 − 1.1389T (273–1773 K)



	MnO(s) + Fe2O3(s) = MnFe2O4(s)
	−15,602 − 5.5925T (273–973 K)

−24,233 + 3.7215T (973–1773 K)



	4FeO(s) + O2(g) + 2NiO(s) = 2NiFe2O4(s)
	−617,952 + 258.84T (273–1773 K)



	4Fe3O4(s) + O2(g) + 6NiO(s) = 6NiFe2O4(s)
	−621,224 + 317.28T (273–1773 K)










 





Table 4. Lattice parameters and average grain size of the spinel phases.
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	Sample
	2θ/(°)
	d/(nm)
	D/(nm)
	a = b = c/(nm)
	ε
	FWHM





	S1
	35.6607
	0.2525
	61.4619
	0.8377
	0.00101
	0.19379



	S2
	35.5617
	0.2523
	67.8779
	0.8366
	0.00102
	0.18042



	S3
	35.4957
	0.2527
	73.7168
	0.8381
	0.00111
	0.18515



	S4
	35.5287
	0.2526
	74.5451
	0.8378
	0.00120
	0.19273



	S5
	35.4297
	0.2531
	76.3250
	0.8395
	0.00154
	0.18844



	S6
	35.3967
	0.2535
	79.7171
	0.8406
	0.00134
	0.18425










 





Table 5. The transition forms present in pigment samples and the corresponding absorption visible light range.
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	Element
	Coordination Number
	Transition Type
	Absorption Band/nm
	Reference





	Ni (II)
	4
	2p (O2−)→3d (Ni3+)
	340–370
	[33]



	Mn (II)
	4
	4A2g→4T1g

4A2g→2T2g

6A1g→4T1g

6A1g→4T2g

6A1g→4Eg

6A1g→4A1g
	380–450
	[34]



	Cr (III)
	6
	4A2g→4T1g

4A2g→2T2g
	400–500
	[35]



	Ni (II)
	6
	3A2g→3T1g
	420–480
	[36]



	Fe (III)
	4
	2p (O2−)→3d (Fe3+)
	450–500
	[37]



	Fe (III)
	6
	2p (O2−)→3d (Fe3+)
	500–700
	[37]



	Mn (II)
	4
	4A2g→2Eg

4A2g→4T1g
	570–580
	[38]



	Mn (III)
	6
	2p (O2−)→3d (Mn3+)
	700–800
	[39]



	Cr (III)
	6
	4A2g→4T2g

4A2g→2T1g

4A2g→2Eg
	550–700
	[40]



	Fe (III)
	6
	6A1g→4T1g

6A1g→4T2g
	700
	[41]










 





Table 6. The chromaticity values of prepared pigment samples.
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	Sample
	L*
	a*
	b*
	C*
	Color Card





	S1
	37.9
	0.3
	−0.1
	0.32
	[image: Metals 13 01949 i001]



	S2
	38.5
	0.3
	0.0
	0.30
	[image: Metals 13 01949 i001]



	S3
	37.5
	0.2
	−0.1
	0.22
	[image: Metals 13 01949 i001]



	S4
	36.1
	0.2
	−0.1
	0.22
	[image: Metals 13 01949 i001]



	S5
	37.2
	0.3
	−0.1
	0.32
	[image: Metals 13 01949 i001]



	S6
	37.3
	0.2
	−0.2
	0.28
	[image: Metals 13 01949 i001]
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