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Abstract

:

This paper describes the potential industrial use of zircon from Nigeria (Plateau, Nasarawa, Kano, Kaduna, Bauchi, and Adamawa states). Different techniques, equipment, and indices such as scanning electron microscope, energy dispersive X-ray fluorescence, X-ray diffraction, Fourier transform infrared spectroscopy, specific gravity, refractive index, pH, and hardness were used to examine the samples. The X-ray diffraction showed predominantly quartz, zirconium oxide, and other heavy minerals. All twelve samples showed the presence of Zr-O,     SiO  4  2 −    , Zr-OH, and OH, with pH values ranging from 7.3 to 7.8. Six of the zircon samples had a refractive index between 1.4 and 12.5. The hardness values ranged from 0.0021 to 0.0703 GPa, while the elastic moduli were between 0.00558 and 0.9593 GPa. Four of the twelve untreated zircon samples with specific gravities above 4.2 g/cm3, which is the United States Geological Survey minimum recommended standard for zircon sand, needed to be upgraded to increase the ZrO2 weight percentages and purity toward improving their suitability for zircon-reinforced composites applications in aerospace and also for ceramic, foundry, building and construction, and refractory industries. The study’s findings can be incorporated by the industries into their businesses for the development of novel industrial materials as well as the processing methods and procedures for beneficiation of the mineral for value-addition.
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1. Introduction


Systematic mining in Nigeria started in 1903 after the colonial government commissioned mineral surveys of the Southern and Northern protectorates [1]. The discovery of marketable crude oil after years of neglect set back the mining sector in Nigeria. As part of efforts to position the mining sector as both a development engine and for economic diversification, the Federal Government of Nigeria (FGN) issued a Roadmap for the Growth and Development of Nigeria’s (ERGP) Mining Industry in 2016. Diversifying the economy away from oil and boosting local content utilization are two key components of the Roadmap. Developing the mining industry, including adding value to the minerals that are mined, is one approach to diversify the economy. The ERGP recognized the industry as a strategic target for diversifying Nigeria’s economy. As part of ERGP’s blueprint execution, the Solid Minerals Development Fund (SMDF) was founded under the Nigerian Minerals and Mining Act [2]. One of the minerals being promoted is zircon sand. Thus, there is a need to encourage the extraction and use of zircon sand for the aerospace industry and other industrial applications. These policy measures are aimed to encourage domestic and foreign investment in local minerals [1].



The aerospace industry seeks to operate its planes as effectively as possible, lowering fuel consumption and reducing environmental impact [3]. Millions of Dollars are spent on developing advanced materials in designing more efficient engines and improving manufacturing procedures to reduce waste and environmental impact [3,4,5,6,7,8]. Manufacturing parts with lightweight, rough-terrain-capable materials is a key efficiency strategy [3]. Local zircon sand is used to make high-zirconia. Zircon, a mineral found in ancient heavy mineral sand deposits, is used to make turbine blades. Its unique properties make it ideal for jet engine ceramics to ensure the effective and clean operation, and it supports the production of many sophisticated plane parts [3].



In Nigeria, zircon sand has been in existence. The largest composition of these sand deposits is found mostly in the Northern regions of Nigeria. The zircon sand is produced as a byproduct of the tin mining process [9,10,11,12]. Prior research on Nigerian zircon sand centered on its application as foundry sand, refractory material, and composite analysis. There is no discussion of the mineral’s structure, composition, or mineralogy, and it has unknown potential for aerospace industry and other enterprises and a location database.



In-depth literature studies have been conducted on zircon sand characterization and its uses [8,13,14,15,16,17,18,19,20,21]. Nonetheless, there is little information in these data about the precise methods for evaluating zircon sand characterization in Nigeria aiming to reveal the uses, effectiveness of the characterization, and quality of the local product and render a parallel comparative evaluation between the local product and the globally accepted zircon sand.



Due to its hardness, high modulus of elasticity, and exceptional thermal stability, zircon is being investigated for aluminum metal matrix composites (AMCs) [22,23]. Zircon’s particle-reinforced hardness improves its mechanical and load-bearing capacities, according to a structural study [24]. To allow for considerable improvements in the operating conditions and lifetimes of essential rocket nozzle and engine components (combustion chamber, coupler, and bulkhead), high-melting, lightweight materials that are chemically, mechanically, and thermally durable are required. Zircon-reinforced composite is one example of such material. Zirconia composites can be utilized to make solid rocket motors (SRM) for launch vehicles (rockets) due to their stability and light weight. Solid propellant rocket motors are frequently employed in civil and military applications that demand a high thrust-to-weight ratio for short time intervals [25]. By modifying their design, solid rocket motors can produce a wide range of thrust. The most effective design criterion is the geometry of the nozzle and rocket engine components [25]. The inertness of the material, the material’s ability to withstand high temperature and pressure, and the corrosion resistance of the working fluid are major design issues for rocket SRM. Zirconium is a grayish-white metal that is used in a variety of industrial, commercial, and scientific applications [26]. It is the twentieth most abundant element in the Earth’s crust and is found in zircon (ZrSiO4) and baddeleyite (ZrO2) [26].



It is common to evaluate the purity of zircon by comparing the ratio of zirconium oxide (zirconia) to hafnium oxide (hafnia), and it has been shown that zircon generally has a ratio of 50 zirconium to 1 hafnium [27,28]. Although there is no minimum grade requirement, commercially available zircon grades are frequently comparable everywhere [28]. Standard-grade zircon normally contains 65% minimum zirconium oxide–hafnium oxide, 0.25% maximum titanium oxide, and 0.12% maximum iron oxide. The intermediate-grade zircon is 65.5% minimum zirconium oxide–hafnium oxide, 0.03% maximum titanium oxide, and 0.1% maximum iron oxide. Premium-grade zircon normally has 66% minimum zirconium oxide–hafnium oxide, 0.1% maximum titanium oxide, and 0.05% maximum iron oxide in its chemical makeup [28]. Zircon has a ZrO2 content between 63% and 67%, a specific gravity of 4.2–4.86 g/cm3, and a Mohs hardness of 7.5 [29,30,31,32].



Zirconium can be found in both primary igneous deposits (magmatic or volcanic) and secondary placer deposits (heavy mineral sands) [3]. Approximately 97 percent of zirconium compounds and zirconium metal produced worldwide are derived from zircon recovered from heavy mineral sand deposits (also known as secondary placer type deposits), with the remaining 3 percent originating from primary igneous deposits such as baddeleyite [33]. The primary steps are mining, wet concentration, and dry separation. Wet mining (using dredges for unconsolidated deposits) or dry mining (employing scrapers, dozers, and excavators, typical for cemented deposits) are both utilized for extraction. The wet concentration process [34] uses a gravity circuit to separate valuable heavy mineral sand from nonvaluable and lighter gangue to produce a high-grade heavy mineral concentrate (85–95 percent) (HMC) [35]. Zircon and its concentrates are in high demand in emerging research and development including zircon 3D printing, solar cells, shape memory alloys (SMA), advanced coatings and functional materials, advanced ceramics, grinding media and grinding technologies, biomedical applications, catalysis, fuel cells and batteries, adsorption and immobilization, sensing, nanomaterials, nanorods, nanostructures and nanofabrication, optical materials, electronics and solid state devices, fabrication of ceramic membranes, and developing passive energy-saving systems [3,36,37].



Industrial applications of the Nigerian zircon mineral are undervalued and contribute little to national economic diversification. The FGN’s diversification strategy includes the mining and export of zircon sand on a considerable scale and a ban on the importation of minerals or materials that are deposited in the nation to encourage local content utilization [2]. These initiatives will only be successful if scientific knowledge and data enable stakeholders along the mineral value chain to make informed decisions. The Federal Ministry of Mines and Steel Development (MMSD), Mines Environmental Compliance Department (MEC), Mineral Resources and Environmental Management Committee (MIREMCO), Roadmap for the Growth and Development of the Nigerian Mining Industry, Nigerian Local Content Monitoring Board (NLCMB), Nigerian Geological Survey Agency (NGSA), and Raw Materials Research and Development Council (RMRDC) are some of the FGN instituted organizations carrying out these tasks. The current study aims to support these efforts with experimental data. The mineral’s structure, chemical composition, functional groups, refractive index, specific gravity, hardness, pH value, physical appearance, mineralogy, the potential for aerospace and other enterprises, and a location database are presented. All twelve samples have pH values ranging from 7.3 to 7.8. Six of the zircon samples have a refractive index between 1.4 and 12.5. The hardness values ranged from 0.0021 to 0.0703 GPa, while the elastic moduli were between 0.0558 and 0.9593 GPa. Four samples have ZrO2 content above 20% and good specific gravities of 4.2–4.4 g/cm3; 4.2 is the USGS minimum standard for zircon sand. In essence, the major objective of this study was to offer important scientific data that will support the efforts of several governments, organizations, investors, researchers, companies, and other enablers in Africa and other developing continents on the value addition of zircon sand deposits in Nigeria.




2. Materials and Methods


2.1. Overview of Methodology


The study’s methodology flowchart is shown in Figure 1. The approach includes identifying the different locations where the samples are deposited. Those sites were visited, and the samples were collected in bags. To prepare the samples for the various tests outlined, the samples were ground and sieved. The prepared samples were characterized, and the results obtained were documented.




2.2. Study Location


Previous investigations on zircon sand have revealed that Northern Nigeria, specifically Taraba, Plateau, Nasarawa, and Kano, are among the producing states. Beyond these states, other key producers are Kaduna, Bauchi, and Adamawa states. The following states provided the research samples used in this study (one per state): Kuru in Plateau state, Arikya in Nasarawa state, Riruwai in Kano state, and Koma in Adamawa state. The samples from Kaduna state were collected in two distinct locations, Banki and Damau, and in Bauchi, samples were collected from six places, namely, Gumau, Rishi, Wul, Dawa, Kirfi vein 1, and Kirfi vein 2. Figure 2 is a map of Nigeria that identifies the sites from which samples were collected.




2.3. Sample Collection and Preparation


The various zircon deposit locations in Nigeria were visited, including Plateau, Nasarawa, Kano, Kaduna, Bauchi, and Adamawa, with typical samples collected from artisanal miners working on the sites. The lithology of the deposits was investigated by examining the rock exposed within the deposits. The samples were collected at various locations and labeled to facilitate identification. Table 1 shows the sampling state, locations, GPS coordinates, and local government area. The samples were crushed using a jaw crusher (Retsch GmbH, Haan, Germany, Jaw crusher BB 50 rostfrei—rostfrei). Using an Endecotts (Octagon 200, Endecotts Limited, London, UK) sieve, the samples were separated into four sizes: 425 microns, 150 microns, 106 microns, and 45 microns.




2.4. Samples Characterization


2.4.1. Visual Inspection


The color of the samples collected from the various mining locations was determined through an assessment utilizing the human eye.




2.4.2. Morphology


The morphology was characterized using a Phenom ProX desktop SEM (ProX 800-07334 MVE01570775 Phenom World, Thermo Fisher Scientific, Basel, Switzerland), while the 45-micron size was utilized to establish the morphology of each specimen.




2.4.3. Chemical Analysis


Determination of the chemical composition of the samples was carried out using an energy-dispersive X-ray fluorescence (ARL QUANT’X EDXRF analyzer 9952120, Thermo fisher scientific, Basel, Switzerland). The 45-micron size was used to determine the chemical analysis of each sample. We weighed 2 g of each sample and placed it into the sample holder in a vacuum for 10 min before transferring it to the XRF spectrometer.




2.4.4. Mineralogical Evaluation


The 45-micron size was used to determine the mineralogy of each sample. The structure and crystalline phase of the samples were determined using an X-ray diffractometer (ARL’XTRA, Thermo Fisher Scientific, Basel, Switzerland) with a rotating anode at 45 kV and 40 mA and illuminated using a Cu anode material. The patterns were recorded at 2 degrees, and the scan range angle ranged from 4.99 to 77.99 degrees. For all the samples, a dwell time of 29.07 s, and a scan step size of 0.026261 degrees was maintained.




2.4.5. Functional Groups


Potassium bromide (KBr) pellets of all samples were prepared using the 45-micron sizes; this size was used to obtain a homogeneous mixture with the KBr as large particles scatter the infrared beam and cause a slope baseline of spectrum. For the preparation, the sample-to-KBr ratio was fixed at a 1:10 ratio. The Fourier transform infrared (FT-IR) spectra of all the prepared samples were analyzed using an FT-IR spectrophotometer (Nicolet iS50 FT-IR, Thermo Fisher Scientific, Waltham, MA, USA) in the frequency range of 500–4000 cm−1.




2.4.6. Determination of Sample pH


A BenchMeter (pH 510 pH/mV/0C meter, Singapore) was used to determine the pH. A digital weighing balance (Ohaus, Nänikon, Switzerland) was used to obtain a weight of 0.5 g for each sample using the 45-micron diameters. Each sample was thoroughly mixed in 0.5 mL of distilled water and stirred to form a soil slurry. The electrode was immersed in the slurry for 65 min and stirred every 10 min. When the pH meter’s scale stabilized, readings were taken at room temperature.




2.4.7. Determination of Sample Specific Gravity


The specific gravity was determined by the pycnometer method in line with the American Standard Testing Method ASTM D 854-00 [38]. A weight of 100 g was measured using a digital weighing balance (NewClassic MF, MS8001S/01, Mettler Toledo, Greifensee, Switzerland) and was maintained for all samples. The tests were conducted using 150-micron sizes. Each sample was placed in the pycnometer, mixed with distilled water, stirred with a glass rod, and allowed to soak for 10 min. The tests were performed at 25 °C. The specific gravity of the samples was computed using Equation (1) [39]:


  S G =    w 2  −  w 1       w 4  −  w 1    −    w 3  −  w 2       



(1)




where   S G  —specific gravity,    w 1   —weight of the pycnometer,    w 2   —weight of the pycnometer + sample,    w 3   —weight of the pycnometer + sample + water, and    w 4   —weight of the pycnometer + water.




2.4.8. Determination of Sample Refractive Index


A refractometer (RFT-A3S, Abbe, Alma, MI, USA) was employed to determine the refractive index. A few drops of each sample were placed on the refractometer’s glass slide using the 150-micron size. The dark portion of the image seen through the refractometer’s eyepiece was adjusted to match align the intersection of the cross. When there was no parallax error, the scale pointer responded by pointing to the refractive index. This procedure was repeated, and the mean value was recorded as the refractive index.




2.4.9. Determination of Sample Nanohardness and Elastic Modulus


The samples should be compacted into a solid mass (pellets) before their hardness can be measured. Indentation was performed using a TI 950 Hysitron TriboIndenter (Bruker Instruments, Minneapolis, MN, USA) instrumented with a diamond Berkovich tip. A trapezoidal load function was used, during which each sample was loaded for 10 s at a rate of 100  μ N/s, held for 2 s, and then unloaded for another 10 s at the same rate. The load-displacement data were then recorded, which was used to compute the elastic modulus and hardness. The nanoindentation curve starts with an initial loading stage followed by the unloading stage. The loading stage can be regarded as the combination of elastic and plastic deformation, while the unloading stage can be viewed as the recovery of the pure elastic deformation that can be used to calculate the hardness and elastic modulus of the indent. The values of the maximum displacement hm and contact stiffness S at maximum force Fm were extracted from the experimental loading curves. A power law was used to fit the unloading curve, resulting in the exponent m. The hardness H was calculated using Equation (2) [40]:


  H =    F m     A c     



(2)




where Ac is defined as a function of the contact depth, and Ac = f (hc). The contact depth hc was calculated using S, Fm, hm, and m values [41,42].



The reduced modulus Er was calculated by Equation (3) [41]:


   E r  =      π  · S     2 β    A c       



(3)




where  β  is a constant that depends on the indenter geometry. For a Berkovich indenter,  β  = 1.034 [43].



The elastic modulus (E) was then calculated using Equation (4) [41]:


   1   E r    =     1 −  ν 2     E  +     1 −  ν i 2       E i     



(4)




where  ν  is the Poisson’s ratio of the test sample, and Ei and    ν i    are the elastic modulus and Poisson’s ratio, respectively, of the indenter. The value of Ei for the test with a diamond indenter is 1141 GPa and    ν i    is 0.07 [41].



The indentation hardness and elastic modulus were determined by performing the tests four times on each sample and calculating the average values.






3. Results and Discussion


3.1. Physical Examination and Morphology


The color variation (Figure 3) may be due to the mineralogy, compositions, the formation of the samples, the dominant crystals’ physical structure, and the presence of impurities that can be removed during beneficiation [44,45,46]. Oxygen content in a sample has a significant impact on sample colors [47].



The SEM micrographs of all the samples are shown in Figure 4. Kuru (Figure 4a) indicates an angular blocky, which corroborates the work done by [48]. The brown–orange Arikya (Figure 4b) has a wedge shape, while the gray–brown Riruwai (Figure 4c) has an angular blocky shape. Banki (Figure 4d), Damau (Figure 4e), and Gumau (Figure 4f) all showed an angular blocky shape, while a granular shape was observed in the Rishi (Figure 4g) and Wul (Figure 4h) samples. A subangular shape was observed in samples from Dawa (Figure 4i) and Kirfi vein 1 (Figure 4j), while Kirfi vein 2 (Figure 4k) and Koma (Figure 4l) showed an angular blocky shape [45]. All of the sample morphologies indicate that zircon has a prismatic and pyramidal morphology, which is supported by [49,50]. According to Corfu et al. [49], many factors, such as crystal composition and crystallization temperature, affect crystal shape. Pupin [50] attributed the pyramidal faces’ growth to chemical parameters, whereas the prismatic faces’ development was largely related to the temperature of crystallization.




3.2. Chemical Composition


The samples percentage of elemental oxides (Table 2) from EDXRF analysis revealed that they all contain different elements in weight percentages [51]. According to [23,50,52], zircon is composed of 67.2 wt.% ZrO2 and 32.8 wt.% SiO2, with a wide range of trace elements (20–25 wt.%), including hafnium (Hf) and yttrium (Y) (0.1 Y (wt.%) 1.0) as minor elements, phosphorus (P), and rare earth elements. Metasomatized quartz syenite is the most common host for low-ZrO2 zircons [53]. All our samples (Table 2) contain ZrO2 in different weight percentages ranging from 0.107 to 40.765 wt.%. The ZrO2 weight percent of all our samples is shown in Figure 5.



The presence of impurities such as calcium (Ca), niobium (Nb), thorium (Th), iron (Fe), and rare earth elements (REEs) in these samples contributes to the low ZrO2 content [53]. The Y concentration was detected in three of our samples: 0.003751 wt.% (Banki sample), 0.00334 wt.% (Rishi sample), and 0.00304 wt.% (Dawa sample). The elements in the largest abundance are rare earth elements (REEs), P, uranium (U), and Th [51]. The rare earth elements mostly contain zircon crystals, which enhance the quality of P [52]. The EDXRF results (Table 2) of our samples indicate that P was detected in all the samples. We conclude that rare earth elements are abundant in all of the examined samples. Crystalline zircon contains between 0.75 and 1.64 wt.% hafnium oxide (HfO2), while metamict zircon has between 1.40 and 6.0 wt.% HfO2 [54]. In all the samples, HfO2 was not detected or it was below the detection limits (bdl). In crystalline zircon, typical uranium oxide (UO2) and thorium oxide (ThO2) concentrations range from 0.06 to 0.40 wt.%, while in metamict zircon, concentrations range from 0.20 to 1.5 wt.% [55,56,57]. Eight samples from this study (Table 2) have UO2 levels within the metamict zircon range. In the other four samples, UO2 was not detected; perhaps they are bdl. ThO2 concentrations ranged from 0 to 0.20 wt.% in crystalline zircon but between 0.10 and 1.50 wt.% in metamict zircon [55,56,57]. Four of our samples (Table 2) have ThO2 concentrations that are in the crystalline phase, while five samples are in the metamict phase. Zircon does not crystallize with lead ion (Pb2+) because of its ionic radius (1.29 Å in eightfold coordination), and lead ion (Pb2+) is not incorporated into zircon when it crystallizes [55]. Zircon is essential for geochronology because its concentration of radiogenic Pb depends on the time and structural state of zircon as a result of the decay of 238U, 235U, and 232Th [57]. All samples (Table 2) show lead oxide (PbO2) concentrations. The weight percentages of PbO2 concentrations in our eight samples are extremely low. In most cases, crystalline zircon has trace levels of Ca2+, but metamict zircon has Ca2+ incorporated into its structure. Ca2+ is the most prevalent indication of zircon alteration [57]. Eleven of the samples (Table 2) have relatively high concentrations of Ca2+. Ca2+ concentration in Kirfi vein 1 sample is low: 0.046 wt.%. All other in situ measured elements are found (Table 2) in trace amounts in unaltered igneous zircon [51]. All our samples contain these elements in trace amounts excluding Li, Be, F, and Na (Table 2). Belousova [58] investigated several trace elements in zircon, including Ti, Mn, Fe, gallium (Ga), and tin (Sn), as well as the rare earth elements. The chemical composition analysis from all our samples (Table 2) indicates that these elements were detected. Figure 6 shows the major oxide content of some selected elements from this study. Table 3 presents the summary of major oxide content for some selected elements.




3.3. Mineralogy


The X-ray diffraction patterns of the samples are presented in (Figure 7). The results show that the predominant crystalline phases in the Kuru sample (Figure 7a) are magnetite (Fe24O32), quartz (Si6O6) with JCPDS card 33-1161 [59], and zircon (Zr4Si4O16) with JCPDS card 06-0266 [59]. Different structural patterns reported from the Kuru sample are a result of trace elements present in the majority of heavy mineral concentrate (HMC) and supported by EDXRF results (Table 2). The XRD of the Arikya sample (Figure 7b) reveals that the principal crystalline phase is zircon (Zr4Si4O16), with traces of rodolicoite (Fe3P3O12), which imparts the sample’s brownish color. Cassiterite (Sn2O4) is the major crystalline phase in the Riruwai sample (Figure 7c), with traces of magnetite and quartz. Samples from Banki (Figure 7d) consist primarily of quartz (Si6O6) with traces of ilmenite (Fe8.4Ti3.6O18), which is a significant titanium mineral and the primary source of titanium dioxide. The crystalline phase in the Damau sample (Figure 7e) is mostly quartz (Si6O6). The Gumau sample (Figure 7f) is mainly quartz (Si3O6) with traces of magnetite and alabandite (Mn4S4). The Rishi, Wul, and Dawa samples (Figure 7g–i) are primarily quartz (SiO2). The Kirfi vein 1 and Kirfi vein 2 samples (Figure 7j,k) are predominantly quartz (Si3O6). The Koma sample’s (Figure 7l) main crystalline phase is rutile (Ti1.92Nb0.02Cr0.02Al0.02Fe0.02O4H0.22), with traces of magnetite (Fe24O32) and quartz (Si3O6).




3.4. Functional Groups


The FT-IR spectra of all the samples are shown in Figure 8. The sharp peaks observed around 500 cm−1 in all our samples (Figure 8a–c) correspond to the stretching vibration of Zr-O in the ZrO2 phase [60,61]. Cassiterite’s distinctive peaks (Figure 8a–c) were found at 541.01 (Kuru sample), 502.52 (Riruwai sample), 518.41 (Banki sample), 514.49 (Damau sample), and 537.50 cm−1 (Kirfi vein 2 sample) [62]. In all the samples (Figure 8a–c), the peaks at 609.17, 609.14, 691.96, 668.96, 692.62, 693.42, 694.00, 693.88, 693.32, 693.32, 694.60, and 694.35 cm−1 were linked to bending vibration of     SiO  4  2 −     [62]. Notably, the peaks (Figure 8a–c) at 693.99, 798.42, 1034.15 (Kuru sample); 668.88, 877.19 (Arikya sample); 1088.47 (Riruwai sample); 1103.08 (Banki sample); 777.05, 1033.93, 1084.73 (Damau sample); 778.99, 1080.89 (Gumau sample); 777.27, 1081.28 (Rishi sample); 777.90, 1035.32 (Wul sample); 777.77, 1034.81, 1077.72 (Dawa sample); 778.35, 1008.44, 1033.29, 1100.10 (Kirfi vein 1); 794.95, 1007.84, 1032.23, 1104.37 (Kirfi vein 2); and 778.03, and 1081.16 cm−1 (Koma sample) suggested that all the samples were quartz-rich with traces of kaolin [63,64,65]. In addition, the peaks (Figure 8a,c) at 911.85 (Kuru sample) and 913.34 cm−1 (Kirfi vein 2 sample) were attributed to stretching vibration of     SiO  4  2 −     [62]. The peak (Figure 8a) situated at 1458.62 cm−1 from the Riruwai sample can be related to the absorption of nonbridging -OH groups. The absorption of nonbridging -OH groups was observed at 1384 cm−1 by [64]. There is a shift of 75 cm−1 when compared with our result. This may be caused by several variables, including the valences of the cation and anion; the coordination number of the cation; the coefficient of relative bond strength, which ranges from 1 to 2 depending on how covalent the bond is; the interatomic distance between the cation and anion; and the cation’s reduced mass as reported by [66]. According to [66], the absorption band is shifted to higher frequencies by decreasing the coordination number and increasing a cation’s valency in the range of 1 to 6. In contrast, as atomic mass increases, the frequency decreases.



Notwithstanding that the samples were dried before the FT-IR analysis, the clear band in the range of 1640–1600 cm−1 observed in Figure 8a–c centered at 1636.61 (Kuru sample), 1629.48 (Arikya sample), 1629.30 (Riruwai sample), 1636.73 (Banki sample), 1628.90 (Damau sample), 1624.54 (Gumau sample), 1624.72 (Wul sample), 1629.11 (Dawa sample), 1623.88 (Kirfi vein 1 sample), and 1624.40 cm−1 (Koma sample) may be attributed to the deformation vibrations of OH-adsorbed water [67], or it may be connected to the magnesium-rich chlorite [65]. The stretching vibration of the hydroxyl zirconium (Zr-OH) bond is indicated by the peaks (Figure 8a–c) at 2359.98 (Kuru sample), 2359.86 (Arikya sample), 2361.26 (Riruwai sample), 2360.89 (Banki sample), 2359.83 (Gumau sample), and 2360.34 cm−1 (Kirfi vein 1 sample) [68]. The significant absorption peaks (Figure 8a–c) in the region of 3200 to 3800 cm−1 observed in all our samples were due to stretching vibration -OH group of water molecules, which was absorbed by ZrO2 nanoparticles [64].




3.5. Specific Gravity


The specific gravities for all the samples are shown in Figure 9a and Table 4. The values range from 2.6 to 4.5 g/cm3. The Kuru and Arikya samples are at 4.3 and 4.4 g/cm3, respectively. Riruwai is at 4.4 g/cm3, while Banki is at 4.5 g/cm3. Damau is at 3.7 g/cm3, while Gumau and Koma have the same value of 4.2 g/cm3. The Rishi and Kirfi vein 1 samples have a low specific gravity of 2.7 g/cm3.



The lowest value of 2.6 g/cm3 was obtained for the samples from Wul and Dawa. The density of the green or dark brown zircon is 3.9–4.1 g/cm3 [69]. Samples from Rishi, Wul, Dawa, Kirfi vein 1, and Kirfi vein 2 fell below the expected operational values. Generally, zircon always has a specific gravity of between 4.2 and 4.86 g/cm3 [31]. The different variations in the values could be a result of the impurities and the low ZrO2 (Figure 5) that are embedded in each sample.




3.6. pH Values


All sample pH values (Table 4 and Figure 9b) exhibited a similar alkaline trend. Kuru, Arikya, Riruwai, and Gumau all have a pH of 7.8. In contrast, Banki, Rishi, Kirfi veins 1 and 2, and Koma have pH values of 7.7. The pH for Wul is 7.3, while the pH for Dawa is 7.6. The pH values corroborate with the report by [70].




3.7. Refractive Index


The refractive index results of all the samples are shown in Table 4 and Figure 10. The values range from 1.4 to 12.5. We observed a remarkable trend in the refractive index values of these samples (Riruwai, Banki, Damau, Wul, Kirfi vein 1, and Kirfi vein 2), given that the samples contain little or no ZrO2.



The range of values between 3.6 and 4.5 was obtained for the Kuru, Arikya, Gumau, Rishi, Dawa, and Koma samples. Thus, according to the results in Table 2, these samples contain ZrO2 in varying percentages, which could explain why the values are similar. We believe that impurities, as shown in Table 2, are responsible for the difference in the values, although the values for these samples (Kuru, Arikya, Gumau, Rishi, Dawa, and Koma) do not correspond to the expected refractive index of between 1.78 and 1.82 for green or dark brown zircon.




3.8. Nanohardness and Elastic Modulus


Figure 11a–l shows the load-depth graphs for the as-received samples. The nanohardness and elastic modulus values obtained for the samples are presented in Table 5. The elastic modulus is from 0.0558 ± 0.0035 GPa to 0.9593 ± 1.1800 GPa, while the hardness ranges from 0.0021 ± 0.0006 GPa to 0.0703 ± 0.1082 GPa. The hardness values from the Arikya, Gumau, and Dawa samples can be attributed to the fact that they contain ZrO2, as corroborated by the FT-IR results in Figure 8. Surprisingly, samples that contain low ZrO2 content have high hardness values. This is because the samples are cassiterite- and quartz-rich, as shown in Figure 7.



The different plateaus of the load-depth curves in Figure 11 may have been caused by many factors including aging of the samples, surface oxide formation, property variations between samples (compositional variation, polishing variation, residual stress, etc.), or any other time-dependent variable [71,72].



Figure 12a–l show the scanning probe microscope (SPM) images of the as-received samples before indentation tests.




3.9. Aerospace Engineering and Other Industrial Applications of Zircon Sand


As stated above, zircon is useful in many sectors of the economy, and thus the suitability of zircon sands for various industrial applications was investigated in this study. The samples examined from the specified mining locations had a zircon percentage ranging between 0.1% and 40% of zirconium oxide (ZrO2) content before beneficiation and removal of other impurities. This suggests that zircon sand from the various mining regions must be upgraded to the minimum purity, composition, and SG using gravity, magnetic, and electrostatic separation techniques before they can be used for preliminary composite formulation in the aerospace industry and other applications, such as cement, tiles, and building and construction, among others [4,5,6,7,8,13,30,73,74]. Prior to being utilized for the main applications, some of the impurities must be removed through the separation techniques mentioned above to increase the weight percentage of ZrO2 in the samples. Interfering impurities or contaminants must be removed for the samples to be used effectively since they can impair performance and limit applications in industries. After the purification, the samples will be synthesized to produce a high-quality ZrO2 needed for the zircon-reinforced composites for SRMs. SiO2 is the main impurity material found in all the samples, as seen in Table 3. SiO2 can be removed from the samples to improve the quality of the sample where necessary [75,76]. As illustrated in Table 6, some impurities are mixed with zircon to improve the sample properties. Since all the samples include the necessary chemical components (Table 2), they must be upgraded before they can be used for the various applications listed in Table 6. Once unwanted impurities are eliminated, the percentage composition of ZrO2, purity, and SG can be adjusted to meet the application’s specifications [33,77].





4. Conclusions


Several possibilities for zircon sand minerals in the aerospace and industrial sectors were revealed in this investigation. Twelve zircon sand samples were collected from Taraba, Plateau, Nasarawa, Kano, Kaduna, Bauchi, and Adamawa. The samples’ properties were assessed based on the physical appearance, shape, chemical composition, mineral content, functional groups, pH, specific gravity, refractive index, and nanohardness. These indices were used to study the molecular structure of ZrSiO4 and compared to USGS zirconium standards. Four samples (Kuru, Arikya, Gumau, and Koma) with ZrO2 content above 20% will be upgraded to the minimum purity and composition to increase the ZrO2 wt.% before they can be used in the aerospace industry to develop zircon-reinforced composites due to their good specific gravities of 4.2–4.4 g/cm3; 4.2 is the USGS minimum standard for zircon sand. They can also be utilized in ceramic, foundry, building and construction, glass, advanced ceramic, precision investment casting, paint, paper, cosmetics, and refractory industries. Although the mineral has potential industrial applications, sadly it is not making a significant contribution to national development as no value is added to it at present. The findings of this study are currently being used to determine the best type of zircon sand to use in the development of low-cost zircon-reinforced composite for the design and fabrication of solid rocket motors (SRM) for launch vehicles (rockets). This will promote increased utilization of locally produced materials and value addition to the mineral resources of Nigeria. Future work will look at enhancing the samples to the minimum zirconium oxide concentration, purity, and specific gravity by removing the unwanted mineral components using gravity, magnetic, and electrostatic separation techniques. The anticipated result, together with the current study, will serve as a reference for choosing the sample for the composite formulation. Thus, the enhanced zircon sand will be produced and evaluated for effectiveness in increasing the ZrO2 content and contaminant removal.
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Figure 1. Methodology flowsheet. 
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Figure 2. Map of Nigeria showing the study locations. 
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Figure 3. Color variations of all the as-received zircon sand samples (All images dimensions: 4.5 cm × 4.8 cm) (a) Kuru (brown-orange), (b) Arikya (brown–orange), (c) Riruwai (gray–brown), (d) Banki (gray–yellow), (e) Damau (gray–brown), (f) Gumau (brown–orange), (g) Rishi (brown–orange), (h) Wul (brown–yellow), (i) Dawa (brown–orange), (j) Kirfi vein 1 (gray–orange), (k) Kirfi vein 2 (brown–orange), and (l) Koma (orange–yellow). 
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Figure 4. SEM images of the as-received zircon minerals indicating their morphological variations. (a) Kuru—showing angular blocky, (b) Arikya—wedge, (c) Riruwai—angular blocky, (d) Banki–angular blocky, (e) Damau–angular blocky, (f) Gumau—angular blocky, (g) Rishi—granular, (h) Wul–granular, (i) Dawa–subangular blocky, (j) Kirfi vein 1–subangular blocky, (k) Kirfi vein 2–angular blocky, and (l) Koma–angular blocky. 
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Figure 5. ZrO2 weight percentages of all the as-received samples. 
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Figure 6. Major oxide content for some selected elements. 
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Figure 7. XRD arrangements of all the as-received zircon sand samples for (a) Kuru, (b) Arikya, (c) Riruwai, (d) Banki, (e) Damau, (f) Gumau, (g) Rishi, (h) Wul, (i) Dawa, (j) Kirfi vein 1, (k) Kirfi vein 2, (l) Koma. 
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Figure 8. FT-IR spectra of the as-received zircon sand samples from different locations; (a) spectra of Kuru, Arikya, Riruwai, and Banki; (b) spectra of Damau, Gumau, Rishi, and Wul; (c) spectra of Dawa, Kirfi vein 1, Kirfi vein 2, and Koma. 
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Figure 9. Values for (a) specific gravity and (b) pH values of all the as-received zircon sand samples. 
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Figure 10. Refractive indexes of all the as-received zircon sand samples. 
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Figure 11. Load-depth (L-d) graphs for nanoindentation of the as-received samples, (a) Kuru, (b) Arikya, (c) Riruwai, (d) Banki, (e) Damau, (f) Gumau, (g) Rishi, (h) Wul, (i) Dawa, (j) Kirfi vein 1, (k) Kirfi vein 2, (l) Koma. 
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Figure 12. In-situ SPM images of the as-received samples before indentation tests, (a) Kuru, (b) Arikya, (c) Riruwai, (d) Banki, (e) Damau, (f) Gumau, (g) Rishi, (h) Wul, (i) Dawa, (j) Kirfi vein 1, (k) Kirfi vein 2, (l) Koma. 
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Table 1. Sampling locations.






Table 1. Sampling locations.





	
S/N

	
State

	
Local Government Area

	
Location

	
GPS Coordinates






	
1

	
Plateau

	
Jos-south

	
Kuru

	
Latitude: 9°42′59.99″ N




	
Longitude: 8°50′59.99″ E




	
2

	
Nasarawa

	
Lafia

	
Arikya

	
Latitude: 8°29′17.99″ N




	
Longitude: 8°30′59.99″ E




	
3

	
Kano

	
Doguwa

	
Riruwai

	
Latitude: 10°52′46.67″ N




	
Longitude: 8°39′50.00″ E




	
4

	
Kaduna

	
Anchau

	
Banki

	
Latitude: 10°35′2.8″ N




	
Longitude: 7°26′2.8″ E




	
Damau

	
Latitude: 10°54′0″ N




	
Longitude: 8°26′0″ E




	
5

	
Bauchi

	
Toro

	
Gumau

	
Latitude: 10°14′52″ N




	
Longitude: 9°1′4″ E




	
Toro

	
Rishi

	
Latitude: 10°29′0″ N




	
Longitude: 8°56′0″ E




	
Toro

	
Wul

	
Latitude: 9°57′7.03″ N




	
Longitude: 8°52′13.04″ E




	
Toro

	
Dawa

	
Latitude: 10°24′0″ N




	
Longitude: 9°1′0″ E




	
Kirfi

	
Kirfi vein 1

	
Latitude: 10°23′39.37″ N




	
Longitude: 10°31′56.03″ E




	
Kirfi vein 2

	
Latitude: 10°23′39.37″ N




	
Longitude: 10°31′56.03″ E




	
6

	
Adamawa

	
Jada

	
Koma

	
Latitude: 8°41′19.50″ N




	
Longitude: 12°19′2.75″ E
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Table 2. EDXRF spectroscopy elemental oxide percentage composition of the as-received zircon sand samples from different mining sites.
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Percentage of Elemental Oxide Composition for Different Samples




	
Elements/

Oxides

	
Kuru

	
Arikya

	
Riruwai

	
Banki

	
Damau

	
Gumau

	
Rishi

	
Wul

	
Dawa

	
Kirfi Vein 1

	
Kirfi

Vein 2

	
Koma






	
CuO

	
0.405

	
0.014

	
0.279

	
0.002

	
0.051

	
0.036

	
0.00012

	
0.046

	
0.003

	
0.003

	
0.006

	
0.012




	
ZnO

	
0.090

	
0.040

	
0.003

	
0.012

	
0.008

	
0.005

	
0.015

	
0.011

	
0.029

	
0.001

	
0.002

	
0.047




	
Ga2O3

	
0.100

	
0.070

	
0.020

	
0.00026

	
0.00062

	
0.060

	
0.002

	
0.003

	
0.002

	
0.00020

	
0.001

	
0.030




	
Au

	
2.000

	
0.900

	
0.300

	

	
0.020

	
0.800

	

	
0.070

	

	
0100

	
0.003

	
0.200




	
HgO

	
0.380

	
0.085

	
0.267

	

	

	
0.141

	

	
0.028

	

	
0.004

	
0.017

	
0.114




	
Y2O3

	

	

	

	
0.004

	

	

	
0.003

	

	
0.003

	

	

	




	
As2O3

	
0.566

	
0.254

	
0.004

	

	
0.013

	
0.366

	

	
0.038

	
0.016

	
0.005

	
0.261

	




	
Br

	
0.200

	
0.100

	
0.009

	

	
0.003

	
0.100

	

	
0.020

	

	
0.008

	
0.036

	
0.100




	
Rb2O

	
1.535

	
0.745

	
0.042

	
0.018

	
0.003

	
0.613

	
2.042

	
0.010

	
1.268

	
0.001

	
0.001

	
0.906




	
ZrO2

	
35.820

	
40.765

	
0.444

	
0.789

	
0.914

	
30.439

	
10.434

	
1.049

	
10.139

	
0.107

	
0.136

	
21.704




	
Nb2O5

	
0.258

	
0.066

	
1.268

	
0.386

	
0.059

	
0.422

	
0.144

	
0.313

	
0.002

	
0.040

	
0.030

	
0.273




	
PbO

	
0.270

	
0.116

	
0.001

	
0.008

	
0.006

	
0.177

	
0.018

	
0.021

	
0.041

	
0.009

	
0.003

	
0.131




	
Bi2O5

	
0.200

	
0.090

	
0.015

	
0.037

	
0.004

	
0.070

	
0.040

	
0.010

	
0.034

	
0.0001

	
0.002

	
0.100




	
ThO2

	
1.504

	
0.689

	
0.045

	

	
0.003

	
0.555

	

	
0.103

	

	
0.001

	
0.003

	
0.946




	
Fe2O3

	
1.034

	
0.731

	
10.058

	
16.537

	
11.000

	
2.187

	
2.328

	
2.134

	
5.313

	
0.113

	
0.359

	
4.767




	
Co3O4

	
0.253

	
0.191

	
0.552

	

	
0.719

	
0.194

	

	
0.138

	

	
0.009

	
0.023

	
0.265




	
NiO

	
1.672

	
1.638

	
1.604

	

	
1.605

	
1.649

	

	
1.613

	

	
1.614

	
1.614

	
1.626




	
Ta2O5

	
10.00

	
7.000

	
1.257

	
0.010

	
0.004

	
5.000

	
0.005

	
0.105

	

	
0.0002

	
0.005

	
2.000




	
WO3

	
0.006

	
0.001

	
0.001

	
0.011

	
0.000084

	
0.000196

	
0.012

	
0.000128

	
0.012

	
0.000009

	
0.000018

	
0.000407




	
Sc2O3

	
0.000047

	
0.002

	
0.000300

	

	
0.000030

	
0.000023

	

	
0.000023

	

	
0.000003

	
0.000007

	
0.000027




	
TiO2

	
0.179

	
0.833

	
10.628

	
36.513

	
14.861

	
1.709

	
0.399

	
0.376

	
0.186

	
0.156

	
0.320

	
1.902




	
V2O5

	
0.009

	
0.043

	
0.771

	
0.065

	
0.895

	
0.056

	
0.008

	
0.016

	
0.013

	
0.007

	
0.013

	
0.074




	
Cr2O3

	
0.009

	
0.200

	
0.010

	

	
0.004

	
0.020

	
0.001

	
0.007

	
0.007

	
0.00035

	
0.001

	
0.030




	
MnO

	
0.051

	
0.100

	
0.364

	
2.163

	
1.073

	
0.083

	
0.117

	
0.050

	
0.200

	
0.005

	
0.008

	
0.219




	
La2O3

	
0.618

	
3.513

	
30.35

	

	
40.97

	
5.211

	

	
1.295

	

	
0.527

	
1.071

	
5.830




	
CeO2

	
0.325

	
4.542

	
11.87

	

	
10.99

	
0.891

	

	
0.603

	

	
0.156

	
0.276

	
1.683




	
MgO

	
2.9

	
0.9

	
0.9

	
0.98

	
2.6

	
0.2

	
3.40

	
3.0

	
1.62

	
3.0

	
0.9

	
0.7




	
Eu2O3

	

	

	

	
0.874

	

	

	

	

	

	

	

	




	
Al2O3

	
2.45

	
3.13

	
3.7

	
2.742

	
4.99

	
3.90

	
9.782

	
9.87

	
8.554

	
2.05

	
11.12

	
6.13




	
SiO2

	
22.55

	
17.61

	
15.80

	
19.699

	
24.23

	
40.65

	
62.944

	
61.25

	
53.826

	
75.403

	
63.90

	
44.91




	
P2O5

	
5.666

	
10.482

	
1.000

	
0.194

	
0.174

	
3.563

	
0.284

	
0.200

	
0.225

	
0.400

	
0.300

	
2.036




	
SO3

	
0.300

	
0.500

	
0.080

	
0.039

	
0.0004

	
0.200

	
0.005

	
0.004

	
0.026

	
0.009

	
0.008

	
0.100




	
Ag2O

	
0.004

	
0.0004

	
0.001

	

	
0.001

	
0.002

	
0.001

	
0.0002

	
0.001

	
0.001

	
0.002

	
0.002




	
GeO2

	

	

	

	
0.00041

	

	

	
0.00028

	

	
0.00049

	

	

	




	
Sb2O3

	
0.001

	
0.003

	
0.008

	
0.119

	
0.00009

	
0.002

	

	
0.003

	
0.200

	
0.001

	
0.00009

	
0.00020




	
I

	
0.001

	
0.002

	
0.007

	
0.000036

	
0.000100

	
0.000700

	
0.000465

	
0.0003000

	
0.000100

	
0.000049

	
0.000070

	
0.001




	
Cs2O

	
0.083

	
0.009

	
0.003

	

	
0.100

	
0.077

	

	
0.010

	

	
0.135

	
0.012

	
0.010




	
BaO

	
0.00042

	
0.001

	
0.003

	
0.287

	
0.0007

	
0.003

	
0.017

	
0.007

	
0.022

	
0.003

	
0.004

	
0.0003




	
Cl

	
0.004

	
0.002

	
0.001

	

	
0.00027

	
0.002

	

	
0.001

	
0.016

	
0.0003

	
0.0001

	
0.001




	
K2O

	
3.00

	
4.00

	
2.00

	
0.324

	
0.06

	
0.50

	
2.728

	
1.26

	
2.681

	
0.24

	
0.03

	
0.39




	
CaO

	
0.75

	
1.95

	
2.14

	
0.549

	
0.179

	
0.76

	
0.107

	
0.161

	
0.427

	
0.046

	
0.100

	
0.453




	
SrO

	
0.003

	
0.00006

	
0.000105

	
5.096

	
0.000143

	
0.00010

	
3.986

	
0.002

	
4.875

	
0.000273

	
0.000484

	
0.001




	
CdO

	
1.60

	
0.4

	
1.3

	

	
0.41

	
0.8

	

	
1.70

	
0.01

	
2.00

	
1.11

	
0.10




	
SnO2

	
0.698

	
2.904

	
5.475

	
2.267

	
0.210

	
0.905

	
1.372

	
0.433

	
2.431

	
0.014

	
0.009

	
0.712




	
U3O8

	
1.359

	
3.508

	
0.246

	

	
0.348

	
0.968

	

	
0.604

	

	
0.339

	
0.357

	
2.507
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Table 3. Summary of zircon and major oxide contents for some selected elements from the as-received zircon sand samples.
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Samples

	
Major Contaminant Minerals (wt.%)




	
ZrO2 (wt.%)

	
SiO2

	
TiO2

	
Fe2O3

	
Al2O3

	
SnO2






	
Kuru

	
35.82

	
22.55

	
0.18

	
1.03

	
2.45

	
0.69




	
Arikya

	
40.77

	
17.61

	
0.83

	
0.73

	
3.13

	
2.90




	
Riruwai

	
0.44

	
15.80

	
10.63

	
10.06

	
3.70

	
5.48




	
Banki

	
0.79

	
19.69

	
36.51

	
16.54

	
2.74

	
2.27




	
Damau

	
0.91

	
24.23

	
14.87

	
11.00

	
4.99

	
0.21




	
Gumau

	
30.44

	
40.65

	
1.71

	
2.19

	
3.90

	
0.91




	
Rishi

	
10.43

	
62.94

	
0.39

	
2.33

	
9.78

	
1.37




	
Wul

	
1.05

	
61.25

	
0.38

	
2.13

	
9.87

	
0.43




	
Dawa

	
10.14

	
53.83

	
0.19

	
5.31

	
8.55

	
2.43




	
Kirfi vein 1

	
0.11

	
75.40

	
0.15

	
0.11

	
2.05

	
0.01




	
Kirfi vein 2

	
0.14

	
63.90

	
0.32

	
0.36

	
11.12

	
0.01




	
Koma

	
21.70

	
44.91

	
1.90

	
4.77

	
6.13

	
0.71
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Table 4. Derived characteristics of the as-received zircon sand samples.
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Samples

	

	
Properties

	




	

	
Specific Gravity

	
Refractive Index

	
pH Value






	
Kuru

	
4.3

	
4.0

	
7.8




	
Arikya

	
4.4

	
3.7

	
7.8




	
Riruwai

	
4.4

	
1.8

	
7.8




	
Banki

	
4.5

	
1.4

	
7.7




	
Damau

	
3.7

	
11.7

	
7.6




	
Gumau

	
4.2

	
4.5

	
7.8




	
Rishi

	
2.7

	
4.3

	
7.7




	
Wul

	
2.6

	
12.5

	
7.3




	
Dawa

	
2.6

	
4.5

	
7.6




	
Kirfi vein 1

	
2.7

	
6.1

	
7.7




	
Kirfi vein 2

	
3.0

	
7.4

	
7.7




	
Koma

	
4.2

	
3.6

	
7.7
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Table 5. Nanohardness and elastic modulus values obtained for the different as-received zircon sand samples.
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	Samples
	Elastic Modulus (GPa)
	Hardness (GPa)





	Kuru
	0.1487 ± 0.0708
	0.0089 ± 0.0067



	Arikya
	0.2475 ± 0.1210
	0.0147 ± 0.0030



	Riruwai
	0.9593 ± 1.1800
	0.0703 ± 0.1082



	Banki
	0.1093 ± 0.0038
	0.0021 ± 0.0006



	Damau
	0.0819 ± 0.0087
	0.0052 ± 0.0028



	Gumau
	0.4165 ± 0.4456
	0.0139 ± 0.0074



	Rishi
	0.1552 ± 0.0655
	0.0043 ± 0.0029



	Wul
	0.8975 ± 0.3184
	0.0447 ± 0.0361



	Dawa
	0.1593 ± 0.2321
	0.0500 ± 0.0840



	Kirfi vein 1
	0.5208 ± 0.3752
	0.0175 ± 0.0199



	Kirfi vein 2
	0.3465 ± 0.1129
	0.0065 ± 0.0053



	Koma
	0.0558 ± 0.0035
	0.0028 ± 0.0012
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Table 6. US Geological Survey (USGS) and American Society for Testing and Materials (ASTM) basic specification standards for various industrial applications using zircon sand.
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	Industry
	Applications
	ZrO2 Std Minimum Content in ZrSiO4 (wt.%)
	Major Constituents
	Parameter
	Research Samples Suitable for the Application after Mineral Separation





	Aerospace
	Zircon-reinforced composites for rocket nozzle inserts, nose caps, leading edges, propulsion systems components, and zircon-based ceramic coatings
	≥65
	Cf, SiC, TaC, Si3N4, B4C, Al2O3
	ZrO2 content; specific gravity: 4.2–4.86 g/cm3
	Kuru, Arikya, Gumau, Koma



	Refractory
	Fired zircon and alumina–zirconia–silica (AZS), firebricks, crucibles, hearths and nozzles (in the handling of molten metals and extrusion dies), refractory mortar
	≥60
	Al2O3, SiO2, Fe2O3, FeCr2O4, MgO, CaO
	ZrO2 content; specific gravity: ≥3.84 g/cm3
	Kuru, Arikya, Gumau, Koma



	Ceramic
	Industrial tiles, glazes, sanitary wares, porcelain tiles, wall tiles, glazed bricks, artworks, and dinner wares
	≥65
	SiO2, Na2O, K2O, B2O3, Al2O3, CaO, Fe2O3, MgO
	Refractive index: 1.92–1.96; ZrO2 content
	Kuru, Arikya, Gumau, Koma



	Foundry
	Sand molds and cores, metal chills
	≥64
	SiO2, Al2O3, CaO, Fe2O3
	pH value: 6.8–7.0; ZrO2 content
	Kuru, Arikya, Gumau, Koma



	Building and construction
	Zircon-reinforced cement
	≥67
	Al2O3, CaO, Fe2O3, SiO2, TiO3, MgO, SO3
	ZrO2 content
	Kuru, Arikya, Gumau, Koma



	Glass
	Cathode ray tubes of televisions and computer monitors
	≥63
	SiO2, CaCO3, Na2CO3
	Refractive index: 1.92–1.96
	Kuru, Arikya, Gumau, Koma



	Precision investment casting
	Back-up slurry, shell molds, prime coat slurry
	≥64
	Al2O3, SiO2
	Specific gravity: 4.2–4.86 g/cm3
	Kuru, Arikya, Gumau, Koma



	Advanced ceramic
	Abrasives, grinding wheels, sharpening stones, abrasive papers
	≥65
	Al2O3, Fe2O3, SiO2
	ZrO2 content; hardness: 7–7.5
	Kuru, Arikya, Gumau, Koma
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