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Abstract

:

As an important strategic non-metallic mineral resource, fluorite has been widely used in various industrial fields, such as metallurgy, optics and semiconductor manufacturing, as well as fluorine-related chemical engineering. Since the major gangue minerals of fluorite ore are silicate and carbonate ones, flotation is the main beneficiation method for the concentration. Compared with the relatively easy operation for silicate-type fluorite ore, fluorite concentration from calcite has always been the most difficult challenge in the field of mineral processing. In this review, analyses of the fundamental reasons for the difficulties of flotation separation of fluorite from calcite are performed, from the similar surface properties of both calcium minerals to the deterioration by the interference of dissolved ions in the pulp during grinding and flotation. Recent achievements in the flotation separation of fluorite from calcite as the main contents are comprehensively summarized, covering all aspects of flotation reagents of collectors, depressants and modifiers. Finally, successful examples of industrial practices for fluorite and calcite flotation separation are introduced. This overview provides a detailed and comprehensive reference source for the current research status of fluorite and calcite flotation separation, and some suggestions for future research are provided.
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1. Introduction


Fluorite is the primary raw material for industrial fluorine products and is widely used in industrial fields such as metallurgy, chemical engineering, optics and semiconductor manufacturing [1,2,3]. It also has great application potential in fields such as new energy, atomic energy and aerospace. Therefore, it has been listed as the critical mineral or strategic mineral resource by the United States [4], the European Union [5], China and many other countries.



1.1. Fluorite Resources


The world total reserve of fluorite in 2021 is 320 million tons, mainly distributed in Mexico, China, South Africa, Mongolia and Spain [6], exceeding 57% in these five countries. In 2021, the world fluorite product is 8.6 million tons; therefore, the static guarantee period of global fluorite resource is 37.2 years. As the largest producer, China produced 5.4 million tons of fluorite concentrate in 2021.



According to the different associated minerals, fluorite deposits in the world can be mainly assorted into four types: quartz-type, calcite-type, barite-type and polymetallic symbiosis-type [1]. It is worth mentioning that with the continuous decrease of high-quality fluorite resources, low-grade fluorite resources with complex gangue minerals have also been put on the development agenda, posing new challenges to fluorite beneficiation. From the genesis of fluorite deposits, almost all fluorite ores contain some amount of calcite [7,8]. In addition, practices showed that when the ratio of fluorite content to calcite content in raw ore is less than 5, the separation difficulty of fluorite and calciteincreases greatly, and it is difficult to obtain a high-quality fluorite concentrate product (CaF2 > 97%, CaCO3 < 1%). Therefore, it is particularly important to summarize recent achievements in the flotation separation of fluorite and calcite and propose suggestions for future research.




1.2. Calcium-Containing Minerals


Fluorite (CaF2), calcite (CaCO3), scheelite (CaWO4), apatite (Ca5(PO4)3(F, Cl, OH)) and wollastonite (Ca3Si3O9), etc., are common calcium-containing minerals. Fluorite is mainly formed by the interaction of fluoride ions in volcanic magma and calcium ions in rocks [7,8]; therefore, calcite and apatite are commonly associated gangue minerals in fluorite ores, and fluorite is also often present in scheelite ores as an associated mineral. Due to the mineral’s similar surface properties and complex dissemination relationships, the flotation separation of calcium-containing minerals has always been a difficult problem in the field of mineral processing [9,10,11], and it is also an important research focus of flotation separation.




1.3. Flotation Separation of Fluorite from Calcium-Containing Minerals


The concentrating methods used for fluorite include flotation [12,13,14], photoelectric separation (for coarse-grained or bulk fluorite beneficiation), and gravity separation (for coarse-grained fluorite and barite separation) [15]. Practices have shown that flotation can treat various types of fluorite ores, serving as the primary beneficiation approach to fluorite.



Calcite and apatite are calcium-containing gangue minerals in fluorite ores, and the flotation separation of fluorite from calcite and apatite can be achieved by using selective collectors and selective depressants [16,17]. In the beneficiation process of scheelite ores, fluorite is usually removed by reverse flotation as the gangue mineral; therefore, the use of selective depressants is crucial [18,19,20]. Despite extensive research, the problem of flotation separation of calcium-containing minerals has not been completely solved. The article entitled “Froth flotation of fluorite: A review” [1], published by Gao et al. (18 February 2021), is the newest review article about fluorite flotation. The article introduced the crystalline structure, surface properties and floatability of fluorite, and covered the research progress of various fluorite flotation reagents. In addition, the article summarizes laboratory flotation research cases of different types of fluorite ore. In contrast, the goal of our article was focused on the flotation separation of fluorite, particularly from calcite, by providing a comprehensive summary of the recent achievements (37 of the references are from 2021 and 2022) in flotation separation of fluorite and calcite, including various efforts by researchers to enlarge the difference in floatability between fluorite and calcite, selective flotation reagents and successful industrial practice cases.



In this paper, the surface properties of fluorite and calcite are first analyzed to reveal the difficulties in enlarging the floatability difference for separation purposes. The root cause of the difficulty of flotation separation of fluorite and calcite is that both fluorite and calcite use calcium ions as the active sites for adsorption of flotation reagents. The existence of lattice impurities caused huge differences in the surface properties of fluorite and calcite from different origins, resulting in the poor adaptability of flotation reagents. Moreover, the recent reagents involved in the flotation separation of fluorite and calcite and their action mechanisms are systematically summarized. The difference in adsorption of selective collectors and depressants on fluorite and calcite surfaces could be attributed to the difference in the state of calcium atoms, including density state, reactivity, lattice matching, etc. Finally, industrial practice cases of fluorite and calcite flotation separation are introduced, and suggestions for future research are provided.





2. Surface Properties of Fluorite and Calcite


As is known to all, floatability is closely related to the quantity and type of surface-exposed elements after mineral liberation, which, in turn, depends on the crystal structure and dissociation characteristics of the mineral. Fluorite has a cubic crystal structure with a space group of Fm−3 m, a = b = c = 0.5463 nm and α = β = γ = 90°, Z = 4 [21]. The calcite crystal structure belongs to the trigonal system, with a space group of R-3c, ah = bh = 0.4988 nm, ch = 1.7061 nm, α = β = 90°, γ = 120°, Z = 6 [22].The unit cell structures of fluorite and calcite are shown in Figure 1. Although different in crystal structures, fluorite and calcite have some similar surface properties, such as calcium ion broken bonds and adsorption characteristics, which significantly affect the flotation separation of fluorite and calcite.



2.1. Solubility


The solubility of the mineral surface has an important effect on its surface charge and flotation behavior, especially for semi-soluble minerals such as fluorite and calcite [23,24,25,26,27]. The pKθsp value of fluorite varies from 8.27 to 11.23 in the relevant literature, around 10.5 in most cases [28,29]. In addition, depending on the atomic arrangements of the fluorite crystal planes, the dissolution rate may vary: faster from planes {110} and {310}, and slower from planes {111} and {100} [30].



Beginning with Engel in 1889, many researchers have studied the solubility of calcite under different conditions [31,32]. The pKsp (298.15 K) values of calcite are reported to be around 8.40 [33,34].The saturated solution compositions of fluorite and calcite are shown in Figure 2 [35].



As illustrated in the diagrams, the main components of fluorite within the pH 8–10 (conventional fluorite flotation pH range) are Ca2+ and F−, and the main components of calcite are Ca2+, CO32− and HCO3−. The results of solution chemistry calculations and XPS spectral analysis in several previous studies [36,37] showed that the dissolved F− and CO32− can adsorb on the surface of calcite and fluorite, respectively and form the corresponding calcium-containing compounds, which homogenizes the chemical properties of fluorite and calcite surfaces. The surface properties homogenization phenomenon of fluorite and calcite can occur not only in solution but also in the solid-phase grinding process. In addition, Sun et al. found that the ions generated from the surface of fluorite are easier to migrate to the surface of calcite, while the ions generated from the surface of calcite have a poor adsorption capacity on the fluorite surface [37]. This phenomenon is also confirmed by the replacement reaction of a carbonate rock with fluorite [38], probably resulting from the smaller solubility product of fluorite.




2.2. Zeta Potential


Due to surface dissolution, lattice substitution and preferential adsorption of ions, the mineral surfaces may carry charges in the slurries [39]. The electrical double layer at interfaces plays a broad role in many mineral processing operations and is of primary importance in flotation [40]. The floatability of minerals can be enhanced or prevented by changing the surface charge properties of minerals, usually modified by adjusting slurry pH values. When the pH is in the range less than the point of zero charge (PZC) of minerals, the surface tends to be positively charged; on the contrary, the surface is negatively charged with increasing pH above PZC.



The Ca element in fluorite is often replaced by rare earth elements, such as cerium (Ce), yttrium (Y) [41,42], and other metal elements, such as manganese (Mn) [43]. The PZC of fluorite samples from different origins has been reported in wide ranges, from pH 6.2 to 10.6, resulting from the different lattice impurities [44]. In addition, Miller found that fluorite is very sensitive to the presence of carbon dioxide, and F− may be replaced with carbonate anion [36], which changes the PZC of fluorite.



Similar to fluorite, impurities in the calcite lattice also have a significant influence on PZC, resulting in a large change in the ranges from pH 5.8 to 10 [45,46]. The zeta potential of calcite in aqueous solution depends on both pH value and calcium concentration, and several studies [47,48,49] have shown that the zeta potential of calcite is independent of pH if the concentration of calcium is kept constant.



In conclusion, the PZCs of fluorite and calcite from different origins vary widely, and they are also affected by H+, Ca2+ ions in the solution, which increases the difficulty of flotation separation of fluorite and calcite.




2.3. Floatability


In the absence of flotation reagents, the flotation performance of minerals is mainly determined by their wettability [50], and the wettability of minerals is generally expressed by the water contact angle [51].



Fluorite can be considered either a hydrophilic or a hydrophobic mineral, which is determined by its crystal plane and lattice purity [52,53]. Several studies revealed that the contact angle of fluorite is significantly affected by origins, sample preparation and testing methods. The wettability of calcite also shows a phenomenon similar to that of fluorite [53,54]. The compilation of fluorite and calcite contact angles can be seen in Table 1 and Table 2.



The contact angles of fluorite and calcite vary widely due to factors such as origin, testing method, crystal plane, etc. Therefore, the contact angles of fluorite and calcite should be examined case by case when studying their influence on floatability. From the perspective of chemical bonds on the mineral surface, the more broken bonds (the number of unsaturated bonds) of the calcium proton on the surfaces of fluorite and calcite, the stronger the interaction between calcium proton and water molecule, and the surface is more hydrophilic [55]. Overall, fluorite is more hydrophobic than calcite.




2.4. Difficulties in Flotation Separation of Fluorite and Calcite


In recent years, with the increasing demand for fluorite products and the continuous decrease in high-quality fluorite resources, flotation research on refractory calcite-type fluorite ore has received increasing attention [62,63].



Based on the surface properties of fluorite and calcite, the reasons for the difficulty in the flotation separation of the fluorite and calcite can be summarized as follows:




	(1)

	
In the flotation of the fluorite ore, the collector is generally adsorbed on the surface of fluorite by interacting with calcium ions. However, both fluorite and calcite are calcium-containing minerals with the same flotation active sites, so it is difficult for collectors to achieve selective adsorption. For instance, when sodium oleate is mixed with dodecylamine as a collector, the flotation recovery of both fluorite and calcite is more than 70% without using a depressant [12]. For similar reasons, the depressants used for calcite also inhibit the flotation of fluorite [55,64]. For example, the flotation results showed a small amount (4 × 10−4 mol/L) of citric acid can greatly improve the depression effect of sodium silicate on calcite; the recovery of calcite was only 0.9%. However, fluorite was also depressed, and the recovery rate was only 1.1% [64].




	(2)

	
In grinding and flotation, the dissolved F− and CO32− can adsorb on the surface of calcite and fluorite, respectively, and form corresponding calcium-containing compounds, which homogenizes the chemical properties of fluorite and calcite surfaces [65,66]. The analysis results of the To F-SIMS data and PCA model showed that the ions generated on the surface of fluorite migrate to the surface of calcite, which makes the surface composition of calcite closer to that of fluorite, while the ions generated on the surface of calcite have a poor adsorption capacity on the fluorite surface [37].The homogenization of surface properties further increases the difficulty of selective adsorption of flotation reagents on the surface of fluorite and calcite.




	(3)

	
The PZC of fluorite and calcite from different origins varies widely, which increases the difficulty of selective adsorption of cationic collectors that adsorption on mineral surfaces by electrostatic interaction.









In addition, practices showed that when the ratio of fluorite content to calcite content in raw ore is less than 5, it is difficult to obtain a high-quality fluorite concentrate product (CaF2 > 97%,CaCO3 < 1%). In the fluorite beneficiation plant of Russia’s Yaroslavl Mining Company, ores with a ratio of fluorite content to calcite content below 2.5–3 were rejected as waste products. To solve the conundrum of the flotation separation of fluorite and calcite, scholars have made elaborate efforts. On one hand, to enlarge the difference in the floatability of fluorite and calcite by using modifiers [67,68], on the other hand, to develop selective collectors and depressants based on the difference in the density and reactivity of calcium atoms on the surface of fluorite and calcite [69,70,71]. Therefore, it is necessary to analyze and summarize recent achievements and extract valuable research results.





3. Flotation Reagents for Separating Fluorite and Calcite


Due to the similar floatability of fluorite and calcite, the research focus of flotation reagents has been put on selective collectors, selective depressants, and modifiers, which can enlarge the difference in the floatability between fluorite and calcite [67,72,73]. In this section, the types and their action mechanisms of the selective collectors, selective depressants and modifiers for fluorite and calcite flotation separation are listed and discussed.



3.1. Selective Collectors


Due to the similar surface properties and the same flotation active sites of fluorite and calcite, it is crucial to develop highly selective collectors for fluorite and calcite flotation separation. With the reviewed research results, the selective collectors can be roughly divided into three categories: (i) organic acids, (ii) combined collectors and (iii) other organic compounds.



3.1.1. Organic Acids


The benzenoid/hydroxamic type organic acids can form a three-dimensional bicyclic or polycyclic ring when chelated with Ca2+, and the difference in the calcium density state between fluorite and calcite surfaces can provide the basis for the selective adsorption of organic acids.



Styrene phosphonic acid (SPA) is a common organic acid with low toxicity that is very easy to synthesize. As a flotation collector, SPA shows good selectivity. When SPA is used as the collector for separation of fluorite and calcite, the greatest difference in recovery of fluorite (98.79%) and calcite (12.55%) was achieved with a SPA dosage of 20 mg/L and pH 6.0 [74]. The AFM 3D images(Figure 3, Figure 4 and Figure 5) [74] of fluorite and calcite in the presence of SPA revealed that the amount of hill-shaped materials on the calcite surface was much less than that on the fluorite surface, which indicated that the amount of SPA adsorbed on the calcite surface was less than that on the fluorite surface. FT-IR analysis [74] and XPS analysis [74] indicated that SPA was adsorbed on the fluorite surface by chemical interaction, and the calcium atom on fluorite was the main active site for reacting with SPA. Furthermore, the first-principles calculation demonstrated that the difference in calcium density state between fluorite and calcite surfaces may be the reason for the selective adsorption of SPA.



With α-benzol amino benzyl phosphoric acid (BABP) as a collector, the flotation separation of calcium-containing minerals can be accomplished by carefully controlling the slurry pH [75]. The single mineral flotation results showed that fluorite can float over a pH range from 6 to 10, while calcite is floatable at pH between 8 and 10; therefore, the selective collection of fluorite from calcite by BABP can be achieved with pH in the range from 6 to 8. Chemisorption is the main adsorption mechanism of amino phosphoric acids on calcium-containing minerals, with monovalent collector anions being the active binding species. In addition, the strength of collector adsorption appears to be determined by surface calcium site density.



Compared with sodium oleate, dioctyl di-hydroxamic acid (DODHA) shows highly selective adsorption on the fluorite surface. Results from flotation tests confirmed the effective enrichment of fluorite from calcite without the addition of depressants [76]. When the DODHA concentration was 3 × 10−4 mol/L, the recovery of fluorite reached 93.01%, whereas that for calcite was only 5.80%. The DFT calculation and XPS analysis results showed that the calcium atom density and percentage of fluorite surface were higher than that of calcite surface, which caused the difference in the adsorption capacity of DODHA on fluorite and calcite surfaces. In addition, the molecular structure analyses found that the large steric hindrance and lattice mismatch between DODHA and calcite impeded the interaction of DODHA with the calcite surface, whereas the lattice matching between DODHA and the fluorite surface favored the adsorption of DODHA to achieve the separation of fluorite and calcite.



Benzhydroxamic acid (BHA) can be used as a collector for the selective separation of fluorite from calcite without using any depressants. The optimized geometries of BHA and BHA− are shown in Figure 6 [77]. As shown in the flotation test, the recovery of fluorite promptly increases as the pH value increases from 6 to 8.5 and then remains constant at about 95% at pH 8.5–10. However, the calcite recovery did not exceed 20% in the total pH range. A higher Ca density and Ca activity on the fluorite surface mainly accounted for the selective adsorption of BHA on fluorite, hence rendering the selective separation of fluorite from calcite. In addition, the hydrogen bond plays a role in the adsorption process.




3.1.2. Combined Collectors


Several studies have found that the combination of collectors can improve both the collecting ability and selectivity of reagents by leveraging the advantages of different collectors [12,78,79].



The sodium oleate and oleamide combination collector showed good selectivity for the flotation separation of fluorite and calcite. The flotation results indicated that the calcite recovery decreased to 45% when the molar ratio of sodium oleate and oleamide was 8:2, while the fluorite recovery was maintained at 85%. XPS and AFM analyses found that NaOL combined with oleamide formed mixed micelles through hydrophobic association and reacted with calcium atoms on the fluorite and calcite surfaces. The Ca-F chemical bond energy (550 kJ/mol) in the fluorite crystal was greater than that of the Ca-O chemical bond energy (173.33 kJ/mol) in the calcite crystal, suggesting that the calcium atom activity on the fluorite (111) plane was stronger than that on the calcite (104) plane. The reactivity difference of oleic acid ions in the mixed micelles with calcium atoms may be the possible reason for the difference in the flotation performance of fluorite and calcite [13].



Unlike the combined collectors from sodium oleate and oleamide (anionic/nonionic), sodium oleate and dodecylamine (DDA) is an anionic/cationic combination collector. The flotation separation of fluorite from calcite can be achieved using a mixed collector (NaOL:DDA = 9:1) and salted water glass as a depressant. At pH 11, with 1 × 10−4 mol/L combination collector and 2 × 10−3 mol/L of salted water glass, the recovery of calcite is less than 20%, and the recovery of fluorite is kept at about 85%. The FTIR measurement results showed that NaOL and DDA were co-adsorbed on the surface of fluorite, whereas only NaOL was adsorbed on the surface of calcite. The wettability analysis results showed that salted water glass hinders the adsorption of mixed collectors on the surface of calcite and selectively inhibits flotation [12]. The adsorption model of the mixed collector NaOL/DDA on the mineral surface is shown in Figure 7 [12].




3.1.3. Other Organic Compounds


In addition to organic acids and combined collectors, some special organic compounds are also used as selective collectors for the separation of fluorite and calcite. The compilation of these organic compounds can be seen in Table 3.



According to above research achievements, the difference in adsorption of selective collectors on the fluorite and calcite surfaces could be attributed to the difference in the state of calcium atoms, including density state, reactivity, lattice matching, etc. These differences could provide the basis for developing new, highly selective collectors for fluorite.





3.2. Selective Depressants


Compared with selective collectors, the selective depressants for the flotation separation of fluorite and calcite have been studied more deeply. Selective depressants in the flotation separation of fluorite and calcite can be roughly divided into two categories: (i) inorganic and (ii) organic.



3.2.1. Inorganic Depressants


Water glass and modified water glass are the most commonly used inorganic depressants; they have good suppression for calcite in fluorite flotation. H4SiO4, H3SiO4− and H2SiO42− are the main hydrolysates of water glass. The adsorption mechanism investigation indicated that electrostatic interactions occurred between the electronegative oxygen atom of the hydrolysates and the calcium atom on the mineral surface; hydrogen bonds were observed between the hydrogen atom of the hydrolysates and the oxygen atom or fluorine atom of the calcium-containing mineral surface [75,84]. It can be found from the inhibition mechanism that water glass has suppression effects on both calcite and fluorite, so it is necessary to increase the selectivity of water glass by modification. After acidification, the water glass was more selective between fluorite and calcite in flotation [85]. A mixture of hydrochloric acid (1.5 g/L) and water glass (50 mg/L) was used as a calcite depressant. The flotation results indicated that the addition of inorganic acid can significantly improve the depressing efficiency of water glass on calcite. This phenomenon can be explained by the exposure of the new calcite surface due to surface dissolution, which facilitates the reaction of calcite with the depressant [86]. On the other hand, the presence of acid increases the formation of colloidal silica, which is selectively adsorbed on the surface of calcite [67]. Pb-water glass is another type of modified water glass that can be used as a depressant to improve fluorite-calcite separation efficiency. The solution chemistry calculation, XPS and zeta potential analyses showed that lead ions have a strong adsorption capacity on the surface of calcite, which provides more adsorption sites for water glass. In contrast, the amount of lead ions adsorbed on the fluorite surface is small; thus, the addition of lead ions has little effect on the adsorption of water glass on the surface of fluorite [87,88].



The combination of inorganic ions and water glass is a common combined depressant of calcite during fluorite flotation. Micro-flotation experiments indicated that with acidified water glass as a depressant, the flotation recovery of fluorite is 88.72% after fluoride ion treatment, that is, approximately fourfold with respect to that without fluoride ion modification. The selective suppression mechanism can be explained by fluoride ions improving the floatability of fluorite by converting CaSiO3 on the surface of fluorite into CaF2, but the conversion ability of Si(OH)4 on the surface of calcite is weak, which increases the difference in floatability between fluorite and calcite [89]. In the flotation separation of fluorite from calcite and celestite, the Al2(SO4)3 and acidified water glass mixed depressant increased the grade and recovery of CaF2 in the fluorite concentrate by 13.10% and 3.58%, respectively, compared with using acidified water glass alone. Both Al-containing species and Si-containing species are adsorbed on the surface of the minerals, and they are more likely to be adsorbed on the calcite surface and the celestite surface, respectively, to achieve selective suppression of calcite and celestite [90].



Phosphates such as sodium hexametaphosphate (SHMP, (NaPO3)6), sodium pyrophosphate (SP, Na4P2O7) and trisodium phosphate (TSP, Na3PO4) are also used as depressants for calcite and barite in fluorite flotation. However, phosphates also suppress the flotation of fluorite, so it is not easy to accurately control a proper dosage during flotation [91,92].



In conclusion, it is difficult to achieve high-efficiency separation of fluorite and calcite by using an inorganic depressant alone, so it is necessary to modify the inorganic depressant or add inorganic acids and inorganic ions to improve the selective suppression ability for calcite.




3.2.2. Organic Depressants


Organic depressants for calcite have been intensively studied due to their advantages, such as rich sources, biodegradable nature and relatively low price. Organic depressants usually have a hydrophobic hydrocarbon chain at one endpoint and a highly hydrated polar group at another; therefore, they have better selective suppression abilities. Commonly used organic depressants for calcite are plant gum, organic acid, starch, dextrin, etc.



Plant gum is a kind of polysaccharide macromolecular organic that has been extracted from plant fruits or seeds. Commonly used plant gums include tamarind seed gum, psyllium seed gum, flaxseed gum and sesbania gum [69,91,93,94]. The selective suppression mechanism can be summarized as the adsorption effect and capacity of plant gums being stronger and higher on the calcite surface than on the fluorite surface, so it is not conducive to the adsorption of NaOL and depressed the flotation of calcite. Plant gums are adsorbed not only on the surface of calcite through hydrogen bonds but also chemically adsorbed on calcium ion sites on the surface of calcite through hydroxyl and carboxyl groups. In contrast, plant gums barely affected NaOL adsorption on the fluorite surface.



Tannic acid as a calcite flotation depressant is widely used in the beneficiation of fluorite [95,96]. Adsorption tests indicated that tannic acid adsorption onto calcite was highly dependent on solution pH, and the optimal adsorption pH value was 7–8. At this pH value, tannic acid can selectively adsorb on the calcite surface and prevent the adsorption of sodium oleate, whereas this phenomenon does not exist on the fluorite surface. The chemical shifts of tannic acid adsorbed on the calcite surface were more similar to those of a Ca(OH)2 surface than those of a fluorite surface, suggesting that tannic acid selectively adsorbs on the calcite surface via chemical interactions with Ca(OH)+. The proposed adsorption process and model for tannic acid are shown in Figure 8 [96].



Polyaspartate (PASP) is another efficient selective depressant for flotation of fluorite from calcite [97,98]. The addition of PASP can hinder the adsorption of NaOL on the calcite surface but exert little influence on its adsorption on fluorite surface. Similar to PASP, polyacrylic acid (PAA) is also a highly selective depressant of calcite [70]. The flotation tests indicated that the preferential adsorption of PAA onto calcite, rather than sodium oleate, could selectively depress the flotation of calcite, allowing its separation from fluorite at a pH of 7. The mechanism of selective adsorption can be explained by the chemical bonding between the carboxyl group of PAA and the hydroxyl groups of the Ca species on the calcite surface, modifying the structure of the adsorbed layer. The proposed models for the adsorption of PAA on the calcite surface are shown in Figure 9 [70].



Starch and dextrin are a kind of macromolecular organic compound with the advantages of a comprehensive source, low cost, and strong depression effects on calcite [73,99]. The adsorption mechanism indicated that the -OH group of starch/dextrin as shown in Figure 10 [1], might adsorb on Ca sites at the surface of calcite through chemical bonds. The inner electron binding energy of Ca2+ in fluorite is larger than the inner electron binding energy of Ca2+ in calcite, which makes it more difficult to form chemical bonds. Therefore, the chemical adsorption of starch/dextrin on the surface of calcite is stronger than that on the surface of fluorite.





3.3. Modifiers


3.3.1. pH Regulator


Slurry pH can directly change the surface dissolution of fluorite and calcite, thereby affecting flotation behavior. Sodium hydroxide, sodium carbonate and sulfuric acid are commonly used as pH regulators in flotation separation of fluorite and calcite [83,100]. The flotation behavior of fluorite at a high pH (>12) is distinctly different from that at a conventional flotation pH range of 8–9 [35], and efficient calcite/fluorite separation could be achieved by using a low collector dosage at pH 13 (sodium hydroxide as the pH regulator). Wang et al. [101] found that a green and low-cost 1-hydroxyethylidene-1,1-diphosphonicacid (HEDP) can be used as a pH-dependent switch to initially depress fluorite for calcite pre-removal at pH 6.0 and then activate fluorite for further upgrading fluorite concentrate at pH 8.0.




3.3.2. Anions


Anions such as carbonate, fluoride and sulfate ions can affect the flotation behavior of fluorite and calcite. Jin et al. found that when the pulp pH is greater than the pH values of the saturated solutions (pHsat) of fluorite or calcite, the flotation of fluorite or calcite can be facilitated by the addition of the anions; when the pulp pH is less than the pHsat, the flotation is inhibited [102]. The pHsat of fluorite is 6.8, while calcite is 8.2; therefore, the activation of fluorite and the inhibition of calcite can be achieved by adding these anions and controlling the pulp pH in the range of 6.8–8.2.




3.3.3. Pb2+


Lead ions are widely used in mineral flotation as modifiers [103,104]. In a novel flotation reagent system for the reverse flotation separation of fluorite and calcite, the lead ion is used as an activator for calcite. The lead ion shows strong adsorption ability on the surface of calcite, but poor on the surface of fluorite. Therefore, lead ion pretreatment can provide new adsorption sites on the surface of calcite, which allows potassium isoamyl xanthate to adsorb on the newly developed active sites on the surface of calcite and generate hydrophobic leadxanthate. The grade of the fluorite concentrate obtained after lead ion pretreatment was greatly improved, from 72.42% to 81.92%,compared with that prior to pretreatment [105].






4. Industrial Practice Cases of Flotation Separation of Fluorite and Calcite


The flotation separation of fluorite and calcite poses a long-standing challenge in the mineral processing industry. The elaborate efforts by many researchers have allowed certain successes to serve as a good foundation for the efficient separation of fluorite from calcite in practical operations. To better understand the flotation separation of fluorite and calcite, two cases of industrial beneficiation of fluorite mines with high calcite content (CaF2/CaCO3 < 3) have been introduced in this section.



(1) The Yaroslavl Mining Company processes carbonate-fluorite ores from Russia’s largest Voznesensky deposits in Primorski Krai as a basic raw mineral resource [106]. The ores are rather complex and difficult to float [107]. In practice, the technical problems are as follows:




	(1)

	
Typically, when fatty acids are used as fluorite flotation collectors, the ore pulps commonly need to be heated to 35–85 °C due to the poor dispersibility of fatty acids at low temperatures [79]. There are similar problems in this beneficiation plant. The ground ore and the froth product of the second recleaning need to be steamed to 50–65 °C and 65–85 °C, respectively, then reacted with flotation reagents.




	(2)

	
Selectivity for minerals will worsen with the reduction in the ratio of fluorite content to calcite content in the feed ore; raw ores with a ratio of fluorite content to calcite content below 2.5–3 were rejected as waste products.









Modification, emulsification and synergistic dosing are the conventional methods [108,109] to improve the dispersibility and collection performance of fatty acids under low temperature conditions. Therefore, improving the dispersity and selectivity of the collector at low temperatures by optimizing the flotation reagent scheme is the key to improving the flotation index. Researchers further developed a new process for selective fluorite flotation from finely disseminated carbonate-fluorite ores without high-temperature pulp treatment, while allowing the treatment of high-carbonate-fluorite ore with a ratio of fluorite content to calcite content below 2.5. The flotation reagent scheme: NaF as modifier, industrial soap as collector, oxyethylized compounds as dispersant to the collector. The mechanism for improved selectivity when collectors are used in combination with sodium fluoride can be explained by the formation of fluorine-bearing associates, characterized by a higher affinity to fluorite rather than to calcite. Moreover, the addition of oxyethylized compounds can improve the dispersibility of the collector, and the flotation separation of fluorine and calcite can be achieved at low temperatures.



The updated flotation flowsheet of the beneficiation plant of the Yaroslavl Mining Company is shown in Figure 11 [106]. For fluorite raw ore, the content of CaF2 and CaCO3 is 26.56% and 25.30%, respectively. The fluorite concentrate with CaF2 content 92.75%, recovery rate 65.16% and the harmful components CaCO3 content 2.08% could be obtained through the updated beneficiation process [106].



(2) The fluorite in Qinglong (Guizhou Province, China) is a low-grade carbonate type fluorite ore [110], with the content of CaF2 and CaCO3 is 32.25% and 11.78%, respectively. The beneficiation plant flotation reagent scheme: sodium carbonate as pH regulator, sodium hexametaphosphate and water glass salified with aluminum sulfate as depressants and oleic acid as collector. The application of a combined depressant of sodium hexametaphosphate and modified water glass can greatly improve the depression effect of calcite. The fluorite concentrate with CaF2 content 98.10%, recovery rate 83.68% and the harmful components CaCO3 content 0.83% could be obtained. The flotation flowsheet of the beneficiation plant is shown in Figure 12 [110].




5. Conclusions and Future Perspectives


This review summarizes the current available literature on the flotation separation of fluorite and calcite. With the increasing attention paid to low-grade fluorite resources with complex gangue minerals, tremendous efforts have been made to overcome the problem of fluorite and calcite flotation separation.



Besides the very similar flotation active sites, the dissolved ions during grinding and flotation will affect the surface properties to narrow the difference with each other, which is the fundamental reason for the difficulty in separating fluorite and calcite. In addition, due to the lattice impurities in fluorite and calcite, the PZC and surface wettability of fluorite and calcite from different origins vary widely, which increases the difficulty of flotation separation of fluorite and calcite.



Before the optimization of the beneficiation processes, fundamental research on the flotation separation of fluorite and calcite has focused on the development of high-selectivity flotation reagents. The modifiers, such as pH regulators, anions (CO32−, F− and SO42−) and lead ions, are used to enlarge the difference in flotation characteristics between fluorite and calcite. Furthermore, selective depressants such as acidified water glass, plant gum, tannic, polyaspartate and starch are used to further expand the difference in floatability between fluorite and calcite. With the aid of these operations, fluorite and calcite can be separated by using selective collectors, including the benzenoid/hydroxamic type organic acids, combined collectors and some special organic compounds.



By analyzing the successful industrial practice cases, it was found that the efficient separation of fluorite and calcite can be realized only by a suitable reagent scheme and reasonable flotation process.



Further research work should focus on the following aspects:




	(1)

	
For complex and low-grade calcite-containing fluorite deposits [111,112], the application of pre-concentration technology is particularly important. Therefore, to minimize the content of calcite in the fluorite flotation feed to improve the efficiency of flotation separation, pre-concentration technologies, such as photoelectric separation and dense medium separation, are worth further researching.




	(2)

	
Metal ions such as Pb2+ pretreatment have been found to be able to enlarge the difference in surface properties between fluorite and calcite and provide the new active sites for selective adsorption of collectors and depressants; however, the metal ion specie sand their action mechanism still need to be further studied.




	(3)

	
As mentioned above, the surface properties of fluorite and calcite from different origins vary widely, so further screening of selective collectors and depressants is required, together with investigations of the action mechanism.




	(4)

	
To avoid the conundrum caused by calcium ions as active sites for flotation separation, the development of selective flotation reagents reacted with CO32− in calcite and F− in fluorite requires further research.




	(5)

	
In the literature, monominerals and artificially mixed samples are used as research objects for investigating the separation effect of selective flotation reagents, which have few interference factors. The actual ores and scale tests need further research to investigate the adaptability and stability of flotation reagents. Overall, this paper presents the current research status in the flotation separation of fluorite and calcite. The analysis of the difficulties in the flotation separation of fluorite and calcite and the review of flotation reagents can provide a basis for the design and development of an efficient reagent scheme for calcite-containing fluorite flotation.
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Figure 1. Unit cell structure of (a) fluorite [21] and (b) calcite (Ca = light green, O = red, C = grey) [22]. 
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Figure 2. Traditional distribution diagram of fluorite-solution (a) and calcite-solution (b) chemistry. 
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Figure 3. AFM 3D images of fluorite (a), fluorite treated with SPA (b), calcite (c) and calcite treated with SPA (d) [74]. 
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Figure 4. FT-IR spectrum of SPA, fluorite and fluorite treated with SPA [74]. 
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Figure 5. Survey spectra (a) and Ca 2p high-resolution spectra (b) of fluorite and fluorite treated with SPA. 
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Figure 6. Optimized geometries of (a) BHA and (b) BHA− (O = red, H = white, N = blue) [77]. 
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Figure 7. Schematic of the fluorite/calcite surface with reagents [12]. 
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Figure 8. Proposed adsorption process and model for tannic acid. 
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Figure 9. Proposed models for the adsorption of PAA on calcite surfaces. 






Figure 9. Proposed models for the adsorption of PAA on calcite surfaces.



[image: Minerals 12 00957 g009]







[image: Minerals 12 00957 g010 550] 





Figure 10. Starch (left) and dextrin (right) [1]. 
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Figure 11. Updated flotation flowsheet. 
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Figure 12. The beneficiation plant flotation flowsheet [110]. 
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Table 1. A summary of the fluorite contact angle reported in the literature.
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Measuring Method

	
Contact

Angle/(°)

	
Reference






	
1

	
Without immersing

	
Dried at 50 °C for 30 min

	
82.2

	
[55]




	
Dried at 110 °C for 2 h

	
100.6




	
2

	
Sample immersed in an aqueous solution of HF

(0.1 mol/L) for 10 min

	
Dried at 50 °C for 30 min

	
0

	
[56]




	
Dried at 110 °C for 2 h

	
98.6




	
3

	
Sample immersed in an aqueous solution of Ca(OH)2

(0.1 mol/L) for 10 min

	
Dried at 50 °C for 30 min

	
53.1

	
[55]




	
Dried at 110 °C for 2 h

	
88




	
4

	
Bubble attached to plate

	
40

	
[57]




	
Sessile drop

	
55




	
5

	
Immersed in water for 20 min,

vacuum dried at 50 °C for 10 min,

Sessile drop

	
40.4

{111}surface

	
[53]




	
32.4

{001}surface




	
6

	
Measurement of the pressed flakes of

mineral particles, Sessile drop

	
23.19

	
[35]
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Table 2. A summary of the calcite contact angle reported in the literature.
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Measuring Method

	
Contact Angle/(°)

	
Reference






	
1

	
Immersed in water for 20 min

	
42.1, {10  1 ¯  4}surface

	
[53]




	
vacuum dried at 50 °C for 10 min

	
35.1, {01  1 ¯  8}surface




	
Sessile drop

	
27.3, {21  3 ¯  4}surface




	
2

	
Conditioned with solution for 3 min

air-dried for 3 min

Sessile drop

	
50

	
[58]




	
3

	
Conditioned with solution for 60 min

dried with nitrogen

Sessile drop

	
13.0

	
[10]




	
4

	
Treated with solution for 10 min

vacuum dried at 40 °C, Sessile drop

	
51.2

	
[59]




	
5

	
Sample prepared in the solutions for 10 min

Sessile drop

	
58.81

	
[60]




	
6

	
K-Oleate (1 × 10−6 mol/L)

the capillary rise method

	
41.7

	
[61]
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Table 3. Organic compound collectors for selective separation of fluorite from calcite.
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	Collector Name
	Selective Adsorption Mechanism
	Reference





	1
	Calcium dioleate
	There are attraction and electrostatic repulsive between calcium dioleate and both surfaces of fluorite and calcite. Due to the low density of available calcium sites at the calcite surface, the attraction of calcium dioleate to calcite is difficult to overcome the electrostatic repulsive, which inhibits collector adsorption at the calcite surface. For fluorite, strong attraction overcomes electrostatic repulsion, resulting in the selective flotation of fluorite.
	[80,81,82]



	2
	Propyl gallate
	The separation of fluorite from calcite without any depressants can be achieved by using propyl gallate (PG) as the collector. The competitive adsorption behavior of PG and water on calcite and fluorite surfaces occurred during flotation. PG can easily break through the water layer on the fluorite surface, and the phenolic hydroxyl groups on the PG can bond to the calcium atoms on the fluorite surface directly in a bridged or chelated manner. It is difficult for PG to break through the hydration layer on the calcite surface, so only a small number of PG molecules can bond directly to the calcium atoms on the calcite surface.
	[83]



	3
	Disodium N-dodecanoyl aminomalonate

(C12MalNa2)
	Without the presence of any activator/modifier/depressant for the flotation, the collector (C12MalNa2) can float fluorite efficiently while being totally ineffective for calcite, and this specificity remains under a broad range of concentrations and pH values. The reason for selective flotation may be that it happens due to geometrical matching between the surface calcium sites on the mineral and the carboxylate head groups in the collector.
	[17]
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