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Abstract: Quartz and feldspar are usually exist in symbiosis in nature, and they are difficult to be 

separated effectively by conventional physical methods owing to their similarities in crystal structures 

and surface characteristics. Flotation is the most resultful method, and especially, flotation with 

hydrofluoric acid (HF) is the most efficient way. Because HF may cause serious environmental and 

health problems, the effective and environmentally friendly separation of quartz and feldspar remains 

a formidable challenge. The crystal structure, surface broken bonds, surface energy, and solid–liquid 

interface properties of quartz and feldspar are investigated in this paper. In particular, some types of 

mixed cationic/anion collectors and their interaction mechanism on the quartz and feldspar surfaces 

with acidic, alkaline, and neutral media in the absence of fluorine are discussed, and the grade and 

scheme of quartz and feldspar for the practical application are illustrated. This review proposes concrete 

research approaches and provides perspectives for the advanced processing of quartz and feldspar in 

an environmentally friendly and economical way. 
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1. Introduction 

Quartz and feldspar are two of the most abundant types of bulk silicate rock-forming minerals and are 

widely distributed in the earth's crust (Bayat et al., 2006; Lin et al., 2018; Gaied and Gallala, 2015). Quartz 

is a basic raw material widely used in multiple emerging industries for the production of glass, 

photovoltaic, semiconductor and electronic devices (Feng et al., 2018; Lin et al., 2017; Vidyadhar and 

Rao, 2007; Yuan et al., 2018). Feldspar is a raw material widely used for the production of glass,  ceramic, 

and paint (Gaied and Gallala, 2015; Skorina and Allanore, 2015). Quartz and feldspar usually exist in 

symbiosis or association with other useful or gangue minerals in nature (Heyes et al., 2012; Wang et al., 

2016; Yin et al., 2019; Liu et al., 2013). To meet the demands of above application fields, impurities 

including magnetite, hematite, rutile, mica, pyrite and tourmaline must be removed. According to the 

occurrence distribution of detrimental impurity and ore properties, the pretreatment technology before 

the separation of feldspar and quartz includes crushing, grinding, de-sliming and classification, gravity 

separation and magnetic separation.  

These conventional beneficiation techniques are employed to remove the impurity minerals from 

quartz and feldspar, but effective separation of quartz and feldspar cannot be achieved owing to their 

similar physical properties, such as shape, color, electrical and magnet properties, hardness and relative 

density (Cheng et al., 2019; Mesquita et al., 2003; Liu et al., 2013; Vidyadhar and Rao, 2007). It is well 

known that various crystal structures possess different exposed surfaces. In addition, the adsorption 

behaviours of collectors on the minerals is significantly influenced by anisotropic surface characteristics, 

including the wettability, surface energy, and charge (Ahmed., 2010; Gao et al., 2019; Kou et al., 2015; 

Mohammadi-Jam et al., 2014; Tian et al., 2017; Zdziennicka., 2010; Xu et al., 2017). Flotation is the crucial 
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and necessary method to separate quartz and feldspar, which has experienced three development stages 

of the traditional hydrofluoric acid (HF), fluorine-free with acid (H2SO4) and “fluorine-free  acid-

free”(neutral condition). In the 1940s, most scholars had begun to use the "hydrofluoric acid" method 

for flotation separation of quartz and feldspar. Considering that HF is hazardous to the environment 

and health, the United States, Japan and other countries had resort to the "fluoride-free" method in the 

1970s, which was widely used in the industry (Yu et al., 2005; Sun et al., 1993). In recent years, under 

the influence of increasingly strict environmental protection policies, many scholars and plants had 

begun to resort to “fluorine-free  acid-free” method. According to the different working principles, the 

flotation machine could be divided into three types: stirred flotation machine (mechanical stirring 

flotation machine, aerated stirring flotation machine), inflatable flotation machine and gas separating 

flotation machine. The stirred flotation machine was widely used in industry owing to rich foam and 

high flotation efficiency. In addition, the selectivity of flotation collectors was an essential prerequisite 

to achieve high quality concentrate and great recovery in the separation process. In the traditional 

flotation beneficiation process, single collectors, such as EDTA, diamine, sulfonate and oleate were 

adopted in the separation of quartz and feldspar (Shehu and Spaziani, 1999; Vidyadhar and Rao., 2007). 

Therefore, the use of mixed collector was a considerable progress in the separation of quartz and 

feldspar (Gaied and Gallala, 2015; Rao and Forssberg, 1997; Larsen et al., 2019; Larsen and Kleiv, 2016, 

2015; Zhang et al., 2018). 
Mixed surfactants lead to better flotation performances, including increased recovery and enhanced 

selectivity to the target mineral (Rao and Forssberg., 1997; Wang et al., 2016, 2014; Xu et al., 2017b; Xie 

et al., 2020a; Xie et al., 2020b; Shu et al.,2020). Owing to the strong synergistic interactions between two 

surfactant molecules with oppositely charged head groups, a large number of mixed collectors may lead 

to low surface tension and lower critical micelle concentration(CMC) (Alexandrova et al., 2009; Rao and 

Forssberg., 1997; Wang et al., 2016, 2014; Wang et al., 2018; Xu et al., 2017a, 2016). In the flotation process, 

different types of mixed cationic/anionic collectors are used for surface modification to adjust the 

wetting properties of feldspar particles. Cationic collectors mainly include alkyl amine, alkyl ether 

amine, and alkylammonium. Anionic collectors mainly include fatty acids/salts and sulfonates (Abaka-

Wood et al., 2017; Chelgani et al., 2015; Kou et al., 2015; Tian et al., 2017; Guo et al., 2020). 

In this study, the crystal structure, surface broken bonds, surface energy, and solid–liquid interface 

properties of quartz and feldspar are compared to design new strategies to improve their flotation 

separation. Furthermore, the interaction mechanism of mixed cationic/anion collectors with the quartz 

and feldspar under different pH conditions and in the absence of fluorine are discussed, and the grade 

and scheme of quartz and feldspar for the practical application are illustrated. We focus on the rational 

allocation and cascade utilization of resources and consider the comprehensive utilization of the by-

products using tailings processing to produce high value products. 

2. Structure and properties of quartz and feldspar 

2.1. Quartz surface properties 

2.1.1. Crystal structure  

Quartz is mainly composed of SiO2, which includes α-quartz, β-quartz, and coesite, and generally refers 

to α-quartz. According to different deposit types, quartz may come from natural crystal, vein quartz, 

quartz sandstone, quartzite, quartzosesandstone and natural quartz sand, and they have same crystal 

structure. Quartz crystals belong to trihedral hemihedral crystal family of trigonal systems, and its cell 

parameters are a = b = 4.973 Å; c = 5.4469 Å; α = ꞵ = 90°; γ = 120°; z = 3, and the composition of the unit 

cells is Si3O6 (Xue et al., 2009; Huggins, 1922). 

Quartz has a typical crystal structure consisting of a silicon-oxygen tetrahedron with each silicon 

atom connecting four oxygen atoms with single bonds. The Si-O-Si bond angles are 143.30° and 143.73°; 

the lengths of the Si-O bonds are 1.620 and 1.624 Å; the lengths of O-O bonds are 2.604 and 2.640 Å. The 

oxygen atoms in the tetrahedron are shared by two silicon-oxygen tetrahedrons, forming a corner-

connecting spatial crystal structure (Fig.1) (Wei et al., 2013; Yan et al., 2016). The silicon atoms and the 

surrounding four oxygen atoms are connected by atomic bonds, 60% and 40% of which are covalent 
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and ionic, respectively, with equal bonding force in each direction (Chen et al., 2008; Leeuw et al., 1999; 

Sahoo et al., 2016; Tsuchiya et al., 2000; Wang et al., 2018). 

 

Fig. 1. Main quartz deposit (a) and  cell with a (b) ball and stick model and (c) polyhedron model: O (red); Si 

(yellow) ( Wang et al., 2018) 

2.1.2 Surface broken bonds and surface energy 

During the crushing and grinding process, minerals cleave along particular crystal orientations where 

weaker chemical bonds are present and form new exposed surfaces. The atoms on the exposed surfaces 

have less coordination and different atoms can possess different broken bonds, which affects the 

reactivity of the surface, ultimately changing the flotation behaviour of the bulk mineral (Chen and 

Cheng, 2010; Gao et al., 2019; Leuty and Tsige, 2010; Mohammadi-Jam et al., 2014).  

The surface energy provides a criterion to evaluate the surface stability and cleavage difficulty and 

is closely correlated with the density of broken bonds (Huggins., 1922; Wang et al., 2018; Yan et al., 

2016). 

 

Fig. 2. Unit cell of quartz cleave surface: (a) (101) surface, (b) (001) surface, and (c) (011) surface 

On the basis of the literature (Bandura et al., 2011; Leuty and Tsige, 2010; Morgane and Gaigeot, 2016; 

Rath et al., 2014; Wang et al., 2018; Wright et al., 2013; Zhu et al., 2016), the most commonly mentioned 

crystal surfaces of quartz are (101), (001), and (011) (Fig.2). First-principle and density functional theory 

(DFT) calculations were performed on the (001) and (101) cleaved surfaces to calculate the surface 

energies and predict the stability of the quartz surfaces (Wang et al., 2018; Leuty and Tsige., 2010; Wang 

et al., 2018). According to the calculated surface energy value, quartz (101) have the lowest surface 

energy (Bandura., 2011; Murashov, 2005). 
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Table 1.  Calculated surface energies obtained by structural optimization of different quartz surfaces (Murashov., 2005) 

Surface 101 112 100 001 

Surface energy(eV/Å2) 0.071 0.109 0.067 0.139 

2.1.3. Quartz–water interface properties  

During the crushing and grinding process, a large number of Si-O bonds are broken. When quartz enters 

into the water solution, the H+ or OH- in the solution adsorbed on the broken Si-O bond, which makes 

the quartz surface charged. Depending on the pH value of the solution , the quartz edges is positively 

charged due to H+ ion adsorption in acidic solution or negatively charged by adsorption of OH− or by 

dissociation of H+ in alkaline solution ( Duan et al., 2019; Liu et al., 2015; Huang et al., 2014).  

 

Fig. 3. The charging mechanism of quartz 

When the exposed quartz surface enters into water solution, quartz-water interface properties was 

greatly changed and the hydroxylated surface was formed due to water adsorption and dissociation 

action, and these hydroxyl groups structure will possibly in turn influence the surface interfacial 

chemical reactivity, further affecting the mineral flotation behavior (Bandura et al., 2011; Boily and 

Rosso, 2011; Chen and Cheng, 2010; Esslur et al., 1997; Niu et al., 2019; Vega et al., 1986; Zhu et al., 2016, 

Morgane and Gaigeot., 2016). Different types of silanol groups and siloxane bridges on the surface of 

quartz was shown in Fig. 4 (Zhuravlev., 2000).  

 

Fig. 4.  Different types of silanol groups and siloxane bridges on the surface of quartz 

Different surfaces of quartz have different hydroxyl groups structural features while in contact with 

water solution (Zhuravlev, 2000; Rath et al., 2014). Molecular dynamics simulations method (MDS) had 

been used by many researchers to investigate the interface charge effect, the adsorption process and 

mechanism (Adeagbo et al., 2008; Kubicki et al., 2012; Wright and Walsh, 2012; Bandura et al., 2011). 
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Different silicon hydroxyl compound form on different exposed surfaces. The most notable difference 

between the (101) and (100) surfaces of quartz is that the former is composed of Q3 Si-OH, whereas the 

basic composition of the latter is Q2 Si-(OH)2(Fig. 5). In the Q3 Si-(OH) surface, it is relatively easy to 

form a hydrogen bond network in the aqueous phase (Kubicki et al., 2012). 

 

Fig. 5.  Quartz (101) and water interface model for the DFT molecular dynamics simulation: O (red); Si (gray); H 

(light blue) 

2.2.  Feldspar surface properties 

2.2.1. Crystal structure  

All the rocks of the feldspar groups are called feldspar. Feldspar is an aluminosilicate mineral containing 

calcium, sodium, and potassium. The isomorphic substitution is very common in feldspars, and the 

chemical composition of the compound is often expressed as OrxAbyAnz (x + y + z=100), where Or, Ab, 

and An represent KAlSi3O8, NaAlSiO8, and CaAl2Si2O8, respectively (Heyes et al., 2012; Bayat et al., 

2006). The chemical constitution of alkali feldspars ranges from microcline and orthoclase (KAlSi3O8) to 

albite (NaAlSi3O8) (Or-Ab), and their plagioclases range from albite (NaAlSi3O8) to anorthite 

(CaAl2Si2O8). These subgroups constitute the continuous solid solution series of feldspar (Fig. 6) (Zhang 

et al., 2018). 

 

Fig. 6. Compositional phase diagram of the different minerals that constitute the feldspar solid solution 

The basic structure of feldspar is a tetrahedron consisting of four oxygen atoms surrounding either 

a silicon atom or an aluminum atom. Alkali or alkaline earth metal cations with large radius are located 

in large voids within the tetrahedron skeleton, and eight (for monoclinic feldspar) or nine (for triclinic 
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feldspar) cations are attached to the central ion. The most important unit of the crystal structure is the 

four-membered ring composed of tetrahedron TO4 (T=Si, Al), which consist of two pairs of 

nonequivalent [TO4] tetrahedrons T1 and T2 (Fig.7) (Y. Yang et al., 2014). With the isomorphous 

substitution of Al3+ for Si4+ in the silica tetrahedra of the crystal lattice, feldspar has an anisotropic crystal 

chemistry characteristic (Burat et al., 2007).  

 

Fig. 7. Basic structure of feldspar: (a) and (b) (010) four-membered ring, (c) and (d) (2
—

01) four-membered ring  

The order-disorder of feldspar group minerals mainly depends on the Al3+/Si4+ ratio and their 

distribution and substitution laws at position T of the tetrahedron [TO4], which constitutes the crystal 

structure of feldspar. The order-disorder degree directly affects the symmetry of the crystal. Each four-

membered ring in the crystal structure of feldspar represents a complex anion group [(Al, Si)4O8]. Alkali 

feldspars (K, Na) (AlSi3O8) have an Al: Si ratio of 1:3, and calcium feldspar Ca(AlSi3O8) and barium 

feldspar Ba(AlSi3O8) have an Al: Si ratio of 2:2 (Yang et al., 2014).  

As an example, the cell parameter of microcline are a0=0.854 nm, b0=1.297 nm, c0=0.722 nm, α=90°39’, 

β=115°56’, γ=87°39’, and Z=4 (Fig. 8).  

  

Fig. 8.  Cell model of feldspar: O (red); Si (yellow); Al (light purple); K(purple) 

2.2.2 Surface broken bonds and surface energy 

The crystal structures of feldspar determine the basic types of broken bonds existing on the exposed 

surfaces, and different types of ions exhibit different numbers of broken bonds (Guan et al., 2009; Xu et 

al., 2017a, 2014). In the (010) surface, the Si-O and Na-O bonds are broken, whereas the Na-O and Al-O 

bonds are broken on the (001) surface; Si-O, Na-O, and Al-O bonds are broken on the (110) surface. 

(Guan et al., 2009; Xu et al., 2017a).  

Mineral crystal tends to split along certain crystallographic structural directions during the 

processing of crushing or grinding, leading to  the formation of new cleavage planes. The Lower (higher) 

surface energies denote that it is easier (harder) for cleavage to be generated along a specfic plane. The 

surface energies calculated by structural optimization of different feldspar surfaces are presented in 

Table 2 (Xu et al., 2017a). According to the above calculated surface energies value, the surface energies 

of  cleavage follows the order (110) > (010) > (001). The (010) and (001) surfaces are the most commonly 

cleavage planes for feldspar crystals surfaces. Since the (010) and (001) surface energies are basically the 

same, these surfaces should be the most common cleavage planes for feldspar crystals due to the lowest 

surface energies(Xu et al., 2017a). The unit cell of feldspar consists of three basic cleave surfaces, as 

shown in Fig. 9. 
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Table 2.  Calculated surface energies obtained by structural optimization of different feldspar surfaces 

Surface 010 001 110 

Surface energy(J/m2) 1.19 1.23 2.06 

 

Fig. 9. Unit cell of feldspar cleave surface: (a) (110) surface, (b) (010) surface, (c) (001) surface 

2.2.3. Feldspar–water interface properties  

The characteristics of surface reactions for feldspar in aqueous phase are similar to those of quartz. The 

tetrahedral silica sheets and octahedral alumina sheets are damaged due to external force, leading to 

the broken of Si–O and Al–O bonds. The charging mechanism(Fig. 10) of the feldspar can be explained 

with the model of oxides and silicates (Duan et al., 2019; Liu et al.,2015; Huang et al., 2014). The charge 

of feldspar surface is similar to that of quartz, depending on the pH value of solution. Moreover, K+ or 

Na+ at the edge of feldspar is dissolved in the water solution, and leaving positive charge holes, leading 

to slightly negatively charged than quartz (Dai et al., 1996). The isoelectric point of quartz and feldspar 

minerals are at pH 2 and at a slightly lower pH (about pH 1.5), respectively (Vidyadhar and Rao, 2007; 

Fuerstenau and Pradip, 2005; Liu et al., 2018; Tian et al., 2017b).  

 

Fig. 10. The charging mechanism of feldspar 

Several researchers demonstrated that the specific chemisorption sites for the anionic collector are 

the Al sites on the surface of aluminosilicate minerals (Xu et al., 2014, 2016; Rai et al., 2011). In the case 

of feldspar, Al sites only be exposed on the surfaces of (001) and (110) from the Al-O broken bonds, 

leading to a free Al site. In addition, only the (001) surfaces possessed the Al sites required for anionic 

collector by anisotropic surface energies and broken bond densities estimated by density functional 

theory calculations. Schematic illustration of the broken bonds formed on different feldspar surfaces is 

shown in Fig. 11(Xu et al., 2017a). 
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Fig. 11. Diagram of the broken bonds on different crystal surfaces of feldspar: (a) (010), (b) (001), and (c) (110) (Xu 

et al., 2017a) 

3. Mixed collectors for acid flotation of feldspar  

3.1. Current research status and progress on mixed collectors for acid flotation of feldspar 

The acid selective flotation of feldspar from quartz was utilized due to their differences in surface 

characteristics under highly acidic conditions(pH<2). The selection of flotation collectors is essential for 

beneficiation separation of quartz and feldspar. Mixed collectors have become increasingly popular 

owing to their excellent selectivity and recovery in separation flotation (Vidyadhar et al., 2002; Rao and 

Forssberg, 1997; Liu et al., 2020). 

In the flotation process, different types of mixed cationic/anionic collectors are used for surface 

modification to adjust the surface properties of feldspar particles. Cationic collectors mainly include 

alkyl amine, alkyl ether amine, and alkylammonium. Anionic collectors mainly include fatty acids/salts 

and sulfonates. Sodium hexametaphosphate and water glass can be used as quartz depressing agents 

(Abaka-Wood et al., 2017; Chelgani et al., 2015; Kou et al., 2015; Tian et al., 2017; Guo et al., 2020). The 

cation/anion mixed collector has been recommended to the flotation separation of quartz and feldspar 

without fluorine, and has attracted great attention from many domestic and international researchers. 

A mixed of cationic diamine (tallow-1,3-propanediamine) and anionic alkyl aryl sulfonate collector and 

a combined cationic/anionic collector of diamine–dioleate (Duomeen TDO) were used through 

Hallimond flotation tests, and albite can be selectively floated from quartz at pH 2. An albite recovery 

exceeding 85% was achieved from a feed material containing about 50% albite (Vidyadhar and Rao., 

2007). Especially, selection of cation in mixed reagents was much more important, which will directly 

affect the recovery of concentrate. Compared with dodecylamine system, both sodium oleate and 

sodium dodecylbenzene sulfonate have relatively high recovery beyond 80% under oleylamine system 

(Liu et al., 2013). Some collectors used for the acid flotation of feldspar from quartz are summarized in Table 

3. 

Mixed collectors for acid flotation of feldspar had been widely applied in practice. The quartz sand 

dressing plant in the Huangshan work area of Anhui province have applied H2SO4 as modifier, N-

dodecyl 1, 3-propanediamine and petroleum sodium sulfonate as mixed collectors for flotation of 

feldspar from quartz, generating the final products with SiO2 grade of beyond 99.50%, Fe2O3 grade 

0.0030~0.010%. The obtained quartz product can be used as raw materials for optical glass, photovoltaic 

glass, information display glass, neutral medical glass and electronic grade silica powder according to 

the requirements of the market. The granitemine located in Hezhou City of Guangxi province, which 

used fatty amine and petroleum sodium sulfonate as mixed collectors for selective flotation of feldspar 

from quartz, obtaining the quartz product with SiO2 grade 99.00%, which can be used as raw materials 

for automotive glass and electronicglass. The obtained feldspar product contained Fe2O3 grade 0.10%, 

K2O grade 9.05% and Na2O grade 2.88%, which can be used as raw materials for ceramic industry.  

3.2. Interaction mechanism on the feldspar surfaces with mixed collectors 

Advanced   modern   analysis   and   testing   techniques,   solution  chemistry   calculation,   and   density  
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Table 3. Collectors used for the acid flotation of feldspar from quartz 

Cationic collector Anion collector Modifier Studies Reference 

alkyl-l,3-propandiamine salts 2-

propanol 
Petroleum sulfonate H2SO4 Flotation (Shehu and Spaziani, 1999) 

N-tallow-1,3-propanediamine–

dioleate/Tallow-1,3-

diaminopropane  

Sodium oleate H2SO4/NaOH 

Flotation 

and  

Adsorption 

(Vidyadhar etal., 2002) 

AERO 3030C (amine acetate) 
R801-R825（derivatives 

of petroleum） 
H2SO4 Flotation (Sekulić et al., 2004) 

Tallow-1,3-diaminopropane 

Sodium dodecyl 

sulfonate/sodium 

oleate 

HCl/NaOH 

Flotation 

and  

Adsorption 

(Vidyadhar and Rao., 2007) 

Dodecyl amine 
Sodium dodecyl 

sulfonate 
H2SO4/NaOH 

Flotation 

and  

Adsorption 

(Zhang et al., 2012) 

N-dodecyl 1, 3- 

propanediamine 
Sodium dodecyl sulfate H2SO4 Flotation (Wang et al., 2013) 

oleylamine 

Sodium oleate/sodium 

dodecylbenzene 

sulfonate 

H2SO4 

Flotation 

and  

Adsorption 

(Liu et al., 2013) 

Cutusamine 9007 (amine 

acetate) 

E526 (petroleum 

sulfonate) 
H2SO4 Flotation (Gaied and Gallala, 2015) 

functional theory (DFT) calculations have been introduced to investigate the synergistic adsorption 

mechanism of mixed collectors onto the mineral surfaces (Kubicki et al., 2012; Morgane and Gaigeot, 

2016; Xu et al., 2014; Zhu et al., 2016; Zheng et al., 2018).  

Electrostatic force and specific chemisorption play a crucial role on the adsorption of collectors on 

the feldspar surface (Wang et al., 2016). Mixed cationic-anionic collectors affect feldspar because of two 

main reasons. First, at pH 2, which is near the isoelectric point of quartz, the charge of feldspar surface 

is negative, while the quartz surface is neutral. Moreover, K+ or Na+ at the surface of feldspar is 

dissolved in the water solution, and leaving positive charge holes. The positively charged NH3
+ head 

group of amine is bound to the negative areas of the feldspar surface via electrostatic attraction at first. 

Meanwhile, the oleate/sulfonate are not adsorbed on the quartz surface but are adsorbed on feldspar 

surface by the interaction between oppositely charged heads and hydrophobic association with amine 

(Vidyadhar and Rao, 2007; Wang et al., 2016, 2014). Second, the aluminum sites on the feldspar surface 

are amenable to complexation with adsorbing oleate molecules for specific chemisorption. Al sites 

exposed on the (001) surfaces of feldspar in aqueous solution can associate with the oleate/sulfonate for 

specific chemisorption (Rai et al.,2011; Xu et al., 2016a; Zhu et al., 2018). Moon and Fuerstenau (Moon 

and Fuerstenau, 2003) presented that oleate molecule is able to distinguish/discriminate (and thus 

recognize) the nature of different Al sites present on the two different crystal planes and between the 

nature of Al sites present on the cleavage planes of different silicate minerals. Moreover, Xu et al (Xu et 

al., 2016b)presented that NaOL prefers to bind in a monodentate chelating complex configuration to the 

most stable surface plane, the (110) plane, which has two broken Al-O bonds. The (110) plane of 

spodumene is more favorable for chemisorbing NaOL than the (001) plane, which has two broken Al-

O bond. In other words, there are no Al atoms with broken bonds on the quartz surface, and the surface 

consists of Si and O atoms only. However, there are Al atoms with one broken bond on the feldspar 

(001) surface making it more favorable to oleate adsorption as compared to the quartz surface. What’s 

more, the presence of sulfonate increases the adsorption of diamine due to a decrease in the adjacent 

surface alkyl ammonium electrostatic head-head repulsion(Vidyadhar and Rao., 2007). Therefore, the 
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mixed cationic-anionic collectors added to the pulp system are only weakly adsorbed on the quartz 

surface via electrostatic interaction, but they can be synergistically adsorbed on the feldspar surface by 

chemisorption and electrostatic interaction. The association of alkyl diamine and sulfonate is most 

preferred. And only when the amount of alkyl diamine dominates (larger than 50%), good collector 

adsorption with more ordered structures occurs at the feldspar surface (Vidyadhar and Rao, 2007; 

Shrimali et al., 2017; Tian et al., 2017; Xu et al., 2016a, 2017a).  

Take dodecylamine (DDA) and sodium dodecylsulfate (SDS) as collectors, schematic illustration of 

the synergistic adsorption mechanism of mixed collectors onto the feldspar surfaces are given in Fig. 12. 

 

Fig. 12. schematic illustration of the synergistic adsorption mechanism of mixed collectors onto the feldspar 

surfaces 

4. Mixed collectors for alkali flotation of quartz 

4.1. Current research status and progress on mixed collectors for alkali flotation of feldspar 

The alkali positive selective flotation of quartz from feldspar consists in adopting multivalent metallic 

ions as activators and anion collectors at high alkaline pH ranges  (pH=11-12), in which quartz can be 

activated but feldspar can not respond to flotation with these reagent systems (Chakraborty et al., 2015; 

El-Salmawy et al., 1993; Malati and Estefan, 1967; Moudgil, 2005). The recovery of quartz sharply 

increase with the increasing of Ca2+ concentration under sodium oleate system, and the maximum 

flotation recovery of quartz was beyond 80% at pH=12 (Cong et al., 2018). Various multivalent metallic 

ions commonly used in the activation of quartz are summarized in Table 4. 

Table 4. Various multivalent  metal ions commonly used in in the activation of quartz 

Metal ions category Collector Modifier Reference 

Ca2+ Sodium oleate HCl/NaOH (Cong et al., 2018) 

Al3+ Sodium oleate HCl/NaOH (Zhang et al., 2018) 

Fe3+ Sodium oleate 
HCl/NaOH 

citric acid 
(Niu et al., 2019) 

Ca2+/Mg2+ Dodecyl sulfobetaine HCl/NaOH (Hu et al., 2010) 

Ca2+/Mg2+/Fe3+ 

/Fe2+/Pb2+/Cu2+ 
Butyl xanthate HCl/NaOH (Qin et al., 2017) 

Ca2+/Mg2+/Ba2+/Sr2+ Sodium dodecylsulfate  
1-Dodecanol 

HCl/NaOH 
(El-Salmawy et al., 1993) 

4.2. Interaction mechanism on the quartz surfaces with mixed collectors 

Recently, several studies have been conducted that the formation of the hydroxy complexes was the 

main activation factor for quartz flotation(El-Salmawy et al., 1993; Ozkan, et al., 2009; Hu et al., 2010). 
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Quartz exhibits poor floatability over the whole pH range in the presence of oleate, probably owing to 

the lack of reactive sites to interact with the collector. (Fig.13) (Wang et al., 2018; Feng et al., 2018a; Li et 

al., 2017; Luo et al., 2020). The previous study has shown that a large amount of water was adsorbed on 

quartz in an orderly manner, but without oleate molecules (Li et al., 2017). 

Multivalent metal ions may exhibit various forms of hydroxy complexes under different pH regions 

in aqueous solutions and the existing form of metal ions could influence the mineral flotation behavior 

(Fig. 14 ) (Feng et al., 2018; Wang et al., 2018; Zhang et al., 2014; Qin et al., 2017). Recently, the adsorption 

model and mechanism of calcium ion activated on quartz (101) surface in aqueous have been 

investigated by DFT method. The primary hydrated complex of [Ca(H2O)4] (II) and [Ca(OH)(H2O)3](I)  

 

Fig. 14. Models of quartz-reagent complex (a) before and (b) after oleate adsorption. (c) details of oleate solutions 

on quartz surface (Li et al., 2017) 

 
Fig. 15. Distribution of (a) magnesium(5×10−4 mol/L) ,(b) calcium(1.0×10−2 mol/L), (c)iron(1.5×10−4 mol/L), 

(d)NaOL (6×10−4 mol/L) as a function of pH . equilibrium geometries of hydration structures of calcium2+ (e) and 

Ca(OH)+ (f), optimized structures of configurations of [Ca(OH)(H2O)3]+complex on quartz (101) surface. (Atom of 

Ca and H are shown in green and white, respectively) (Feng et al., 2018; Wang et al., 2018; Zhang et al., 2014) 
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were determined as the activation components (Fig. 14e,f). The calcium ion activation on the quartz 

surface were closely related to the formation of Ca-O (calcium ion in aqueous and O atom on quartz 

surface) bond and hydration process of quartz surface. In addition, the hollow site of the same Si center 

and the top sites of O atoms have been determined to be the major adsorption sites(Fig. 14g)(Wang et 

al., 2018). Previous studies also demonstrated that multivalent metal ions with a high valence state and 

small radius were adsorbed on quartz surfaces mainly in the form of hydroxide precipitates species 

(Me(OH)n) in the pulp solution. However, multivalent metal ions with low valence state and large 

radius are adsorbed mainly in the form of hydroxo complexes (Me(OH)+) (Demira et al., 2003; Ejtemaei 

et al., 2012; Gülgönül et al., 2012; Hu et al., 2010; Peretti et al., 2012). 

The selective separation of quartz may be closely related to the ability of forming neutral complexes, 

which co-adsorb with collectors on the quartz surface and stimulate the formation of hemimicelle (El-

Salmawy et al., 1993; Malati and Estefan, 1967). Current researchers consider that these neutral 

complexes play a regulatory role in promoting the formation of  hemimicelle on the quartz surface. The 

neutral complexes not only change the hydrophilicity of quartz surfaces but also provide active sites for 

the chemical adsorption of sodium oleate (Fig. 15) (Filippov et al., 2012; Zajac et al., 1997; Feng et al., 

2018; Wang et al., 2019).  

 

Fig. 15. Schematic of the combination of alkali metal ions with a quartz surface and NaOL 

El-Salmawy et al (El-Salmawy et al., 1993) insisted that the floatation separation of quartz from 

feldspar by using metal ions as activators under high alkaline condition was attribute to the formation 

of different hydrated layer structure on the surface of quartz and feldspar. The surface of feldspar was 

exhausted in silica and enriched in alkali ions under high alkaline condition. The lower adsorption 

density of Ca2+ on feldspar surface in comparison to that of quartz owing to the composition of hydrated 

layer structure. Movable cations, such as aluminum and potassium on the feldspar surface, may 

exchange and compete with Ca2+ cations, which affects the formation of neutral complexes on the 

surface at high alkaline conditions. However, quartz is a three-dimensinal framework silicate does not 

exist in any exchangeable constituent (Liu et al., 2019; Wang et al., 2019). 

5. Mixed collectors for neutral flotation of feldspar 

5.1. Current research status and progress on mixed collectors for neutral flotation of feldspar 

The neutral flotation of feldspar consists in the separation of feldspar from quartz at pH 6–7. Few studies 

have been published on the selective flotation separation of feldspar from quartz in neutral media (Table 

5). 

Table 5. Mixed collectors for quartz-feldspar flotation 

Cationic 

collector 

Anion 

collector 

Non-ion 

collector 

Activator/Inhibitor 

Modifier 
Reference 

Ether amine / / 
Aluminum salt and 

sodium silicate 
(Mao et al.,1986) 

Diamine Sodium oleate / / (Zheng et al., 2015) 

C8, C10, C12, C14, 

and C16 alkyl 

amines 

/ Alcohols / 
(Vidyadhar e tal., 2002; 

Vidyadhar et al., 2003) 
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Although the indexes of feldspar and quartz products under neutral condition were slightly worse 

than those acidic conditions, the neutral flotation method has also adopted by many mineral processing 

enterprises owing to environmental protection issues. At present, the quartz sand dressing plant in the 

Tongliao work area of Inner Mongolia has applied fatty amine and petroleum sulfonate as mixed 

collectors for flotation of feldspar from quartz at pH 6–7, generating feldspar product with Fe2O3 grade 

0.15% , K2O grade 9.48%, which can be used as raw materials for ceramic industry. The quartz product 

obtained contains SiO2 grade 98.50%, Fe2O3 grade 0.078%, which can be used as raw materials for float 

glass.  

5.2 Interaction mechanism on the feldspar surfaces with mixed collectors 

Although the surfaces of feldspar and quartz are negatively charged overall, they also contain local area 

that was positively charged, where the anionic collector acts on the mineral surface via electrostatic 

interactions to form a certain adsorption area under the action of molecular forces and hydrogen bond 

association. However, the local positively charged physical adsorption is reversible, leading to the low 

strength and reversibility of adsorption of anionic collectors on quartz surfaces. Nevertheless, Al sites 

exposed on the (001) and (110) surfaces of feldspar in aqueous solution can associate with the anionic 

collectors for specific chemisorption. Future research should focus on identifying or developing 

inhibitors that can effectively prevent amine cationic collectors from adsorbing on the quartz surface 

while exerting having small effects on the feldspar surface (Dai et al., 1996; Zheng et al., 2015; Vidyadhar 

et al., 2002; Vidyadhar et al., 2003). 

6. Conclusion and future perspectives 

With the rapid depletion of high-quality quartz and feldspar mineral resources, the production of high-

grade quartz and feldspar from those resources will be lower in the future. Equal attention should be 

paid to the comprehensive utilization and clean production of quartz and feldspar. Research should be 

conducted on the rational allocation and cascade utilization of resources to produce high-grade 

products while considering the comprehensive utilization of the by-products, using tailings processing 

to produce high valued products.  

The flotation separation of feldspar and quartz has been successfully applied for industrial 

production by using N-dodecyl 1,3-propanediamine and petroleum sodium sulfonate as collectors and 

H2SO4 as modifier in acid media. The obtained quartz concentrates can satisfy the requirements of 

optical glasses, photovoltaic glasses and high-grade electronic-grade silica powder, and the feldspar 

concentrates can be used as high-grade ceramic glaze. However, this processing method involves 

additional costs associated with the treatment of wastewater, which can only partly be reduced by 

recycling. Therefore, focus should be put in the development of amphoteric collectors with lower critical 

micelle concentration (CMC), low cost, and high degradability. Furthermore, attempts should be made 

to improve the quartz and feldspar medium flotation with environmentally friendly collectors and 

without acid or alkaline chemicals. 

The separation of quartz and feldspar is a difficult process and worldwide issue. Most researchers  

have attempted to elucidate the mechanism underlying the flotation separation of feldspar from quartz 

and other minerals. Research should be conducted on the identification of minerals and occurrence of 

impurity minerals, which was an essential prerequisite to improve selectivity and recovery of target 

mineral in separation processing. In addition, the foundation theories should be strengthen by cutting-

edge testing and analysis techniques based on the solution chemistry calculations and molecular 

simulations. The relationship between genesis and the separability of mineral should be established. 

Furthermore, new collectors suitable for materials with different crystal structures and surfaces 

properties should be designed and developed. 

Acknowledgments 

This work was financially supported by the Key research and development project of Anhui Province 

(202004a05020032), Science and Technology Major special project of Anhui Province(201903a05020002), 

Key research and development project of Shandong Province(2019JZZY010317). 

file:///D:/Program%20Files%20(x86)/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
file:///D:/Program%20Files%20(x86)/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
file:///D:/Program%20Files%20(x86)/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
file:///D:/Program%20Files%20(x86)/Youdao/Dict/8.9.6.0/resultui/html/index.html#/javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;


152 Physicochem. Probl. Miner. Process., 57(4), 2021, 139-156 

 

References 

ABAKA-WOOD G.B., ADDAI-MENSAH J., SKINNER W., 2017. A study of flotation characteristics of monazite, 

hematite, and quartz using anionic collectors. International Journal of Mineral Processing. 158, 55–62. 

ADEAGBO W.A., DOLTSINIS N.L., KLEVAKINA K., RENNER J., 2008. Transport processes at α-quartz-water 

interfaces: Insights from first-principles molecular dynamics simulations. ChemPhysChem. 9, 994–1002.  

AHMED M.M., 2010. Effect of comminution on particle shape and surface roughness and their relation to flotation process. 

International Journal of Mineral Processing. 94, 180–191.  

ALEXANDROVA L., RAO K.H., FORSBERG K.S.E., GRIGOROV L., PUGH R.J., 2009. Three-phase contact parameters 

measurements for silica-mixed cationic-anionic surfactant systems. Colloids and Surfaces A: Physicochemical and 

Engineering Aspects. 348, 228–233.  

BANDURA A. V., KUBICKI J.D., SOFO J.O., 2011. Periodic density functional theory study of water adsorption on the α-

quartz (101) surface. Journal of Physical Chemistry C. 115, 5756–5766.  

BAYAT O., ARSLAN V., CEBECI Y., 2006. Combined application of different collectors in the floatation concentration of 

Turkish feldspars. Minerals Engineering. 19, 98–101.  

BOILY J.F., ROSSO K.M., 2011. Crystallographic controls on uranyl binding at the quartz/water interface. Physical 

Chemistry Chemical Physics. 13, 7845–7851.  

BURAT F., KOKKILIC O., KANGAL O., GURKAN V., CELIK M.S., 2007. Quartz-feldspar separation for the glass and 

ceramics industries. Minerals and Metallurgical Processing. 24, 75–80.  

CHAKRABORTY T., HENS A., KULASHRETHA S., CHANDRA M.N., BANERJEE P., 2015. Calculation of diffusion 

coefficient of long chain molecules using molecular dynamics. Physica E: Low-Dimensional Systems and 

Nanostructures. 69, 371–377.  

CHEN Y.W., CAO C., CHENG H.P., 2008. Finding stable α -quartz (0001) surface structures via simulations. Applied 

Physics Letters. 93, 5-12. 

CHEN, Y.W., CHENG H.P., 2010. Structure and stability of thin water films on quartz surfaces. Applied Physics Letters. 

97, 1–4.  

CHENG Z., ZHU Y., LI Y., HAN Y., 2019. Flotation and adsorption of quartz with the new collector. 56, 207–216. 

CRUDWELL F.K., 2016. On the mechanism of the flotation of oxides and silicates. Minerals Engineering. 95, 185–196.  

CONG J.Y., WANG WQ.,LIN YM., 2018. Flotation Mechanism of Calcium Ion Activation Quartz in System of Sodium 

Oleate. Non-Metallic Mines. 41, 11–13. 

DAI Q., TANG J.Y., CHENG Z.B., 1996. Progress in flotation separation of quartz-feldspar. Non-Metallic Mines. 110., 

16–19. 

DE LEEUW N.H., HIGGINS F.M., PARKER S.C., 1999. Modeling the surface structure and stability of α-quartz. Journal 

of Physical Chemistry B. 103, 1270–1277. 

DE MESQUITA L.M.S., LINS F.F., TOREM M.L., 2003. Interaction of a hydrophobic bacterium strain in a hematite-quartz 

flotation system. International Journal of Mineral Processing. 71, 31–44.  

DEMIR, C., ABRAMOV, A.A., ÇELIK, M.S., 2001. Flotation separation of Na-feldspar from K-feldspar by monovalent salts. 

Minerals Engineering. 14, 733–740.  

DEMIRA C., BENTLIB I., GULGONULC I., ÇELIKD M.S., 2003. Effects of bivalent salts on the flotation separation of 

Na-feldspar from K-feldspar. Minerals Engineering. 16, 551–554.  

DUAN H., LIU W.G., WANG X.Y., LIU W.B., ZHANG X.R., 2019. Effect of secondary amino on the adsorption of N-

Dodecylethylenediamine on quartz surface: A molecular dynamics study. Powder Technologh. 351, 46-53. 
EJTEMAEI M., IRNNAJAD M., GHRABAGHI M., 2012. Role of dissolved mineral species in selective flotation of 

smithsonite from quartz using oleate as collector. International Journal of Mineral Processing. 114–117., 40–47.  

EL-SALMAWY, M.S., NAKAHIRO, Y., WAKAMATSU, T., 1993. The role of alkaline earth cations in flotation separation 

of quartz from feldspar. Minerals Engineering. 6, 1231–1243.  

ESSLUR P.R.O., RAO K.H., FORSSBERG K.S.E., 1997. Mixed collector systems in flotation. 51, 67–79. 

FENG Q., WEN S., ZHAO W., CHEN H., 2018. Interaction mechanism of magnesium ions with cassiterite and quartz 

surfaces and its response to flotation separation. Separation and Purification Technology. 206, 239–246.  

FILIPPOV L.O., DUVERGER A., FILIPPOV I.V., KASAINI H., THIRY J., 2012. Selective flotation of silicates and Ca-

bearing minerals: The role of non-ionic reagent on cationic flotation. Minerals Engineering. 36–38, 314–323.  

GAIEDA M.E., GALLALA W., 2015. Benefication of feldspar ore for application in the ceramic industry: Influence of 

composition on the physical characteristics. Arabian Journal of Chemistry. 8, 186–190.  

GAO Z., FAN R., RALSTON J., SUN W., HU Y., 2019. Surface broken bonds: An efficient way to assess the surface 



153 Physicochem. Probl. Miner. Process., 57(4), 2021, 139-156 

 

behaviour of fluorite. Minerals Engineering. 130, 15–23.  

GUAN F., ZHONG H., LIU G. ZHAO SG., XIA, LY., 2009. Flotation of aluminosilicate minerals using alkylguanidine 

collectors. Transactions of Nonferrous Metals Society of China (English Edition). 19, 228–234.  

GULGONUL I., KARAGUZEL C., ÇNAR M., ÇELIK M.S., 2012. Interaction of sodium ions with feldspar surfaces and 

its effect on the selective separation of Na- and K-feldspars. Mineral Processing and Extractive Metallurgy Review. 

33, 233–245. 

GUO W.D., ZHU Y.M., HAN Y.X., LI Y.J., YUAN S., 2020. Flotation performance and adsorption mechanism of a new 

collector 2- (carbamoylamino) lauric acid on quartz surface. Minerals Engineering. 153, 106343. 

HEYES G.W., ALLAN G.C., BRUCKARD W.J., SPARROW G.J., 2012. Review of flotation of feldspar. Transactions of 

the Institutions of Mining and Metallurgy, Section C: Mineral Processing and Extractive Metallurgy. 121, 72–78. 

HU X., LIY., SUN H., SONG X., LI Q., CAO X., LI Z., 2010. Effect of divalent cationic ions on the adsorption behavior of 

zwitterionic surfactant at silica/solution interface. Journal of Physical Chemistry B. 114, 8910–8916.  

HUANG Z.Q., ZHONG H., WANG S., XIA L.Y., ZHAO G., LIU G.Y., 2014. Gemini trisiloxane sufactant: Synthesis and 

floation of aluminosilicate minerals. Menerals Engineering. 56, 145-154. 

HUGGINS M.L., 1922. The crystal structure of quartz. Physical Review. 19, 363–368.  

JIN J., GAO H., CHEN X., PENG Y., 2016. The separation of kyanite from quartz by flotation at acidic pH. Minerals 

Engineering. 92., 221–228.  

KOU J., TAO D., XU G., 2010. A study of adsorption of dodecylamine on quartz surface using quartz crystal microbalance 

with dissipation. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 368, 75–83. 

KUBICKI J.D., SOFO J.O., SKELTON A.A., BANDURA A. V., 2012. A new hypothesis for the dissolution mechanism of 

silicates. Journal of Physical Chemistry C. 116, 17479–17491.  

KUME G., GALLOTTI M., NUNES G., 2008. Review on anionic/cationic surfactant mixtures. Journal of Surfactants and 

Detergents. 11, 1–11.  

LARSEN E., JOHANNESSEN N.E., KOWALCZUK P.B., KLEIV R.A., 2019. Selective flotation of K-feldspar from Na-

feldspar in alkaline environment. Minerals Engineering. 142, 105928-105935.  

LARSEN E., KLEIV R.A., 2016. Flotation of quartz from quartz-feldspar mixtures by the HF method. Minerals 

Engineering. 98, 49–51. 

LARSEN E., KLEIV R.A., 2015. Towards a new process for the flotation of quartz. Minerals Engineering. 83, 13–18. 

LEUTY G.M., TSIGE M., 2010. Structure and dynamics of tetrahalomethane adsorption on (001) surfaces of graphite and α-

quartz. Journal of Physical Chemistry B. 114, 13970–13981.  

LI L., HAO H., YUAN Z., LIU J., 2017. Molecular dynamics simulation of siderite-hematite-quartz flotation with sodium 

oleate. Applied Surface Science. 419, 557–563.  

LIN M., LEI S.M., PEI Z.Y., LIU Y., XIA Z., XIE F., 2018. Application of hydrometallurgy techniques in quartz processing 

and purification: a review. Metallurgical Research & Technology. 115, 303.  

LIN M., PEI Z.Y., LEI S.M., 2017. Mineralogy and processing of hydrothermal vein quartz from hengche, Hubei province 

(China). Minerals., 1324-1329.  

LIU A., FAN P.P., QIAO X.X., LI Z.H., WANG H.F., FAN M.Q., 2020. Synergistic effect of mixed DDA / surfactants 

collectors on flotation of quartz. Minerals Engineering. 159, 106605. 

LIU A., FAN J.C., FAN M.Q., 2015. Quantum chemical calculations and molecular dynamics simulations of amine collector 

adsorption on quartz (0 0 1) surface in the aqueous solution. International Journal of Mineral Processing. 134, 1-10. 

LIU C.F., MIN F.F., LIU L.Y., CHEN J., 2019. Density Functional Theory Study of Water Molecule Adsorption on the 

α-Quartz (001) Surface with and without the Presence of Na+, Mg2+, and Ca2+. ACS OMEGA. 4, 12711-12718. 

LIU J., CHEN W.Y., HAN Y.X., YUAN H.Q., 2013. Study on flotation mechanism of separation of potassium feldspar from 

quartz with anion and cation mixed collector. Advanced Materials Research. 826, 106–113.  

LUO X.M., LIN Q.Q., WANG Y.F., TIAN M.J., LAI H., BAI S.J., ZHOU Y.F., 2020. New insights into the activation 

mechanism of calcium species to quartz : ToF-SIMS and AFM investigation. Minerals Engineering. 153, 106398. 

MALATI B.M.A., ESTEFAN S.F., 1967. Activation of Quartz By Alkaline Earth. 17. 

MAO JF.,SUN BQ.,1986. Study on the role of aluminum salt and sodium silicate for the flotation separation of quartz-feldspar. 

Metal Mine 6, 39-43. 

MOHAMMADI-JAM S., BURNETT D.J., WATERS K.E., 2014. Surface energy of minerals applications to flotation. 

Minerals Engineering. 66, 112–118.  

MOON K.S., FUERSTENAU D.W., 2003. Surface crystal chemistry in selective flotation of spodumene (LiAl[SiO3]2) from 

other aluminosilicates. Mineral Processing. 72, 11-24. 

https://xueshu.baidu.com/s?wd=author:(DW%20Fuerstenau)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person


154 Physicochem. Probl. Miner. Process., 57(4), 2021, 139-156 

 

MORGANE P.L., GAIGEOT M.P., 2016. Adsorption of Singly Charged Ions at the Hydroxylated (0001) α-Quartz/Water 

Interface. Journal of Physical Chemistry C. 120, 4866–4880.  

MOUDGIL B.M., 2005. Calcium activation of silica surfaces. Non-Metallic Mines. 21, 164–168. 

MURASHOV V.V., 2005. Reconstruction of pristine and hydrolyzed quartz surfaces. J. Phys. Chem. B 109, 4144–4151. 

NEVSKAIA D.M., GUERRERO-RUIZ A., LOPEZ-GONZALEZ J.D.D., 1998. Adsorption of polyoxyethylenic nonionic 

and anionic surfactants from aqueous solution: Effects induced by the addition of NaCl and CaCl2. Journal of Colloid 

and Interface Science. 205, 97–105.  

NIU Y., SUM C., YIN W., ZHANG X., XU H., 2019. Selective flotation separation of andalusite and quartz and its 

mechanism.International Journal of Minerals, Metallurgy and Materials. 26,1059-1065. 

OZKAN A., UCBEYIAY H., DUZYOL S., 2009. Comparison of stages in oil agglomeration process of quartz with sodium 

oleate in the presence of Ca (II) and Mg (II) ions. J. Colloid Interface Sci. 329, 81–88.  

PERETTI R., SERCI A., ZUCCA A., 2012. Electrostatic K-feldspar/Na-feldspar and feldspar/quartz separation: Influence of 

feldspar composition. Mineral Processing and Extractive Metallurgy Review. 33., 220–231.  

QIN W.Q., WU J.J., JIAO F., 2017. Mechanism of different particle sizes of quartz activated by metallic ion in butyl xanthate 

solution. Journal of Central South University. 24, 56–61.  

RAO K.H., FORSSBERG K.S.E., 1997. Mixed collector systems in flotation. International Journal of Mineral Processing. 

51, 67–79.  

RAI B., SATHIS P., TANWAR J., MOON K.S., FUERSTENAU D.W., 2011. A molecular dynamics study of the interaction 

of oleate and dodecylammonium chloride surfactants with complex aluminosilicate minerals. Colloid and Interface 

Science. 2, 510-516. 

RATH S.S., SAHOO H., DAS B., MISHRA B.K., 2014. Density functional calculations of amines on the (1 0 1) face of 

quartz. Minerals Engineering. 69, 57–64.  

SAHOO H., RATH S.S., DAS B., MISHRA B.K., 2016. Flotation of quartz using ionic liquid collectors with different 

functional groups and varying chain lengths. Minerals Engineering. 95, 107–112.  

SEKULIC Z., CANIC N., BARTULOVIC Z., DAKOVIC A., 2004. Application of different collectors in the flotation 

concentration of feldspar, mica and quartz sand. Minerals Engineering. 17, 77–80.  

SHEHU N., SPAZIANI E., 1999. Separation of feldspar from quartz using EDTA as modifier. Minerals Engineering. 12., 

1393–1397. 

SHRIMALI K., YIN X., WANG X., MILLER J.D., 2017. Fundamental issues on the influence of starch in amine adsorption 

by quartz. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 522., 642–651.  

SHU K.Q., XU L.H., WU H.Q., XU Y.B., LUO L.P., YANG J., TANG Z., WANG Z.J., 2020. In-situ adsorption of 

mixed anionic / cationic collectors in a spodumene ‒ feldspar flotation system : Implications for collector design. 

Langmuir. 19, 1-33. 

SKORINA T., ALLANORE A., 2015. Aqueous alteration of potassium-bearing aluminosilicate minerals: From mechanism 

to processing. Green Chemistry. 17, 2123–2136.  

TIAN J., XU L.H., DENG W., JIANG H., GAO Z., HU Y., 2017. Adsorption mechanism of new mixed anionic/cationic 

collectors in a spodumene-feldspar flotation system. Chemical Engineering Science. 164, 99–107. 

TSUCHIYA T., YAMANAKA T., MATSUI M., 2000. Molecular dynamics study of pressure-induced transformation of 

quartz-type GeO2. Physics and Chemistry of Minerals. 27, 149–155.  

VEGA L., BRETON J., GIRARDET C., GALATRY L., 1986. Interaction potential and chiral discrimination between an 

alanine molecule and a quartz surface. The Journal of Chemical Physics. 84., 5171–5180.  

VIDYADHAR A., RAO K.H., 2007. Adsorption mechanism of mixed cationic/anionic collectors in feldspar-quartz flotation 

system. Journal of Colloid and Interface Science. 306, 195–204. 

VIDYADHAR A., RAO K.H., CHERNYSHOVA I.V., PRADIP FORSSBERG K.S.E., 2002. Mechanisms of amine-quartz 

interaction in the absence and presence of alcohols studied by spectroscopic methods. Journal of Colloid and Interface 

Science. 256, 59–72.  

VIDYADHAR A., RAO K.H., CHERNYSHOVA I.V., 2003. Mechanisms of amine-feldspar interaction in the absence and 

presence of alcohols studied by spectroscopic methods. Colloids and Surfaces A: Physicochemical and Engineering 

Aspects. 214, 127–142.  

WANG L., LIU R., HU Y., LIU J., SUN W., 2016. Adsorption behavior of mixed cationic/anionic surfactants and their 

depression mechanism on the flotation of quartz. Powder Technology. 302, 15–20.  

WANG L., SUN W., HU Y.H., XU L.H., 2014. Adsorption mechanism of mixed anionic/cationic collectors in Muscovite - 

Quartz flotation system. Minerals Engineering. 64, 44–50.  



155 Physicochem. Probl. Miner. Process., 57(4), 2021, 139-156 

 

WANG M., QIAN M.C., SHI X.M., GUO F.F., YAO T., 2013. A Study of the Flotation Separation of Feldspar from Quartz 

in Acidic Medium. J.of Anhui University of Technology(Natural Science). 12, 210–215.  

WANG X.Y., LIU W., DUAN H., WANG B., HAN C., WEI D., 2018. The adsorption mechanism of calcium ion on quartz 

(101) surface: A DFT study. Powder Technology. 329, 158–166.  

WANG, X.C., ZHANG Q., LI X., YE J., LI L., 2018. Structural and electronic properties of different terminations for quartz 

(001) surfaces as well as water molecule adsorption on it: A first-principles study. Minerals. 8, 123-129.  

WANG X., ZHANG Y., LIU T., CAI Z., 2019. Influence of metal ions on muscovite and calcite flotation: With respect to the 

pre-treatment of vanadium bearing stone coal. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 

564, 89–94.  

WEI B., CHANG Q., BAO C., DAI L., ZHANG G., WU F., 2013. Surface modification of filter medium particles with 

silane coupling agent KH550. Colloids and Surfaces A: Physicochemical and Engineering Aspects. 434, 276–280.  

WRIGHT L.B., FREEMAN C.L., WALSH T.R., 2013. Benzene adsorption at the aqueous (0 1 1) α-quartz interface: Is 

surface flexibility important?. Molecular Simulation. 39, 1093–1102.  

WRIGHT L.B., WALSH T.R., 2012. First-principles molecular dynamics simulations of NH4+ and CH3COO- adsorption at 

the aqueous quartz interface. Journal of Chemical Physics. 137, 126-137.  

XIE R.Q., ZHU Y.M., LIU J., WANG X., LI Y.J., 2020. Differential collecting performance of a new complex of decyloxy-

propyl- amine and α -bromododecanoic acid on flotation of spodumene and feldspar. Minerals Engineering. 153., 106377. 

XIE R.Q., ZHU Y.M., LI Y.J., HAN Y.X., 2020a. Flotation behavior and mechanism of a new mixed collector on separation 

of spodumene from feldspar. Colloids and Surfaces A. 599, 124932. 

XU L.H., HU Y.H., TIAN J., WU H.Q., YANG Y.H., ZENG X.B., WANG Z., WWANG J.M., 2003. Selective flotation 

separation of spodumene from feldspar using new mixed anionic/cationic collectors. Minerals Engineering. 89, 84-92. 

XU L.H., HU Y.H. DONG F., GAO Z.Y., WU H.Q., WANG Z., 2014. Anisotropic adsorption of oleate on diaspore and 

kaolinite crystals: Implications for their flotation separation. Applied Surface Science. 321, 331–338.  

XU L.H., HU Y.H., TIAN J., WU H.Q., YANG Y.H., ZENG X.B.,WANG Z., WANG J.M., 2016. Selective flotation 

separation of spodumene from feldspar using new mixed anionic/cationic collectors. Minerals Engineering. 89, 84–92. 

XU L.H.,TIAN, J., WU H.Q., TIAN J.,LIU J., GAO Z.Y., WANG L., 2016. Surface crystal chemistry of spodumene with 

different size fractions and implications for flotation. Separation and Purification Technology. 169, 33–42 

XU L.H., TIAN J., WU H.Q., DENG W., YANG Y.H., SUN W., GAO Z.Y., HU Y.H., 2017a. New insights into the 

oleate flotation response of feldspar particles of different sizes: Anisotropic adsorption model. Journal of 

Colloid and Interface Science. 505, 500–508.  

XU L.H., IAN J., WU H.Q., LU Z., SUN W., HU Y.H., 2017b. The flotation and adsorption of mixed collectors on oxide 

and silicate minerals. Advances in Colloid and Interface Science. 250, 1–14.  

YAN L., YANG Y., JIANG H., ZHANG B., ZHANG H., 2016. The adsorption of methyl methacrylate and vinyl acetate 

polymers on α-quartz surface: A molecular dynamics study. Chemical Physics Letters. 643, 1–5.  

YANG Y., MIN Y., LOCOCO J., JUN Y.S., 2014. Effects of Al/Si ordering on feldspar dissolution: Part I. Crystallographic 

control on the stoichiometry of dissolution reaction. Geochimica et Cosmochimica Acta. 126, 574–594.  

YANG Z.C, FE.NG Y.L., LI H.R, Wang, DA W., 2014. Effect of Mn (II) on quartz flotation using dodecylamine as collector. 

Journal of Central South University. 21, 3603–3609. 

YIN W., WANG D., DRELICH J.W., YANG B., LI D., ZHU Z., 2019. Reverse flotation separation of hematite from quartz 

assisted with magnetic seeding aggregation. Minerals Engineering. 139, 105873.  

YUAN Y.R., ZHANG L.Y., GUAN J.F., ZHANG C., WU J.X., 2018. Contribution on fluid inclusion abundance to 

activation of quartz flotation. Physicochemical Problems of Mineral Processing,15,253-162. 

ZAJAC J., CHORRO C., LINDHEIMER M., PARTYKA S., 1997. Thermodynamics of micellization and adsorption of 

zwitterionic surfactants in aqueous media. Langmuir. 13, 1486–1495.  

ZDZIENNICKA A., 2010. The wettability of polytetrafluoroethylene and polymethylmethacrylate with regard to interface 

behaviour of Triton X-165 and short chain alcohol mixtures: I. Critical surface tension of wetting and adhesion work. 

Colloids and Surfaces A: Physicochemical and Engineering Aspects. 367, 108–114. 

ZhANG J., WANG W.Q., LIU J., HUANG Y., FENG Q.M., ZHAO H., 2014. Fe(III) as an activator for the flflotation of 

spodumene, albite, and quartz minerals. Minerals Engineering.61, 16–22. 
ZHANG R., SOMASUNDARAN P., 2006. Advances in adsorption of surfactants and their mixtures at solid/solution 

interfaces. Advances in Colloid and Interface Science. 123, 213–229.  

ZHANG X.F., LU G.W., WEN X.M., YANG H., 2009. Molecular dynamics investigation into the adsorption of oil-water-

surfactant mixture on quartz. Applied Surface Science. 255, 6493–6498. 



156 Physicochem. Probl. Miner. Process., 57(4), 2021, 139-156 

 

ZHANG Y., HU Y., SUN N., LIU R., WANG Z., WANG L., SUN W., 2018. Systematic review of feldspar beneficiation 

and its comprehensive application. Minerals Engineering. 128, 141–152.  

ZHANG Z., FENG Q.M., WANG W.Q., 2012. Adsorption of Dodecyl Amine and Sodium Dodecyl Sulfonate on Feldspar 

and Quartz. Mines, Non-metallic. 35,125-132. 

ZHAO L., LIU W., DUAN H., YANG T., LI Z., ZHOU S., 2018. Sodium carbonate effects on the flotation separation of 

smithsonite from quartz using N,N′-dilauroyl ethylenediamine dipropionate as a collector. Minerals Engineering. 126, 

1–8.  

ZHENG CH.,WANG M.,QIAN MC., 2015. The Flotation Separation of Feldspar from Quartz in Neutral Medium. Non-

Metallic Mines. 38, 7–9. 

ZHENG R.J., REN Z.J., GAO H.M., CHEN Z.J., QIAN Y.P., LI Y., 2018. Effects of crystal chemistry on sodium oleate 

adsorption on fluorite surface investigated by molecular dynamics simulation. Minerals Engineering. 124, 77–85.  

ZHU G.L., WANG Y.H., LIU X.W., YU F.S., LU D.F. 2015 .The cleavage and surface properties of wet and dry ground 

spodumene and their flotation behavior.Applied Surface Science. 357, 333–339. 

ZHU G.L., WANG, Y.H., WANG, X.M., YU, F.H., MILLER, J.D., 2018. States of coadsorption for oleate and dodecylamine 

at selected spodumene surfaces. Colloids and surfaces A. 558, 313-321. 

ZHURAVLEV L.T., 2000. The surface chemistry of amorphous silica. Colloids Surf A:Physicochemical and 

Engineering Aspects. 173, 1–38. 

ZHU Y., LUO B., SUN C., LIU J., SUN H., LI Y., HAN Y., 2016. Density functional theory study of α-Bromolauric acid 

adsorption on the α-quartz (1 0 1) surface. Minerals Engineering. 92, 72–77.  


