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ABSTRACT 

Froth flotation as a fundamental method for processing complex minerals is 

commonly applied to the surface chemistry and beneficiation of 

rare-earth-bearing minerals. This is due to the fact that it is possible to process a 

wide range of fine particle sizes and the process can be tailored to the unique 

mineralogy of a given deposit. Flotation effectiveness is primarily controlled by 

the surface-chemical properties of the minerals and related adsorption 

phenomena at the liquid–solid interface.  

This research program was designed to investigate the principles of surface 

chemistry and froth flotation of xenotime and selected gangue minerals. This led 

to a better understanding of the factors affecting flotation performance and 

separation of xenotime from associated gangue minerals in an efficient way.  

This investigation includes MLA analysis, zeta potential tests, and adsorption 

tests of xenotime, ilmenite, zircon, schorl, and staurolite under conditions of 

various reagent additions and different temperatures. Octano-hydroxamic acid, 

sodium oleate, sodium silicates, and ammonium lignosulfonate were used in 

microflotation behavior evaluation. Efforts were made to evaluate the effects of 

temperature, pH, concentration and addition order in the microflotation of 

minerals with anionic collectors such as octano-hydroxamic acid and sodium 

oleate. Other factors, such as bubble surface tension and bubble particle size, are 

also discussed based on the literature review and lab observations. 
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CHAPTER 1: INTRODUCTION 

The rare-earth elements (REEs), specifically the 15 lanthanides plus 

scandium and yttrium, form the largest chemically coherent group in the periodic 

table [1]. Though generally unfamiliar, during the past five decades, rapid 

advances have been made in the scientific understanding and technological application of REE’s. New uses based on some of their unique chemical and 

physical properties have been found. For example, Eu, Y, and Tb are used to 

produce more energy-efficient phosphors than traditional halophosphors, which 

are composed of Sb and Mn, in the displays for computers and phones, as well as 

in compact fluorescent lamps. 

1.1 Problem Statement 

The United States once was the largest producer of REE-bearing minerals, 

but over the past several decades has become dependent upon imports. Since the 

1980s, more than 90% of REEs demanded by the world was supplied by 

China[2]. 

In 2012, Humphries estimated that the world demand for REEs was around 

136,000 tons per year, with global production around 133,600 tons in 2010. 

Demand for some REEs has outpaced supply for some time. To manage this 

situation, globally, governments are negotiating with China to ensure domestic 

industry demand. On September 18, 2013, the U.S. government passed H.R. 716, 

The National Strategic and Critical Minerals Production Act of 2013 [3], which 
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focuses on rare earths with a number of bills and actions aimed at securing a 

domestic materials supply chain and supporting domestic production of REEs 

and other critical minerals because of their applications for national security and 

defense systems and clean energy technologies. Researchers in private and 

public industries are intensively involved to help develop beneficiation methods 

for rare earths and recycling methods for end-of-life products. 

The Critical Materials Institute was created by U.S. Department of Energy 

under these circumstances, and then authorized the Project of Advanced 

Beneficiation Techniques. Xenotime, an yttrium orthophosphate mineral, as one 

major rare-earth-bearing mineral that has been extracted on a commercial scale, 

was chosen to be one subject of this research program. 

1.2 Project Objectives 

This research program was designed to investigate the surface chemistry and 

froth flotation of xenotime and selected gangue minerals and to understand 

better the factors affecting flotation performance and separation of xenotime 

from associated gangue minerals in an efficient way. Froth flotation as a 

fundamental method for processing complex minerals is commonly applied to 

the beneficiation of rare-earth-bearing minerals. This is due to the fact that it is 

possible to process a wide range of fine particle sizes and the process can be 

tailored to the unique mineralogy of a given deposit. Flotation effectiveness is 

primarily controlled by the surface-chemical properties of the minerals and the 

related adsorption phenomena at the liquid–solid interface. This investigation 
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includes MLA analysis, surface area measurement, zeta potential tests, and 

adsorption tests of xenotime, ilmenite, zircon, schorl, and staurolite under 

conditions of various reagent additions and different temperatures. 

Octano-hydroxamic acid, sodium oleate, sodium silicates, and ammonium 

lignosulfonate were used in microflotation behavior evaluation. Efforts were 

made to evaluate the effects of temperature, pH, concentration, addition order, 

and depressants in the microflotation of minerals with anionic collectors such as 

octano-hydroxamic acid and sodium oleate. Other factors, such as bubble surface 

tension and bubble particle size, are also discussed based on the literature 

review and lab observations. 
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CHAPTER 2: LITERATURE REVIEW 

This Chapter includes literature researches on the applications of rare-earth 

minerals, mineralogy, fundamental studies and industrial flotation practices of xenotime 

and selected gangue minerals. 

2.1 Introduction 

REEs are a set of 17 chemical elements in the periodic table, specifically the 15 

lanthanides (atomic numbers 57 to 71) plus scandium (atomic number 21) and yttrium 

(atomic number 39), as shown in Table 2.1. Scandium and yttrium are considered REEs 

because they also occur in the same ore deposits as the lanthanides and exhibit similar 

chemical properties.   

2.1.1. Positions in Periodic Table 

The REEs are often classified into two groups: light-group REE (LREE) and 

heavy-group REE (HREE).  

The LREE are defined as lanthanum, atomic number 57 through gadolinium, atomic 

number 64; they all have increasing unpaired electrons in the f subshell, from 0 to 7. The 

HREE are defined as terbium, atomic number 65 through lutetium, atomic number 71, 

and also yttrium, atomic number 39.  

All of the HREE differ from the first eight lanthanides in that they have paired 

electrons (a clockwise and counter-clockwise spinning electron) in the f subshell. The 

LREE have no paired electrons in the f subshell. Yttrium is included in the HREE group 
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because of its similar ionic radius and similar chemical properties. Scandium is also 

trivalent, however, its other properties are not similar enough to classify it as either a 

LREE or HREE.  

Table 2. 1 REEs in the Periodic Table 

 

2.1.2. Abundance 

While named rare earths, they are, with the exception of the radioactive promethium, relatively abundant in the Earth’s crust, as shown in Figure . . Each of the 
more abundant REEs is similar in crustal concentration to each of the commonplace 

industrial metals such as chromium, nickel, copper, or lead. Even the least abundant REE, 

https://en.wikipedia.org/wiki/Radioactive_decay
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thulium, is about 200 times more common than gold. However, in contrast to ordinary 

base and precious metals, REEs get their reputation mostly because they are rarely 

concentrated and then separated in extractable ore deposits. 

 
Figure 2. 1 Relative Abundance of the Chemical Elements in the Earth’s Upper 

Continental Crust as A Function of Atomic Number; REEs are labeled in blue [1]. 

2.1.3. Distribution of Rare Earth Deposits 

In general, about 34 countries possess rare-earth resources, as shown in Figure 2.2. 

So REEs are actually widely distributed in the Earth’s crust [ ]. )n addition, some 
rare-earth resources coexist with other mineral deposits.  Only a few are economic to 

mine, such as the Bayan Obo mine in China [5] where bastnaesite (a rare-earth-bearing 

mineral) and iron-bearing minerals are mined at the same time. With time and technical 
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innovation, more rare-earth deposits will be discovered and economically extracted.  

Many rare-earth deposits in the US and China are principally abundant in 

bastnaesite, but in Australia the minerals are basically monazite and xenotime. Southern 

China and Malaysia are also rich in xenotime resources [6]. In addition to these 

land-based deposits, marine deposits have also been considered. For example, Dubinin 

in 2004 [7] suggested that the ocean sediments arising from hydrothermal plumes in 

the East Pacific Rise and the Juan de Fuca Ridge might be the greatest sources of REEs in 

the future.  

 

Figure 2. 2 Global Rare-Earth Resources[4] 

Although a lot of rare-earth deposits have been identified all over the world, few are 

actually under operation. The major ones are Bayan Obo in China, Mountain Pass in the 

US and the recently opened Mount Weld in Western Australia [8].  
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It is important to note, however, that China possesses about 55% of all known 

rare-earth deposits and currently more than 95% of the global rare-earth metals are 

provided by China, as shown in Figure 2.3.  This endows it the power to control the 

market through mining, refining, and supply resulting in closure of many mines outside 

China. For example, in late August 2015, Molycorp, Inc, the owner of Mountain Pass 

mine in California, suspended production at the only REEs mine in the US. This may 

have been due in part to overwhelming pressure raised by China’s dominance of the 
global supply and market price of rare-earth metals. 

 

Figure 2. 3 Global Production of Rare Earth Oxides, 1950-2007[9] 

2.1.4. Distribution of Yttrium Resources 

Yttrium, as one of REEs, is distributed worldwide. Xenotime is one of the major 

yttrium-bearing minerals. Large resources of yttrium are widely distributed in placer 

deposits, co-existing with carbonate, uranium ore, iron ore, or weathered clays. Other  
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Table 2. 2 Selected Applications of Rare-Earth Elements (Source: Wikipedia) 

Symbol Selected applications 

Sc 
Light aluminium-scandium alloys for aerospace components, additive in 
metal-halide lamps andmercury-vapor lamps, radioactive tracing agent in oil 
refineries 

Y 

Yttrium aluminium garnet (YAG) laser, yttrium vanadate (YVO4) as host for 
europium in television red phosphor, YBCO high-temperature superconductor, 
yttria-stabilized zirconia (YSZ), yttrium iron garnet (YIG) microwave filter, 
energy-efficient light bulbs, spark plugs, gas mantles, additive to steel 

La 
High refractive index and alkali-resistant glass, flint, hydrogen storage, 
battery-electrodes, cameralenses, fluid catalytic cracking catalyst for oil 
refineries 

Ce 
Chemical oxidizing agent, polishing powder, yellow colors in glass and 
ceramics, catalyst for self-cleaning ovens, fluid catalytic cracking catalyst for 
oil refineries, ferrocerium flints for lighters 

Pr 
Rare-earth magnets, lasers, core material for carbon arc lighting, colorant in 
glasses and enamels, additive in didymium glass used in welding goggles, 
ferrocerium firesteel (flint) products. 

Nd 
Rare-earth magnets, lasers, violet colors in glass and ceramics, didymium 
glass, ceramic capacitors 

Pm Nuclear batteries, luminous paint 

Sm Rare-earth magnets, lasers, neutron capture, masers 

Eu 
Red and blue phosphors, lasers, mercury-vapor lamps, fluorescent lamps, 
NMR relaxation agent 

Gd 
High refractive index glass or garnets, lasers, X-ray tubes, computer memories, 
neutron capture, MRI contrast agent, NMR relaxation agent, magnetostrictive 
alloys such as Galfenol, steel additive 

Tb 
Additive in Neodymium based magnets, Green phosphors, lasers, fluorescent 
lamps, magnetostrictive alloys such as Terfenol-D 

Dy 
Additive in Neodymium based magnets, lasers, magnetostrictive alloys such as 
Terfenol-D 

Ho 
Lasers, wavelength calibration standards for optical spectrophotometers, 
magnets 

Er Infrared lasers, vanadium steel, fiber-optic technology 

Tm Portable X-ray machines, metal-halide lamps, lasers 

Yb 
Infrared lasers, chemical reducing agent, decoy flares, stainless steel, stress 
gauges, nuclear medicine 

Lu 
Positron emission tomography – PET scan detectors, high-refractive-index 
glass, lutetium tantalatehosts for phosphors 
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large but less important resources of yttrium were discovered in non-placer xenotime–
monazite-bearing deposits, apatite–magnetite-bearing deposits, niobium–
tantalum-bearing deposits, and in sedimentary phosphate deposits.  

Deposits in the Blind River District near Elliot Lake, Ontario, Canada, contain 

yttrium in brannerite ((U,Ca,Ce)(Ti,Fe)2O6), monazite ((Ce,La,Nd,Th)PO4), and 

uraninite(UO2).  

The Bokan Mountain deposit on Prince of Wales Island in Alaska also contains 

significant yttrium resources.  

Allanite, apatite, and britholite are found at at Eden Lake in Manitoba, at Hoidas 

Lake in Saskatchewan, as well as the minerals at the Dubbo Zirconia deposit in New 

South Wales.  

Also fergusonite and xenotime at Thor Lake in the Northern Territory in Australia 

are believed to be the most significate yttrium resources [10].  

Like some other rare-earth metals, yttrium sometimes is associated with other 

metallic deposits. For example, the xenotime sample used in this research was a 

byproduct of a rutile placer deposit from Hainan Province, China.  

2.1.5. Applications 

Because of REE’s unique magnetic, luminescent, and electrochemical properties, 

minor additions of these elements help make many technologies perform with reduced 

emissions, energy consumption, and weight, and give them greater performance and 

durability. A table listing some selected applications of the 17 REE’s is provided in Table 

2.2. 
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2.2 Mineralogy 

The REEs are found in more than 100 mineral species. Only a few have an adequate 

concentration of rare earths to be extracted as the main product. Other rare earths are 

recovered primarily as byproducts along with other industrial minerals [11]. Currently, 

monazite, bastnaesite, and xenotime are the three dominant minerals by virtue of their 

abundance, high rare-earth content and amenability to processing on an industrial 

scale[6]. 

 

Table 2. 3 Xenotime and Major Gangue Minerals 

Mineral Empirical Formula MW 
Crystal 
System 

Specific 
Density 

Hard-
ness 

Xenotime Y(PO4) 183.88 Tetragonal 4.75 2.5 

Ilmenite Fe2+TiO3 151.73 Trigonal 4.72 5.25 

Zircon ZrSiO4 190.31 Tetragonal 4.65 7.5 

Schorl NaFe2+3Al6(BO3)3Si6O18(OH)4 1053.38 Trigonal 3.15 7.5 

Staurolite (Fe2+,Mg)2Al9(Si,Al)4O20(O,OH)4 811.89 Monoclinic 3.71 7.25 

 

Xenotime is among the most common rare-earth minerals found in placer deposits. 

For example, sea beach placers occur in Australia, Southern China, India, and Malaysia.  

Here xenotime is invariably associated with other stable heavy minerals such as garnet, 

magnetite, ilmenite, rutile, zircon, and other silicates. In this project, ilmenite and three 

silicates, zircon, schorl, and staurolite, were utilized as gangue minerals. These were 
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used in decreasing concentration order of the pre-concentrated xenotime sample 

obtained from Southern China. Table 2.3 lists the composition and some physical 

properties of the five minerals. 

2.2.1. Specific Gravity 

Specific gravity is an important parameter in mineral processing, especially for 

gravity separation. The feasibility of gravity separation of two or more minerals, usually 

of different specific gravities, depends critically on their respective movement in response to gravity and one or more other forces, such as buoyancy , if using a fluid 
medium in the wet separation. A rough guide to potential efficiency of gravity 

separation is by the concentration criterion (CC) [12]:  =  − f− f  

Where: Dh = Sp. Gr. of heavy particle 

Di = Sp. Gr. of light particle 

Df = Sp. Gr. of fluid medium (usually water, Df = 1) 

If CC  . , the separation is considered relatively easy; if .   CC  . , the 
separation is considered difficult or possible; and if CC  . , the separation is 
considered impossible except for heavy liquids. 

The specific gravities of xenotime and the selected gangue minerals are 4.27 for 

xenotime, 4.7 for ilmenite, 4.7 for zircon, 3.71 for staurolite, and 3.15 for schorl. If water 

is used as the fluid medium, the CC for separating xenotime against each gangue mineral 

is 1.13, 1.13, 1.21, and 1.52, respectively, indicating that it is difficult to separate these 

gangue minerals from xenotime by gravity separation. 
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2.2.2. Magnetic Response and Electrostatic Response 

At room temperature, xenotime has a paramagnetic response and nonelectrostatic 

response. Ilmenite has a paramagnetic response and nonelectrostatic response. Zircon 

has a nonparamagnetic response and nonelectrostatic response. Schorl has a 

paramagnetic response and a nonelectrostatic response. Staurolite has a paramagnetic 

response and nonelectrostatic response. This all indicates that it is possible to separate 

zircon from xenotime by magnetic separation and to separate ilmenite by electrostatic 

separation. 

2.2.3. Crystal Structure 

The crystal structure of a mineral is the unique and native arrangement of atoms, 

ions or molecules in its crystalline solid (or liquid). According to the various 

characteristics of bonding energy and intrinsic patterns to connect mass points in 

minerals, crystals are classified into four groups. These are ionic crystals, molecular 

crystals, atomic crystals, and metal crystals. Crystals of semisoluble salt minerals, 

including most of the rare-earth minerals are ionic crystals. It is widely believed that the 

crystal structure determines the microstructure of the mineral surface and further 

surface chemistry after dissociation. In this way, the crystal structure of a mineral has a 

direct influence on the floatability of the mineral and the selectivity of flotation reagents. 

Some researchers have studied the correlations between crystal structure and 

floatability of some minerals. In 1975, Manser and Robert [13] evaluated the surface 

chemistry and crystal structure of several silicate minerals. They found that with more 
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cationic metal ions on the surface, more anionic collector would be adsorbed. Moreover, 

the bigger the activated area of –SiOH and SiO– on the surface, the more cationic 

collector could be adsorbed. 

In 1978, Feurstenau and Raghavan [14] also summarized their research results on 

the correlations between crystal structure and flotation behaviors of silicate minerals.  

They concluded that most silicates were ionic crystals. The best floatability could be 

achieved if the collector could chemically bond with cationic metal ions dissolved from the mineral’s surface. (owever, the selective dissociation and re-adsorption of metal 

ions from silicate minerals to gangue minerals could also activate the gangue mineral 

surface enhancing the floatability of gangue minerals. They also suggested fluoride was 

effective in the separation of some silicate minerals from their gangue minerals. 

In 2003, Hu et al. [15] studied the role of crystal structure in flotation separation of 

diaspore from kaolinite, pyrophyllite, and illite. They found that the increasing amount 

of broken Al–O bonds and the increasing ratio of Al–O to Si–O bonds both had positive 

effects on the isoelectric point (IEP), point of zero charge (PZC), and flotation recoveries 

of diaspore, kaolinite, pyrophyllite, and illite. 

The crystal structure of natural xenotime is poorly characterized to date. The most 

recent study was reported by Yunxiang and co-workers in 1995 [16]. The structure of 

xenotime is tetragonal, belonging to the space group I41/amd, with a = 6.89 Å, b = 6.03 Å, 

c = 6.03 Å and a:c = 1:0.875. The structure has equal numbers of PO tetrahedra and 

REOx polyhedra. It possesses a regular REO8 polyhedron that accommodates the smaller 

HREE elements, reflecting the most common coordination number for the respective 
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groups of REEs. The fundamental atomic arrangement of xenotime has the structure 

that the [001] chains are formed of alternating rare-earth (RE) polyhedra and phosphate 

tetrahedra (so-called polyhedron–tetrahedron chains). 

 

Figure 2. 4 Atomic Arrangement of Xenotime [16] 

In Figure 2.4, ball and stick chains and atomic nomenclature are depicted on the 

right. Ball and stick depictions are rotated about c* for clarity of viewing. The dashed 

line outlines the polyhedron–tetrahedron chain illustrated on right. The open circle 

represents the REE atom.  

This figure depicts the polyhedron–tetrahedron chains in the xenotime structures. 

The chains extend along by sharing tetrahedral edges with REE polyhedra and there are 

four chains per unit cell in the mineral. The chains are linked laterally by sharing edges 

of adjacent REOx polyhedra. 

Figure 2.5 shows the xenotime phase projected down [001], with a unit cell outlined 

by the dashed line. Larger open circles represent REE atoms; smaller circles represent O 

atoms. 
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Figure 2. 5 Crystal Phase of Xenotime [16] 

As illustrated in Figure 2.5, the phosphate tetrahedra exist in planes perpendicular 

to a*, with two such planes in the unit cell of each phase. Each of these tetrahedra 

represents the projection of a polyhedron–tetrahedron chain. The tetrahedra are in 

rows parallel to a and b, and the shared edges of the tetrahedron are parallel to a or b. 

The atomic arrangement accommodates the smaller HREE in the REO8 polyhedron, the 

most common coordination for the HREE. However, Tb is the largest REE that the 

structure accommodates. To incorporate larger REE elements, a transition  occurs that 
creates a larger REO9 polyhedron, the most common coordination for the LREE. The transition  occurs by the shift of the neighboring [ ] planes, as explained above. 

Ilmenite crystallizes in the trigonal system, with a = 5.09 Å, c = 14.09 Å, a:c = 1:2.76. 

The ilmenite crystal structure consists of an ordered derivative of the corundum 

https://en.wikipedia.org/wiki/Trigonal
https://en.wikipedia.org/wiki/Crystal_structure
https://en.wikipedia.org/wiki/Corundum
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structure. In corundum all cations are identical. But in ilmenite the Fe2+ and Ti4+ ions 

occupy alternating layers perpendicular to the trigonal c axis. By containing high-spin 

ferrous centers, ilmenite is paramagnetic. Ilmenite is commonly recognized in altered 

igneous rocks by the presence of a white alteration product, the pseudo-mineral 

leucoxene. Often ilmenites are rimmed with leucoxene, which allows ilmenite to be 

distinguished from magnetite and other iron–titanium oxides. The example shown in 

Figure 2.6 is typical of leucoxene-rimmed ilmenite. 

 

Figure 2. 6 Crystal Structure of Ilmenite (OHBA Laboratory) 

Zircon crystallizes in the tetragonal system, with a = 6.604 Å, c = 5.979 Å, a:c = 

1:0.905. The principal structural unit is a chain of alternating edge-sharing SiO4 

tetrahedra and ZrO8 triangular dodecahedra extending parallel to c, as shown in Figure 

2.7. The chains are joined laterally by edge-sharing ZrO8 dodecahedra. These are 

https://en.wikipedia.org/wiki/High_spin
https://en.wikipedia.org/wiki/Mineral#Differences_between_minerals_and_rocks
https://en.wikipedia.org/wiki/Leucoxene
https://en.wikipedia.org/wiki/Magnetite
https://en.wikipedia.org/wiki/Trigonal
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responsible for zircon’s prismatic habit and cleavage, its extreme birefringence, and 
optically positive character. Oxygen in zircon is coordinated by one Si at 1.622(1) Å and 

two Zr at 2.131 and 2.268 Å. The mean bond angle at oxygen is 120°, suggesting that its 

orbitals are sp2 hybridized, leaving a lone pair available to form a double bond with Si. 

In garnet, oxygen is four-coordinated and the mean bond angle is 108°, suggesting sp3 

hybridization with no lone pairs available for double bonding [17].  

 

Figure 2. 7 Crystal Structure of Zircon[17] 

Schorl crystallizes in the hexagonal system, with a = 15.99 Å, c = 7.195 Å, a:c = : . . Schorl is best known as Black Tourmaline . Although other forms of 
Tourmaline may be black, schorl is exclusively black and, unlike other Tourmaline forms, 

is never transparent or even translucent. In a few rare instances, it may be intergrown 

https://en.wikipedia.org/wiki/Trigonal
http://www.minerals.net/Mineral/Tourmaline.aspx
http://www.minerals.net/Mineral_Glossary/translucent.aspx
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together with elbaite, with a specimen being part schorl and part elbaite. Figure 2.8 is 

projected onto the (a, b) plane of the hexagonal cell. Red: iron, gray: aluminum, cyan: 

sodium, yellow: silicon, blue: oxygen, green: boron.  

 

Figure 2. 8 Crystal Structure of Schorl (Wikimedia commons) 

 

 

Figure 2. 9 Crystal Structure of Staurolite[19] 

http://www.minerals.net/Mineral/Elbaite.aspx
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Staurolite crystallizes in the monoclinic system, with a = 7.88 Å, b = 16.62 Å, c = 5.66 

Å, a:b:c = 0.4741:1:0.3405, Figure 2.9 shows the kyanite-like part of the structure. The M 

(1A) and M (1B) octahedra are regularly dot-shaded, the M (2) octahedron is irregularly 

dot-shaded, and the T (1) tetrahedron is shaded with crosses. The structure is viewed 

down [001] [18]. 

2.2.4. Solubility 

Solubility of semisoluble minerals, determined by the interaction between lattice 

ions on the surface and surrounding water molecules, is of major interest in froth 

flotation. Dissolved ion species from the minerals’ surface may seriously affect the 

flotation behavior of minerals in the presence of collectors in solid–liquid systems. The 

major effects of dissolved ion species on the selectivity of collectors are as follows [19]: 

1) in the proper pH range, dissolved lattice ions activate the mineral surface in a 

way that many charged ions on the surface are exposed to collector ions. This stimulates 

the adsorption of collector ions onto the mineral surface further enhancing the 

floatability of the minerals; 

2) in certain acidic conditions, cationic ion species dissolved from the mineral 

surface can compete with homo-charged collector ions for adsorption onto the mineral 

surface. This can suppress the flotation of the desired minerals; 

3) in certain alkaline conditions, metal ions dissolved from the mineral surface can 

also precipitate with anionic collector ions. This decreases the concentration of collector 

ions in the solution and further suppresses flotation of the desired minerals. 

Theoretically, pH and temperature are the two major variables that can have a 
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significant influence on solubility thereby affecting the flotation behavior of semisoluble 

salt minerals. 

For the above reasons, a better understanding of the solubility of xenotime and 

selected gangue minerals used in this project over a wide range of pH and temperature 

is critical to a better understanding of their flotation behaviors. However, solubility 

information for xenotime is rarely available in the literature and some published 

solubility products of xenotime had used activity coefficient models. In 1988, Pradip [20] 

explained the dissociation and hydrolysis of rare-earth minerals in water. He pointed out 

that similar to other metal ions, REE ions also hydrolyze in solution and form hydroxyl 

complexes. According to his theory, the reaction scheme for hydroxide formation can be 

set out as shown below, for Y3+: 

Y3+ ⇋ YOH2+ ⇋ Y(OH)2
+ ⇋ YOH ⇋ YOH– ⇋ Y OH 5

2– ⇅ ⇅ 

Y2(OH)24+ [Y(OH)3∙nH2O]solid ⇅ or 

Yp(OH)q(3p–q)+ [Y2O3∙mH2O]solid 

For the reaction: 

Y3+ + iH2O ⇋ Y(OH)i
(3–i)+ + iH+, 

the stability constant βi can be expressed as 

β�  =  [Y OH � −� +] [H+]�[Y +]  

The stability constants of Y3+ hydroxyl complexes are logβ1 = –8.1, logβ2 = –16.4, 

logβ3 = –25.0, logβ4 = –37.0, logβ5 = 19.0. 
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In 2005, Cetiner et al. [21] determined the solubility of xenotime from 23 to 150 °C. 

They confirmed that H3PO4 and Y3+ were the predominant species after surface 

dissociation of xenotime in acidic conditions. This suggested that the solubility product 

of xenotime deceased with increasing temperature or increasing pH. 

In 2015 [22], using a thermodynamic stability program, Anderson, modeled the 

solubility diagrams of phosphate species and Y3+ species in aqueous solution, as shown 

in Figure 2.10.  

He concluded that the predominant ionic species in YPO4 solution were phosphate 

and Y3+ species, and the addition of extra phosphate and Y3+ could result in significant 

change of surface chemistry of xenotime in aqueous solution. 

 
Figure 2. 10 Solubility Diagram of Phosphate and Y3+ Species (0.001 M total solution 

concentration) [21] 

Ilmenite is not soluble in pure water, either at room temperature or at 80 °C at 1 GPa. 

But it is soluble in sulfuric acid and hydrochloric acid solutions at 90 °C [22].  Two 

possible reactions of titanium and iron dissolution from ilmenite are as shown below: 
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FeTiO3 →TiO32– + Fe2+ 

FeTiO3 + 4H+→TiO2+ + Fe2+ + 2H2O 

According to the two equations above, there may be three different predominant ion 

species in the aqueous solution after the dissociation of ilmenite. 

The solubility of zircon is strongly enhanced in aqueous fluids containing Na2Si3O7 

or Na2Si2O5 components. Addition of alumina decreases the Zr concentration in the fluid, 

so that the solubility is less enhanced for NaAlSi3O8.  

Investigations by Wilke and co-workers [23] strongly supported the hypothesis 

derived from the solubility data that the formation of alkali zircono–silicate complexes 

might be responsible for the enhancement of zircon solubility in Na–Al–Si-bearing fluids. 

This may help explain the relatively high recovery using sodium silicate as the 

depressant when doing microflotation tests. 

There is little research on the solubility of either schorl or staurolite. It is currently 

known that these two minerals are also semisoluble in pure water at room temperature 

at 1 GPa. However, as semisoluble silicates, they are also soluble in alkaline solutions. 

Finally, the solubility of octano-hydroxamic acid was studied by Zhang in 2014 [24]. 

He suggested the precipitation of this collector would occur on the mineral surface if the 

concentration was above 1  10–3 M.  

This was in accordance to the findings of Pradip in 1988. It was believed that when 

this collector is saturated in the solution, multiple layers of octano-hydroxamic acid 

adsorbed physically on the surface of the mineral. This would render the surface 

hydrophilic again, thus decreasing the flotation recovery. 
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2.3 Fundamentals 

Very few researchers have studied the surface chemistry of xenotime. At present, 

researchers mostly focus on froth flotation, zeta potential examination, PZC (i.e. Point of 

Zero Charge) determination, microflotation, and reagent tests. 

2.3.1. Current Xenotime Research Literature 

In 1992, Cheng, Holtham, and Tran [24] investigated the surface chemistry and 

flotation behavior of xenotime by using sodium oleate as the collector and a modified 

Hallimond tube. They found that the PZC of xenotime occurred at pH 3.0 and the 

maximum recovery was found to be above 90% at pH 7–8. Then they concluded that the 

sodium oleate was chemisorbed on the surface of xenotime because the maximum 

recoveries were found in the pH range where the zeta potential remained negative. They 

also tried to explain the correlation between ionic species stability in the solid–liquid 

system and flotation recovery of xenotime. They found that with more hydroxyl species 

in the solution, more xenotime was floated. This suggested the positive effect of the 

dissociation of lattice ions on mineral surface on the flotation behavior. 

In 1994, Cheng and co-workers [25] announced the results of their surface 

chemistry research of xenotime. They defined the effects of pH, flotation time, collector 

concentration and temperature on the surface properties and the flotation performance 

of xenotime. A maximum recovery using sodium oleate as the collector was found at a 

pH of 7 to 8. In addition, as chemical modeling of the speciation of xenotime illustrated, 

the distribution of the first hydroxyl rare-earth species, RE(OH)2+, had a positive effect 
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on the adsorption, bubble–particle adhesion strength, and flotation results. From a 

physical-chemical point of view, they concluded two important roles of pH in adsorption 

and flotation processes.  First, in the acidic region, pH decreased the solubility of oleic 

acid, stimulating aqueous or surface precipitation and resulted in poor flotation. Second, 

in the alkaline region, the precipitation of RE hydroxides became prevalent on the 

surface. Thus there were no active spots on the surface for oleate collectors to adsorb 

resulting in poor flotation. 

In 1997, another research group, Pereira and Peres [26], announced their results of 

microflotation of a xenotime preconcentrate also using a modified Hallimond tube. 

Unlike Cheng, they used hydroxamate as the collector, and the depressants utilized were 

lignin sulfonate, quebracho, conventional corn starch (RMB), amylopectin (SIGMA), and 

sodium metasilicate PA (weight ratio SiO2:Na2O = 1:1). The initial grade of xenotime 

preconcentrate was relatively low at 9.2%. The recovery of xenotime in the absence of 

depressant was 98% at pH = 10 ± 0.05. In the presence of oleic acid [70 mg/L] as 

collector and sodium metasilicate [65 mg/L] as the depressant in the pH range of 5 and 

6 the recovery was 95.9%. The PZC of xenotime was determined by 

microelectrophoresis as 2.3 and by the Mular and Roberts method as 3. In the presence 

of hydroxamate, the zeta potential was negative near and below the zero charge 

condition. In summary, this research experiments reflected the effects of hydroxamate 

and depressants on xenotime flotation. 

In 1999, Cheng [27] reported his further research on the chemical composition, zeta 

potential measurement, and IEP (i.e. Isoelectric Point), of xenotime, taking advantage of 
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high-tech equipment. Results showed that the IEP for yttrium phosphate was around pH . . )n Cheng’s summary, from  to , the previously reported PZCs of different 

xenotime samples had varied from 2.3 to 5.0. 

Some other summary reports about xenotime beneficiation were published during 

the 1990’s and 2000’s. However, no groundbreaking results have been achieved so far. 

Further literature about the surface chemistry and flotation behaviors of the selected 

gangue minerals used in this research, such as ilmenite and zircon, will be included in 

the following sections and later in Chapter 4. 

2.3.2. The Electrical Double Layer 

After a solid is immersed in an aqueous solution, a region of electrical 

inhomogeneity is produced at the solid–liquid interface. The electrical characteristics of 

the mineral surface not only control the interaction between the solid surface and water 

molecules, but also the adsorption of flotation reagents onto the mineral surface. To 

better under the mechanism of this mutual effect, a model of the electrical double layer, 

also known as the Stern layer, is introduced, as shown in Figure 2.11. 

To maintain electrical neutrality of the solid–liquid system, an excess charge 

apparently occurs on the solid surface that is equally balanced by an opposite charge 

from the liquid side in the diffuse region [28]. This region, together with ions on the 

surface and counter ions from liquid, is named the electric double layer. Figure 2.11 is a 

schematic expression of the electric double layer that shows the charge on the solid 

surface, surface potential Ψ0 and the diffuse layer of counter ions extending into the 

solution phase. The closest distance of approach of counter ions to the particle surface is 



27 
 

called the Stern plane. In a simple model, which adequately describes the surface for 

mineral processing applications in most cases, it is assumed that the specifically 

adsorbing ions (interacting with the surface through other than mere electrostatic 

forces) reside in the Stern plane. Other counter ions are part of the diffuse double layer. 

From the Stern plane out into the bulk, the potential drops exponentially to zero as 

described by Gouy–Chapman theory [ ]. The measurable quantity ζ through 
electrokinetic phenomena is taken as an approximation of Ψ0, the potential at the Stern 

plane. 

 
Figure 2. 11 Schematic Expression of the Electric Double Layer and the Potential Drop 
through the Double Layer at A Mineral/Water Interface. The potential at the Stern plane, 
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Ψ0, is approximated by the measured electrokinetic potential, ζ, zeta potential. 
(SubsTech) 

In this project, for ionic solids such as xenotime (YPO4), the surface charge can arise 

when there is an excess of one of the lattice ions at the solid surface. Equilibrium is 

attained when the electrochemical potential of these ions is constant throughout the 

system. Those particular ions, which are free to pass between both phases and therefore 

are able to establish the electric double layer, are called potential-determining ions. In 

the case of YPO4, the potential-determining ions are Y3+ and PO43–. For a solid such as 

calcite, CaC03, the potential-determining ions are Ca2+ and CO32–. For oxides, the 

potential-determining ions are considered to be H+ and OH–. 

The exclusive determining parameter that characterizes the electric double layer is 

the Point of Zero Charge, or more commonly the PZC [30]. The PZC is expressed as the 

particular value of the activity of the potential-determining ions, (aMz+)PZC or (aAz–)PZC, 

which cause the surface charge to be zero. Assuming that potential differences due to 

dipoles, etc., remain constant, the total double layer potential or the surface potential, 

Ψ0, is considered to be zero at the PZC. The value of the surface potential at any activity 

of potential-determining electrolyte is given by 

�0 = RTzF In ��+��+ �  

where 

F = the Faraday constant, 

T = the temperature in K, and 

z = the valence of the ion under consideration. 
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The PZC is important because the sign of the surface charge determines what kind 

of counter ions can be adsorbed onto the surface. In contrast to potential-determining 

ions, which are special in different system, any ions available in the system can function 

as the counter ions. The PZC’s of the minerals used in this project are found in the 

literature, as shown in Table 2.4. On the one hand, if the counter ions are adsorbed only 

by electrostatic attraction, physical adsorption happens. On the other hand, if some ions 

are adsorbed by covalent bond formation, hydrogen bonding, and hydrophobic bonding, 

chemical adsorption happens. The comparison between physical adsorption and 

chemical adsorption will be detailed later. 

Table 2. 4 PZCs of Xenotime and Gangue Minerals 

Mineral PZC Reference 

Xenotime 2.3-5.0 Cheng, 1999[27] 

Ilmenite 5.4 Mehdi et al, 2014[31] 

Zircon 4.0 Pereira et al, 1997[26] 

Schorl 4.0 Lameiras et al, 2008[32] 

Staurolite / / 

 

2.3.3. The Zeta Potential 

The zeta potential (ζ) is the potential at the plane of shear in the double layer when 

the solid is moved relative to the liquid and it is used to approximate Ψδ. Collectors that 

are strongly adsorbed on the surface can reverse the sign of ζ. For this reason, 
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electrokinetic measurements that show reversals in the zeta potential are of significance 

in delineating adsorption behavior of flotation reagents. 

Curves of zeta potential of xenotime as a function of the pH were determined by 

Pereira and Peres [26] from microelectrophoretic experiments in the presence of 

supporting electrolyte and hydroxamate. In the absence of collector, PZC was 

determined at pH = 2.3, lower than that measured by Cheng et al., 3.0 [27]. The 

hydroxamate collector did not change the zeta potential very much over the pH range, 

but kept the zeta potential negative in the pH range of 2 to 3, indicating a chemisorption 

mechanism.  

The zeta potentials of ilmenite as a function of pH were measured by Medhi and 

co-workers [31]. The PZC of the ilmenite was observed to be 5.4. They also concluded 

that the adsorption of sodium oleate resulted in a significant change in the zeta potential 

of ilmenite. The addition of the anionic collector shifted the PZC from 5.4 to a pH 

between 2.6 and 3.0. Mehdi and colleagues believed that the chemisorption of oleate 

ions was the reason for the increase of ferric iron oleate that was initially insoluble, thus 

rendering the ilmenite surface more hydrophobic. 

Curves of zeta potential of zircon as a function of pH were also determined by 

Pereira and Peres [26] from microelectrophoretic measurements in the presence of 

supporting electrolyte and hydroxamate. In the absence of a collector, the PZC was 

measured at pH = 4.0, lower than that obtained by Scorzelli [33] pH = 4.7. The 

hydroxamate significantly reduced the zeta potential over the pH, making it impossible 

to reach a PZC, suggesting a chemisorption mechanism.  
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The zeta potential of schorl as a function of pH was determined by Lameiras using 

microelectrophoretic measurements in 2008. The surface of a schorl crystal has a 

tendency to attract negative ions, as indicated by the negative zeta potential determined 

for a pH greater than 4.0. 

Currently, there is no data to be found from the literature on the surface chemistry 

of staurolite.  

2.3.4. Adsorption Theory 

Collectors are long-chain organic anionic or cationic electrolytes. The hydrocarbon 

chain is hydrophobic and the ionic head on the chain is hydrophilic. The two parts 

together control the chemical and physical properties of the collector. The ionic head 

determines whether the collector is a strong electrolyte, which can ionize completely in 

solution, or a weak electrolyte, which is slightly soluble and hydrolyzes in solution only 

to form neutral molecules. The electrical nature of the ionic head also controls the 

selectivity of separation when the collector chemisorbs on the mineral surface. In 

contrast, the hydrophobic hydrocarbon chain always tends to keep away from the 

aqueous solution.  

Theoretically, when the concentration of collector is appropriate, a monolayer of 

collector molecules will form on the surface of mineral particles and attach particles to 

an air bubble, as shown in Figure 2.12. However, after collectors are saturated in the 

solution, free collector molecules that are not attached to the surface tend to merge into 

clusters, usually called micelles, with heads towards water and long chain tails toward 

the inside. The formed micelles can also be adsorbed on the surface but they can harm 
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the floatability of the mineral. As shown in Figure 2.13, particles with micelles on the 

surface remain hydrophilic, leading to poor flotation performance. 

The critical micelle concentration (CMC) to form a micelle is determined by the chain length of the collector’s hydrophobic tail.The longer the chain, the lower the value 

of the CMC required.  

 

Figure 2. 12 the Mechanism of Collector Attachment[25] 

 

Figure 2. 13 The Mechanism of Micelle Attachment[25] 
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Thermodynamics of Adsorption 

When the collector molecules were dissolved in the solid-liquid system, the 

adsorption of collector ions in the Stern plane of the particle involves the reaction as 

follows: 

X(aq) + S(H2O)n = SX + nH2O 

where X represents the collector ion, S represents the adsorption site and SX an 

occupied site. The Stern-Grahame derivation of an adsorption isotherm assumes n = 1. 

Then the equilibrium constant and the free energy of the adsorption can be written as: � = a ∙���a� ∙��,  

 ∆�° , = −RTInK  

where ads represents the activities of water and the collector in the solution and on the 

surface. If activity coefficients are assumed constant, the adsorption isotherm equation 

can be further simplified as ��� = �+ 55.5/� �� 

where sx represents adsorption density of the adsorbate ion, mole/cm2, ��� adsorption 

density at plateau, mole/cm2, �  represents equilibrium constant for Stern isotherm, mX represents the equilibrium concentration of the adsorbate ion in solution mole/cm3. 

Then the most common equation for the free energy of adsorption can be written as: 

��� = � � exp − ∆� ,� ��  

Where r represents the radius of the collector irons, and C represents the equilibrium 

concentration of the collector in solution, R represents the gas constant, T represents 
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the temperature (K), and ∆� ,�  is the Stern-Grahame free energy of adsorption. 

Physical Adsorption and Chemical Adsorption 

As mentioned above, if the counter ions are adsorbed only by electrostatic attraction, 

physical adsorption occurs. If some ions are adsorbed by covalent bond formation, 

hydrogen bonding, or hydrophobic bonding, chemical adsorption happens. 

Many conclusions have been reached about the differences between physical 

adsorption and chemical adsorption, a comparison is shown in Table 2.5. 

Table 2. 5  Comparison between Physical Adsorption and Chemical Adsorption 

Physical Adsorption Chemical Adsorption 

 The forces operating in this case are 

weak Vander Waal’s forces. 
 The heat of adsorption is low at about 

20-40 Kj mol-1. 

 The process is reversible. Desorption 

can occur by increasing temperature or 

decreasing pressure. 

 It does not require any activation 

energy. 

 It takes place at low temperature and 

decreases with an increase in the 

temperature. 

 Adsorption increases with the 

increase in the surface area of the 

adsorbent. 

 It forms a multi-molecular layer. 

 The forces operating are chemical 

bonds (ionic or covalent bond). 

 The heat of adsorption are high at 

about 40-400 Kj mol-1. 

 The process is irreversible. Efforts to 

reverse the adsorption give different 

compounds. 

 It requires an activation energy. 

 Adsorption increases with an increase 

in temperature 

 Adsorption increases with an increase 

in the surface area of adsorbent.  

 It forms a unimolecular layer. 
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However, it has to be noted that, sometimes adsorption in flotation is neither 

chemisorption nor physical adsorption, but rather a combination of both. Monolayer 

adsorption exists only in theory because minerals’ surfaces are uneven and have many 

areas that are inhomogeneous in surface charge. In some cases, micelles are formed on 

the basic layer that is formed by the chemisorption of long-chain collectors. In 1975, 

Parkins and Shergold [34] evaluated the flotation of ilmenite using sodium oleate as the 

collector. They found that the adsorption process of sodium oleate at relatively low 

concentration was irreversible, suggesting chemisorption. At relatively high 

concentrations, multiple layers of adsorbed oleate on the mineral surface started to 

form and the process was reversible, suggesting that the bonding in the second layer 

was physical via van der Waals force. In 1994, Cheng et al. also evaluated the oleate 

adsorption on the xenotime surface. They found that a second layer of oleate on the 

surface of xenotime occurred at about a concentration of 0.0001 M and at pH 7.5. They 

concluded that the increased adsorption of oleate on the xenotime surface at higher 

concentration was a combination of physical and chemical adsorption. 

2.3.5. Microflotation 

As we mentioned in previous sections, microflotation has been widely used on the 

lab scale to evaluate chemical and mechanical variables that affect the performance of 

actual flotation of mineral in practice. The device used by previous researchers, known 

as the Hallimond tube, was originally designed by Hallimond. It was revised first by 

Ewers and then by Fuerstenau et al. [35], as shown in Figure 2.14. It eventually evolved 

to its present design [36], as shown in Figure 2.15, and it is known as the Partridge–
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Smith microflotation cell. Even though designed differently, the operation procedures of 

these two devices are the same. For the Partridge–Smith microflotation cell used in this 

project, after external conditioning, feed is poured into the cell from the top center.  

A small magnetic stirrer is used to ensure uniform mixing of the particles with the 

incoming gas bubbles. A controlled volume of compressed air is passed at a controlled 

rate through the bottom and into the agitated bed of mineral. By keeping the gas flow 

and stirring rates constant and varying the amount of collector, for example, the 

response of the mineral to the collector can be evaluated. A small panel is used to collect 

the concentrate. After collection, concentrate can be recovered through the upper side 

nozzle by a beaker at the end of an experiment. It is weighed and compared with the 

weight of unfloated mineral. By using the microflotation cell, flotation tests have been 

conducted by previous researchers to investigate the effects of reagents, pH, 

temperature, bubble attachment, gas dispersion, and surface tension on froth flotation 

of various minerals. Research on microflotation of xenotime and selected gangue 

minerals has been introduced in previous sections and will be discussed again later.  

 

Figure 2. 14 Schematic Drawing of Modified Hallimond Tube[35] 
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Figure 2. 15 Schematic Drawing and Photo of Partridge-Smith microflotation cell [36]
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2.4 Reagents 

During the past few decades, many reagents have been tested and used in flotation 

of rare earths at both a lab scale or a commercial scale. The selection of reagents for a 

specific ore type and flow configuration often consumes a lot of time and energy. When 

dealing with reagent selection, we usually use both experience and a statistical 

approach, which seems to be easy but actually is a daunting task due to the abundance 

of reagents available currently. Statistical information about available reagents from 

previous efforts is often of much significance in optimization of the reagent scheme 

under testing. However, the initial reagent screening process generally depends on the 

experience of the person doing the testing. . 

Flotation reagents may be classified into the following categories [37]:  

1) Collectors. These reagents are used to render minerals hydrophobic once 

adsorbed on the surface of mineral particles, forcing the desired minerals toward be 

collected by air bubbles in the froth phase. 

2) Depressants. These reagents are used to render the gangue minerals 

hydrophilic and keep the gangue minerals in the liquid phase. 

3) Activators. These reagents are used before the collector to modify the particle 

surface for further collector adsorption. 

4) Dispersants. These reagents are used to prevent microsized particles in the 

solution from aggregating allowing better floatation of the desired minerals. 

5) Frothers. These reagents are used to decrease the surface tension of the pulp 

and develop a stable froth flow. 
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Some reagents can play more than one role in actual flotation, depending on ore 

type and dosage. For instance, sodium silicate (Na2SiO3) is a depressant for flotation of 

rare-earth-bearing silicates, but it can also be used as a dispersant at the same time. 

Many collectors can also act as a frother, and some frothers possess collecting power. 

There are still many effective reagents to choose from when dealing with froth 

flotation of rare-earth minerals. During the past five decades, the increasing demand for 

rare earths has stimulated the innovation and development of rare-earth beneficiation 

technologies, as well as the development of reagents for rare-earth flotation. Because 

oleic acid was successfully used in flotation with   Mountain Pass rare-earth-bearing 

ores [38], researchers have conducted studies to create and screen various effective 

types of reagents. 

2.4.1. Collectors 

Fatty Acid 

Fatty acids have been widely used in the flotation separation of various minerals. In 

the flotation process, fatty acids chemisorb on mineral surface to form metal ion oleate. 

The dissociation of fatty acid in solution can be expressed as follows: 

RCOOH ⇋ RCOO–+H+ 

The high free energies of chemisorption endow these anionic collectors with 

collecting power even if the charge on the mineral surface is also negative.  Several 

common fatty acids are listed as follows: 

Stearic acid CH3–(CH2)16–COO– 

Oleic acid CH3–(CH2)7–CH=CH–(CH2)7–COO– 
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Linolenic acid CH3–CH2–CH=CH–CH2–CH=CH–CH2–CH=CH–(CH2)7–COO– 

The solubility data of various metal salts of fatty acids have been summarized by 

Pradip [35], as shown in Table 2.6. The solubility of these salts increases with 

temperature. The changes of the solubility products of these salts of fatty acids may also 

account for the differences in flotation recoveries of minerals at enhanced temperatures. 

Table 2. 6  Solubility Products of Fatty Acids and Their Salts at 20°C[35] 

Salt 
Negative logarithm of the solubility products 

Palmitate Stearate Oleate Linolenate 

HA 11.9 12.7 10.9 11 

NaA 5.1 6 - - 

FeA2 15.6 17.4 12.4 - 

CaA2 15.8 17.4 12.4 12.4 

BaA2 15.4 16.9 11.9 11.8 

MnA2 16.2 17.5 12.3 12.6 

CuA2 19.4 20.8 16.4 17 

 

There have been many successful applications of fatty acids in mineral flotation. As 

was mentioned previously, in 1992, Cheng, Holtham, and Tran [24] used sodium oleate 

as the collector to float xenotime, and the highest recovery was achieved at 98%. In 

2001, Hosten [39] announced his finding that rutile yielded a peak floatability at pH 6 

with sodium oleate, and the maximal floatability range for zircon was from pH 6 to 10 
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with the same collector. In 2008, Fan and co-workers [40] found that the recovery of 

ilmenite was as high as 78% when using sodium oleate as the collector. The Mountain 

Pass, CA rare-earth ore was successfully beneficiated on an industrial scale by froth 

flotation using a fatty acids (tall oil) collector [38], a lignin sulfonate depressant, and a 

soda ash modifier after high-temperature (steam) conditioning. Starting with a feed 

grade of 7.6% REO, a final concentrates having a grade of 65% REO can be produced at a 

recovery of around 80%. 

Nitrogenous Collectors 

According to the types of nonpolar groups, collectors are classified into three groups: 

alkyls, cyclanes, and aryls, as shown in Table 2.7. Different types of nitrogenous 

collectors perform very differently in froth flotation, due to their different molecular 

structures. 

Table 2. 7  Nitrogenous Collectors Used in Rare Earth Flotation[41] 

Collectors Chemical name formula 

Alkyls 
C5-7 alkyl hydroxamic acid R-C(=O)-NH-OH 

C7-9 alkyl hydroxamic acid R-C(=O)-NH-OH 

Cyclanes Cycloalkyl hydroxamic acid C
n
C

2n-1
-R-C(=O)-NH-OH 

Aryls 

Benzoyl hydroxamic acid C
6
H

5
-C(=O)-NH-OH 

Salicyl hydroxamic acid C
6
H

5
OH-C(=O)-NH-OH 

N-hydroxyethyl phthalimide C
8
H

5
NO

3
 

H205 (2-hydroxyl 3-naphthyl hydroximic acid) R(-OH)-C(=O)-NH-OH 

H316 (improved version of H205) 
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As shown above, all of the collectors are different types of hydroxamic acids, which 

have become very popular in flotation research in recent years. Hydroxamic acids, which 

may be regarded as derivatives of both hydroxylamines and carboxylic acids, can be 

represented by the general formula R–CO–NHOH. Usually, R represents an alkyl chain 

containing five to nine carbon atoms. A striking feature of hydroxamic acids is their 

ability to form coordination compounds. As a bidentate group, the anionic hydroxamate 

functional group resembles the acetylacetonate ligand, CH3–CO–CH=CO–CH3–, in its 

behavior toward various metal ions. The pKa of the usual hydroxamic acids such as 

benzoyl hydroxamic acids is close to 9. It has been established that the protons 

dissociate from the oxygen atom attached to nitrogen, giving a structure for the 

hydroxamate anion as R–CO–NHO–. 

H205 was created by the Baotou Research Institute of Rare Earths in the late 1990s, 

and was announced by Chinese researchers to be the best collector at that time. H205 has 

two active basal groups, hydroxyl base and naphthyl base. Research showed that H205 is 

chemisorbed onto rare-earth ore’s surface, forming surficial chelate complexes like O–
C=N–Re(III)–O, as shown in Figure 2.16, along with multilayered asymmetric physical 

adsorption. Compared with alkyl hydroxamate, H205 could be applied to larger ore 

property fluctuations without using any depressant, such as sodium fluorosilicate. 

However, there are still some disadvantages. For example, when H2O5 is used, it should 

be prepared with plenty of alcohol and ammonia that both have pungent smells that 

harm the operational environment. In addition, the solid particles of H205 cannot be 

dissolved into solution efficiently.  
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Figure 2. 16 the formation of Multiple-ring Chelating Complex 

H316 is the improved version of H205. It does not need ammonia as a regulator and 

its stability in solution has been improved. When compared with H205 in the same 

flotation conditions, when treating a 50% rare-earth preconcentrate, the recovery using 

H316 as the collector improved by 10%. 

Table 2. 8 Stability Constant for Metal Hdyroxamates at 20° 

Cation log K} log K2 log 32 log K3 log 33 

H+ 9.35 

    Ca2+ 2.4 

    Fe2+ 4.8 3.7 8.5 

  La3+ 5.16 4.17 9.33 2.55 11.88 

Ce3+ 5.45 4.34 9.79 3 12.8 

Sm3+ 5.96 4.77 10.73 3.68 14.41 

Gd3+ 6.1 4.76 10.86 3.07 13.93 

oy3+ 6.52 5.39 11.91 4.04 15.95 

7b3+ 6.61 5.59 12.2 4.29 16.49 

Al3 + 7.95 7.34 15.29 6.18 21.47 

Fe3+ 11.42 0.68 21.1 7.23 28.33 

As for other hydroxamic acids, the solubility data of various metal salts of 

hydroxamate at 20 °C have also been summarized by Pradip [35], as shown in Table 2.8. 

Similar to those of fatty acids, the solubility of these salts should also increase with 
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temperature. The changes of solubility products of these salts may also account for the 

differences in flotation recoveries of minerals at enhanced temperatures. 

Here is some other evidence of the efficiency of hydroxamates in various scales. In 

1997, Pereira and Peres [26] concluded that in the presence of commercial hydroxamate 

as the collector and the depressants sodium silicate and starch, the recovery of xenotime 

in microflotation experiments reached 93.9% and 96.5%, respectively. In 2013, Pradip 

and Fuerstenau [38] demonstrated the superiority of alkyl hydroxamates over the 

conventional fatty acid collectors that were being used in the Mountain Pass Plant. Their 

study also indicated the possibility of achieving the desired selectivity with alkyl 

hydroxamates even at room temperature, thus obviating the need for steam 

conditioning. In China, the Bayan Obo REE–Nb–Fe deposit uses naphthyl hydroxamic 

acid as the collector of REE minerals, sodium silicate as the depressant of silicates and 

J10 as the frother. The feed grade of REOs of the HIMS cleaner tailings is 9.78-12%, and 

is upgraded to a primary grade of 55% and a secondary REO concentrate at a grade of 

34% with a combined recovery of − % [ ]. 
Phosphoric Collectors 

Recently organic phosphoric collectors have gained a global reputation as  

practical collectors in the flotation of metal bearing minerals, such as tinstone and 

ilmenite. In 1989, Luo et al. [43] applied alkyl phosphate as the collector, citric acid as 

the modifier, and MIBC as the frother in the separation of bastnaesite and monazite, as 

shown in Figure 2.17. They produced bastnaesite with grade of 95.20%, and a recovery 

of 91.25% monazite was produced with a grade of 83.25% and a recovery of 90.13%. 
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Figure 2. 17 The Concentration of Alkyl Phosephate vs the Flotability of Minerals 

(1)Bastnaesite, (2)monazite 

In 2000, Shen [44] applied styryl phosphate to the flotation of Weishan rare-earth 

minerals, and upgraded the feed from 6.1% REO to a final grade of the concentrate of 

48.40% REO. Luo believed that styryl phosphate displayed its excellent selectivity 

because of the aryl base and the hydrophilic phosphorus ion. They tested the chelation 

between cationic rare-earth ions and styryl phosphate ions. The chelating products are 

shown in Figure 2.18.  

They found that the formation of a conjugated molecule at the surface of the rare 

earth resulted in a delocalization phenomenon, leading to a decrease of the energy of 

the interfacial region. This enhanced the stability of dissociated styryl phosphate ions 

and their selectivity. 
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Figure 2. 18 The Products of Rare-Earth Ions and Styryl-phosphate Ions 

Carboxylic Collectors 

Carboxylic collectors have been used in rare-earth flotation for a long time. Fifty 

years ago, researchers in Beijing [41] verified that by using vegetable tannin extract and 

sodium silicate as the depressants, sodium fluorosilicate as the modifier, and fatty acid 

and saturated paroline as the collectors, the concentrate grade of minerals was 

enhanced from 7–9% to 40%. The weight recovery of the rare-earth minerals reached 

55–75%. Phthalic acid is another effective carboxylic collector, as is already proved 

through the separation of bastnaesite and monazite, as shown in Figure 2.19. 

 

Figure 2. 19 Recoveries of Bastnaesite and Monazite as a Function of Concentrations of 
Phthalic Acid. (1)(2) Bastnaesite, (3)(4) Monazite. β, recovery. 

http://dict.cn/carboxylic%20acid%20anhydride
http://dict.cn/vegetable%20tannin%20extract
http://dict.cn/sodium%20fluosilicate


47 
 

Collectors can not only be used singly, but also with addition of other collectors. 

Combined or mixed collectors can be applied to more complicated minerals and 

approach relatively high recoveries and grades in a more cost-effective way than using 

collectors singly. For example, in the Crago Process [45], fatty acid and fuel oil are used 

as joint collectors in the flotation of phosphate, and a recovery is achieved above 85% 

with concentrate grade of 40%. The Crago Process is believed by most flotation 

researchers to be the most cost-efficient way to float phosphates on a commercial scale. 

More details are discussed in the following paragraphs. 

2.4.2. Depressants 

When floating rare-earth minerals, we usually use depressants to get rid of 

associated gangue minerals, such as quartz, ilmenite, calcite, zircon, or barite. 

Depressants trigger competitive adsorption at the surfaces of specific gangue minerals 

and lower the opportunity for collectors to be adsorbed on those surfaces. Thus the 

hydrophilicity of the surfaces of gangue minerals is retained. Even though the 

mechanisms of depressants in flotation vary and are not totally understood, there are 

still many effective depressants applied on a commercial scale. 

Sodium Silicate 

Sodium silicate is widely used as a depressant in rare earth mineral flotation to 

separate scarcely soluble minerals from siliceous gangue minerals[46]. This has been 

studied through the last five decades. In 1965, by using sodium silicate as depressant in 

the presence of sodium oleate, Viswanathan et al. selectively separated monazite from 
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associated gangue minerals[47]. In 1966, Illie also enhanced the recovery of monazite 

from 77% to 90% by using sodium silicate and Na2S as depressants[35]. In 1990, Dho 

and Iwasaki concluded that the effect of sodium silicate was attributed to the higher 

specific flotation rate of phosphate over silicate minerals and thus enhancing selectivity 

of separation[48].  

In 2010, Silva et al investigated the sodium silicate species with the help of FTIR 

spectra. It was found the depressing power of sodium silicate increased correspondingly 

with concentration. Almost a complete depression of calcite and quartz was achieved 

with concentrations above 1500g/l[49].  

The most successful use of sodium silicate as a depressant is its application in the 

Bayan Obo mine. There it is used as the depressant against silicates before the addition 

of collector, naphthyl hydroxamic acid. At a mild alkaline conditions, the depressing 

power of sodium silicate helps to upgrade rare earth minerals from 9.78-12% REO to 

34-55% REO [42]. 

Sodium Carbonate  

In the Sichuan Mianning REE Deposit, sodium carbonate is used along with sodium 

silicate as depressant to deal with carbonate gangue minerals and silicates [42]. C −  

hydroximic acid (H205) and phthalate in the ratio of 1:1 is also used as a flotation reagent 

at pH 8–9.  

Using one stage of rougher, one stage of cleaner, and one stage of scavenger flotation the grade of concentrate can be achieved as − % REO with recoveries as high as 

74.5%. 
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Ligno Sulfonate 

Lignosulfonate, a byproduct from the production of paper using sulfite pulping, is 

also well known as a depressant in the flotation of rare earth minerals.  

In 1968, Helmut et al. found that lignosulfonate possessed the power to depress 

silica in froth flotation[50]. In 1975, Browning indicated that the adsorption of 

lignosulfonate on a mineral surface was mainly through chemical hydrogen bonding[51]. 

In 1988, Pradip believed that temperature had little effect on the performance of 

lignosulfonate as a depressant[35]. Conversely, Anderson in 2015 concluded the 

opposite that the sharp increase in recovery and grade occurred in increasing the 

temperature of a flotation operation from 25°C to 80°C[21].  

The depressing power of lignosulfonate against iron-bearing gangue minerals is also 

important. In 1986 Weir et al successfully recovered gold from refractory auriferous 

iron-containing sulphidic concentrates by adding lignosulfonate as the depressant[52]. 

In 2008 Sun and Yi significantly upgraded limonite by reverse flotation by using 

lignosulfonate as the depressant[53]. The commercial application of lignosulfonate as a 

depressant appears in the flotation of bastnaesite ore at Mountain Pass in California: 

There ammonium lignosulfonate is added in the presence of steam conditioning before 

the addition of steam-distilled tall oil C-30, in order to depress barite[38]. 

While sodium silicate and lignosulfonate were widely investigated and used in 

rare-earth mineral flotation, their application in the flotation of xenotime has been 

rarely reported, when compared to that of bastnaesite and monazite. In order to better 

understand the effect of sodium silicate and ammonium lignosulfonate on xenotime 
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flotation, a pre-concentrated xenotime sample and four common gangue minerals 

(ilmenite, zircon, schorl and staurolite) were used in this research with lab-scale 

microflotaion tests conducted in a Partridge-Smith microflotation cell. Comparisons 

were made between the performances of sodium silicate and ammonium lignosulfonate 

as the depressants in various experiments under different conditions, and in the 

presence of either octano-hydroxamic acid or sodium oleate as the collectors. 

Citric Acid 

Citric Acid is a hydroxyl-tribasic-carboxylic acid, which was used as the depressant 

to help separate bastnaesite and monazite by Luo and co-workers in 1989 [43]. They 

found that citric acid formed complex compounds with cationic ions at the bastnaesite 

particle surface, leading to the decrease of activity of the rare-earth surface. This had a 

negative influence on the adsorption of collectors and made the bastnaesite particles 

hydrophilic. However, citric acid did not form complex compounds with cationic ions at 

the monazite particle surface, so monazite still displayed good floatability. 

Modifiers, dispersants, or frothers can sometimes play important roles in flotation. 

Therefore, a good reagent scheme is the key to an efficient flotation and separation. The 

selection of a reagent scheme for a new orebody begins with a review of existing 

operations that are treating ore with similar characteristics. This requires a detailed 

background study of the ore, including mineralogy, ore variability, liberation 

characteristics, and potential byproduct values, which is usually done by modern 

high-tech machines, such as XRF, XRD, MLA or Qemscan. Statistical analysis in the 

selection of a reagent scheme can be important. This is usually limited to optimizing 
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reagent dosages after a preliminary scheme has been selected. Statistical methods are 

also extensively used to evaluate the relative importance of various reagents in existing 

reagent schemes at different scales. However, small-scale test results should be 

evaluated with caution due to several limitations. For example, single batch tests on a 

lab scale cannot evaluate the effect of circulating streams on rougher or cleaner flotation 

performance, the effect of the quality or pH of site water, or the effect of residual 

reagents in recycle processes [37]. 

2.5 Industrial Flotation of Rare Earth Minerals 

Even though about 34 countries possess rare-earth resources, China supplies more 

than 90% of the world rare-earth demand and the United States supplies about 5% [54]. 

World production of rare earths was dominated by Mountain Pass mine in the United 

States for 20 years from 1965 to 1985, but has since then been overtaken by Bayan Obo 

and other deposits in China. Froth flotation, as the most important processing method to 

beneficiate rare-earth minerals from gangue minerals on a commercial scale, has been 

applied to both Mountain Pass mine and Bayan Obo mine successfully over a long 

history. Froth flotation has also been widely used in processing rare earth ores from 

some other deposits. For example, Mount Weld flotation plant in Western Australia 

recovers rare earth elements from the Central Lanthanide Deposit.  

2.5.1. Mountain Pass Rare Earth Mine 

The Mountain Pass rare-earth mine is an open-pit mine in California, United States Figure . . The mine’s peak output 30 years ago was 20,000 metric tons per year of 

https://en.wikipedia.org/wiki/Open_pit_mining
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rare-earth oxides (REOs). Molycorp estimated in 2009 that the remaining deposit still 

contained 20 to 47 million metric tons of ore with average 8.9% REOs [5], in the form of 

bastnaesite. A schematic flowsheet of Mountain Pass rare-earth beneficiation is shown 

in Figure 2.21. 

 

Figure 2. 20 Google Earth Image of the Mountain Pass Mining District, CA 

Feed ore containing average 7% REO was first run into a crushing circuit that 

includes two separate systems. The major jaw crusher is set to decrease the ore particle 

size to minus 4-inches, then the oversize material of a vibrating screen is sent to a 

4.5-inch secondary cone crusher, and the undersize material is sent to storage bins. 

https://en.wikipedia.org/wiki/Bastn%C3%A4site
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Figure 2. 21 A flowsheet for the flotation beneficiation of bastnaesite ore at Mountain 
Pass [55] 

The alternate impact crusher and two radial stackers separate the ore to plus and 

minus 0.5-inch material. Then the undersize from the crusher circuit is conveyed to the 

grinding–flotation plant. In the grinding circuit, a ball mill produces undersize material 

of minus 100-mesh to flotation, a rod mill followed by 10 to 20-inch cyclones and ball 

mills are on standby. 

The flotation feed is 80% minus 100-mesh, after mixed with flotation reagents in 

the six-stage’ conditioning procedure. Slurry of 30–35% solids at pH around 8.8 is then 

pumped for rougher flotation to a Gallagher flotation cell. The rougher concentrate of 30% 

REO is then pumped for cleaner flotation to the four-stage cleaning circuits. The final 
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concentrate of flotation contains about 50–63% REOs with recovery of 65–70%.  

The tailings are re-sent to the first cleaner and then a scavenger flotation circuit. 

The scavenging concentrates are reground in the regrind mill and then sent back to the 

rougher circuit. The overall tailings from the scavenger and rougher contains about 1–2% 

REO. 

The flotation feed is 80% minus 100-mesh, after mixed with flotation reagents in 

the six-stage’ conditioning procedure. Slurry of 30–35% solids at pH around 8.8 is then 

pumped for rougher flotation to a Gallagher flotation cell. The rougher concentrate of 30% 

REO is then pumped for cleaner flotation to the four-stage cleaning circuits.  

The final concentrate of flotation contains about 50–63% REOs with recovery of 65–
70%. The tailings are re-sent to the first cleaner and then a scavenger flotation circuit. 

The scavenging concentrates are reground in the regrind mill and then sent back to the 

rougher circuit. The overall tailings from the scavenger and rougher contains about 1–2% 

REO. 

This overall concentrate is then leached with 10% hydrochloric acid at a pH of 1 in 

leach tanks. This dissolves the carbonate minerals. Even though successfully operated 

for a long time, Pradip [38] argued that there were still many ways to improve the 

Mountain Pass operations. A critical review of the results obtained from his research 

indicated his opinions on the shortcomings of the plant. 

1) The fatty acid collectors used in the plant were not sufficiently selective, even 

when conditioned at high temperature.  Alternate reagent combinations should be 

explored to enhance plant performance. 
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2) Flotation reagents containing the chelating groups, such as alkyl hydroxamates 

should be used because they were more selective against impurities, such as calcite in 

the feed. The separation of calcite (carbonates) from bastnaesite using sodium oleate 

was not very efficient. Another impurity, apatite, in the final concentrate was also 

related to the use of fatty acid. 

In addition, according to the research done before 1991, Pradip believed that alkyl 

hydroxamates were potentially more selective than fatty acids for bastnaesite against 

calcite, barite, and apatite.  

2.5.2. Bayan Obo Rare Earth Mine 

The Bayan Obo rare-earth deposit is located in Inner Mongolia, China. It is a giant 

rare-earth ore deposit together with a huge resource of iron and niobium. It was first 

discovered as an iron deposit by Prof. Ding Daoheng in 1927 [42].  

The estimated total reserves of iron (containing 35 wt% of Fe), niobium (containing 

0.13 wt% of Nb), and bastnaesite (containing 6 wt% of REO) are 1.5 Bt, 1 Mt, and 48 Mt, 

respectively, making it the world’s largest rare-earth ore deposit. The Bayan Obo mining 

area is shown in Figure 2.22. The distribution of REEs in the Bayan Obo deposit is 

shown in Table 2.9.  

Table 2. 9 Distribution of REOs in Bayan Obo Deposit[42] 

Content of 

REO 
La2O3 CeO2 Pr6O11 Nd2O3 Sm2O3 Eu2O3 Gd2O3 (Tb-Lu)2O3 Y2O3 

Bayan Obo 

REE-Fe-Nb 

Ore 

24-26% 50 3-5 16-18 1.5 0.2 0.4 0.2-0.3 0.3 
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Figure 2. 22 Satellite Image of Bayan Obo Mining Area in 2006 

Table 2. 10 Principal Minerals of Bayan Obo Deposit 
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Compared with Mountain Pass ores, the Bayan Obo ores are more difficult to 

upgrade because iron minerals and gangue minerals are associated closely with 

rare-earth minerals and possess similar physical and chemical properties. A lot of 

research has been done on Bayan Obob since the late 1950s and more than 20 

beneficiation methods have been reported. The currently used technology was dveloped 

the early 1990s. 

The current process using low intensity magnetic separation (LIMS) plus high 

intensity magnetic separation (HIMS) and flotation, as shown in Figure 2.23, was 

invented by Changsha Metallurgical Research Institute in 1990. After crushing the feed 

ore to 90–95% minus 0.074 mm, magnetite is first recovered by LIMS. The LIMS tailings 

are pumped to a HIMS rougher to recover hematite and most of the REE minerals. 

Hematite and REE minerals are then separated using the HIMS cleaner.  

The flotation feed, containing . −  wt% REO is then conditioned at pH = 9. 

Naphthyl hydroxamic acid is used as the collector, sodium silicate is used as the 

depressant of silicates, and J10 is used as the frother. These are added in the feed pump 

containing 35–45 wt% solid. After flotation through the rougher, cleaner, and scavenger 

circuits, the concentrate from the primary stage contains 55 wt% REO and that from a 

secondary stage contains 34 wt% REO. The final recovery reaches − %. (owever, 
bastnaesite and monazite are still mixed in the concentrate. They are further separated 

using phthalic acid or benzoic acid as the collector of bastnaesite and alum as the 

depressant of monazite. 
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Figure 2. 23 Beneficiation Flowsheet of the Bayan Obo Deposit Ore [42] 

2.5.3. Crago Process  

In addition to the three commercial examples of rare-earth flotation, the Crago 

process, patented in 1942 [57], uses a fatty acid and an amine in a double-float process 

to beneficiate phosphate minerals. This may also shed light on the flotation of xenotime.  

Conventionally, the Crago flotation technique uses anionic direct flotation and then 

cationic reverse flotation to float siliceous phosphate, as shown in Figure 2.24. In the 

process, feed is conditioned first with fatty acid and fuel oil at pH around 9, and then 

floated to produce a rougher concentrate and tailing. After dewatering, acid scrubber 

processing, and washing, the residual reagents are removed from the phosphate 

surfaces. Then, the phosphate is pumped to flotation cells after the addition of amine, to 

float silica from phosphate at pH around 7. A simplified flowsheet of the Crago process is 

shown in Figure 2.24. 



59 
 

 

Figure 2. 24 Simplified Conventional Crago Process [45] 

In 1997, Zhang and Bogan [58] at the Florida Institute of Phosphate Research 

pointed out several disadvantages of the conventional Crago process. The major one is 

that more than 30 wt% of the silica in the feed is floated twice. This consumes a lot of 

unnecessary energy in the whole flotation process, first by using fatty acid, and then by 

using amine. This is also inefficient in the use of those two collectors. They then 

developed the reverse Crago process, by using amine first and fatty acid second, as 

shown in Figure 2.25. In this process, fine silica is first floated by using a minimum 

dosage of amine.Then phosphate is floated in the second stage by using fatty acid. The 

final recovery of P2O5 is more than 93%. This reverse process simplifies the 

conventional one in that it removes the deoiling circuit, reducing the amount of flotation 

equipment. The biggest advantage of the reverse process when compared with the 

conventional process is that the reverse process only requires 33 to 50% of the amount 

of reagents required by the conventional Crago process. A simplified flowsheet of this 

reverse Crago process is shown as Figure 2.25. 
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Figure 2. 25 Simplified Reverse Crago Process[58] 

Other flotation procedures have also been reported for the flotation of siliceous 

phosphate ore. For example, Fortes et al. found that reverse flotation with a cationic 

amine as collector in a flotation column is appropriate for selective separation of silica 

and improves further apatite recovery. A product with 8.0% SiO2 grade and 6.0% P2O5 

loss was achieved [56]. 

The double-float  Crago process, even though not designed for rare-earth 

beneficiation, deserves more attention about its feasibility of application to rare-earth 

flotation. 
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CHAPTER 3: EXPERIMENTAL PRACTICE 

This Chapter introduces the materials and methods used in this project, as well as 

the results from Mineral Liberation Analyzer (MLA). 

3.1 Materials 

The pre-concentrated xenotime sample used in this project was obtained from a 

Chinese rutile mining plant in Hainan Province, China. Xenotime as a byproduct of the 

beach placer deposit, was separated and concentrated from rutile ores by physical 

methods such as washing, shaking table processing and electrostatic separation 

followed by magnetic separation. 

3.1.1. Xenotime Concentrate and Gangue Minerals 

Mineral Liberation Analyzer (MLA) determined that xenotime was the major phase 

at 67.7%, as later shown in Figure 3.5. An iron-titanium oxide called pseudo-rutile was 

12%, followed in abundance by silicates-staurolite 6%, zircon 4%, and schorl 3%, as 

shown in Table 3.1. 

Table 3. 1 Major Mineral Content of the Xenotime Concentrate(wt%) 

Mineral Formula Modal 

Xenotime YPO4 67.7 

Pseudorutile Fe2Ti3O9 11.6 

Staurolite Fe2Al9Si4O2 0(OH)4 5.94 

Zircon ZrSiO4 4.00 

Schorl NaFe3Al6(BO3)3Si6O18(OH)4 3.05 
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In order to understand better the adsorption and flotation mechanism of this 

xenotime concentrate, zircon, schorl and staurolite were selected as the major gangue 

minerals. Pseudorutile, which is typically an alteration/weathering product of ilmenite, 

could be separated from the xenotime concentrate by a REE magnet.  In the material 

utilized in this research, it seemed that a darker mineral band was better retained by the 

REE magnet (see dark band at top of Figure 3.1 below), which is the pseudorutile . However, according to the Energy Dispersive Spectroscopy (EDS) data 

the formula was closest to FeTi2O4, which doesn’t really match pseudorutile. It was 

difficult to be certain how accurate the analysis was, since it was not done on a polished 

specimen. 

In this research no pseudorutile could be procured. Since pseudorutile is a 

weathering product of ilmenite, it was chosen as the fourth gangue mineral for this 

research. The pictures of these crystals are shown below in Figure 3.2.  

 

Figure 3. 1 the Dark Band Retained by REE Magnet 
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        A: Xenotime             B: Schorl                  C: Zircon 

 

D: Ilmenite          E: Staurolite 

Figure 3. 2 Crystals of Xenotime and Gangue Minerals 

All four gangue minerals were obtained as crystals. All the minerals were pulverized 

in an Angstrom TE250 Ring Pulverizer (Figure 3.3) to 200×400 US mesh. The materials 

were then washed and dried for experimental use. 

 

Figure 3. 3 Ring and Puck Pulverizer 
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3.1.2. Reagents 

Ferric Perchlorate (Fe(ClO4)3) was used as a concentration indicator for the 

hydroxamate solution which was analyzed spectrophotometrically by the  ferric 

hydroxamate method[35]. Hydrochloric Acid (HCl) and Potassium Hydroxide (Na(OH)) 

were also used in this project as pH modifiers. 

The two collectors utilized, sodium oleate (C18H33NaO2) and Octano-hydroxamic 

acid (C8H17NO2), were both supplied by Tokyo Chemicals Inc. One depressant, 

pentahydrate sodium silicate (Na2SiO3∙10H2O), was obtained from an unknown supplier. 

The other depressant, ammonium lignosulfonate (C20H26O10S2 for lignin sulfonate), was 

supplied by HBC Chem Inc. Octano-hydroxamic acid was used in zeta potential tests, 

adsorption tests, and microflotation tests. Sodium oleate was utilized as a collector. 

Sodium silicate and ammonium lignosulfonate were used as depressants in the 

microflotation tests for comparison with octano-hydroxamic acid. Those four reagents 

were already available in the lab. 

3.2 Characterization of Xenotime Concentrate 

The xenotime concentrate was moderately to fine grained. The sample was 

wet-sieved through 100, 200, and 400 US mesh screens for analysis as a function of 

particle size by MLA. X-ray diffraction (XRD) analysis was performed on the bulk sample. 

However, few minor phases were discernable so the sample was separated with heavy 

liquids into a sink and float fractions that were subsequently analyzed. Total carbon and 

sulfur were determined by combustion analysis on the total sample. 
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3.2.1. Mechanical Sieve Analysis 

The xenotime sample was wet-sieved through 100, 200, and 400 US mesh sieves to 

create four size fractions. The mass distribution by sieve fraction for the sample is 

shown below in Table 3.2. The sample essentially consisted of only the 100 X 200 sieve 

fraction material as it accounted for 84% of the sample. 

Table 3. 2 Sieve fraction mass distribution for the xenotime concentrate (wt %) 

Sieve 
(US mesh) 

Xenotime Con. 

+100 3.0 

100 X 200 84.0 

200 X 400 13.0 

-400 -- 

Total 100 

3.2.2. MLA Analysis 

Transverse mounts were created from the material for each of the sieve fractions to 

be analyzed by MLA. The transverse mounts are used to minimize bias due to 

preferentially settling caused by density differences of the particles. This mounting 

method helped to prevent over-reporting of the more dense minerals present in the 

specimens. MLA data was obtained by the XBSE method where the acquired backscatter 

electron (BSE) image was used to differentiate the mineral phases based on the gray 

level variation due to the composition of the phases. An X-ray spectrum was obtained 

for each phase and compared to the X-ray mineral database to qualitatively determine 
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mineral phases and the surface area data for each mineral was used for quantitative 

determination of the minerals identified.  

3.2.3. MLA Particle Size 

The MLA-determined particle size distribution for the pulverized xenotime is shown 

by sieve fraction and composited in Figure 3.4. The overall 80 percent passing (P80) size 

calculated for the composite was  μm.  

 

Figure 3. 4 MLA-Determined Particle Size Distribution for the Xenotime Concentrate 

3.2.4. MLA Modal Analysis 

Xenotime was the major mineral phase and most abundant rare earth element (REE) 

mineral in the concentrate at 67.7%. The xenotime contained minor amounts of what   

appeared to be dysprosium and gadolinium, but it was not quantified. Other REE   

minerals in the concentrate were monazite at 1.3%, and allanite at 0.7%. The monazite   
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contained thorium and was 12% Th in the grain examined by EDS. Minor phases  

believed present were pseudorutile at 12%, staurolite at 6%, zircon at 4%, and 

tourmaline (schorl) at 3%, with 1% each of chromite and almandine. Identification of 

the minor phases pseudorutile and staurolite were somewhat subjective. The X-ray 

spectrum for pseudorutile was similar to ilmenite, but iron deficient. The X-ray 

spectrum for staurolite seemed to be a good fit; however, XRD failed to show any 

prominent reflections characteristic of staurolite. Some trace minerals of interest were 

the niobium-containing minerals columbite and ixiolite. Xenotime also had some 

niobium substitution of up to 30% Nb, but occurred in less 0.02% of the xenotime in the 

sample. Also, of interest were the thorium and uranium-containing minerals monazite, 

uranothorite and uraninite due to their potential to produce radioactive products. The 

only sulfide found in the concentrate was pyrrhotite which occurred at trace levels. 

The minerals grouped by chemistry show that the sample was 69% phosphates due 

to the high xenotime content. The silicates and oxides were about 15% each along with 

trace sulfide (Table 3.3). 

Table 3. 3 Concentrate Composition by Mineral Groupings (wt%) 

Mineral Group  Xenotime 

Phosphates  69.0 

Silicates  15.5 

Oxides  15.4 

Sulfides  0.07 
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Table 3. 4 Modal Mineral Content of the Xenotime Concentrate (wt%) 

Mineral Formula Modal 

Xenotime YPO4 67.7 

Pseudorutile Fe2Ti3O9 11.6 

Staurolite Fe2Al9Si4O20(OH)4 5.94 

Zircon ZrSiO4 4.00 

Tourmaline NaFe3Al6(BO3)3Si6O18(OH)4 3.05 

Monazite (La,Ce)PO4 1.32 

Chromite FeCr2O4 1.28 

Almandine Fe3Al2(SiO4)3 1.27 

Gahnite ZnAl2O4 0.83 

Allanite (Ca,Ce)2(Al,Fe2)3(SiO4)(Si2O7)O(OH) 0.74 

Rutile TiO2 0.62 

Chromspinel Mg(AlCr)2O4 0.35 

FeO Fe3O4 0.30 

Andradite Ca3Fe2(SiO4)3 0.24 

Ilmenite FeTiO3 0.18 

Spinel MgAl2O4 0.12 

Quartz SiO2 0.07 

Pyrrhotite FeS 0.07 

K_Feldspar KAlSi3O8 0.07 

Magnetite_titan Fe(Fe,Ti)2O4 0.06 

Columbite (Fe,Mn)Nb2O6 0.05 

Spessartine Mn3Al2(SiO4)3 0.03 

Mica KAl2(AlSi3O10)(OH)2 0.03 

Uranothorite (Th,U)SiO4 0.02 

Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 0.01 

Pyroxene CaMgSi2O6 0.01 

Corundum Al2O3 0.01 

Uraninite UO2 0.01 

Albite NaAlSi3O8 0.01 

Apatite Ca5(PO4)3F 0.01 

Ixiolite (Ta,Nb,Fe,Mn)O2 P 

                P – mineral present, calculated at less than 0.01% 

                ND – mineral not encountered 
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3.2.5. MLA-calculated Elemental Content 

The MLA-calculated bulk elemental analysis is shown in Table 3.4. The elemental 

composition was derived from the modal mineralogy and the assigned chemical formula 

as defined in Table 3.5. The yttrium content of the concentrate was calculated at nearly 

33% which was derived from the xenotime. Combined, cerium and lanthanum were less 

than 1% which was calculated from the monazite and allanite found in the concentrate. 

Table 3. 5 MLA-calculated bulk elemental analysis (wt%) 

Element Percentage 

O 35.8 

Y 32.7 

P 11.6 

Fe 5.85 

Ti 4.62 

Al 2.73 

Si 2.30 

Zr 1.99 

Cr 0.74 

Ce 0.54 

La 0.39 

Zn 0.30 

Ca 0.10 

B 0.09 

Na 0.07 

Mg 0.06 

H 0.04 

Nb 0.03 

S 0.02 

Mn 0.02 

U 0.01 

K 0.01 

Th 0.01 

Ta P 

F P 

                                P – mineral present, calculated at less than 0.01% 

                                ND – mineral not encountered 
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3.2.6. MLA Images 

The classified image of the concentrate in Figure 3.5 reveals that it is mostly 

composed of xenotime (blue). 

Several of the particles were identified to demonstrate the variation in gray level 

exhibited by the various minerals in the concentrate. Xenotime appeared striated in 

most particles as can be seen in the BSE image in Figure 3.6. 

 

Figure 3. 5 Classified MLA Image from the Xenotime Concentrate 100 X 200 Mesh Sieve 
Fraction. Particle inset units are in pixels and concentration palette values are in surface 
area percentage. 

3.2.7. Xenotime Grain Size and Liberation 

The xenotime grain size distribution P  was approximately  μm, which reflects 
the P80 of the 100 X 200 sieve fraction which comprised the major fraction of the 

sample. 



71 
 

 

 

Figure 3. 6 BSE Image from the Xenotime Concentrate 100 X 200 Mesh Fraction 

Figure 3. 7 Xenotime Grain Size Distributions by Sieve Fraction and Composited 
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Xenotime liberation was excellent at over 95% in the most prevalent size fraction 

(Figure 3.8). 

Figure 3. 8 Xenotime Locking by Sieve Fraction 

3.2.8. LECO Sulfur/ Carbon Analysis 

A bulk sample of the concentrate was submitted for total sulfur and carbon by 

combustion analysis. Both total sulfur and carbon values were low (Table 3.6) as was 

expected according to the MLA analysis. 

Table 3. 6 Total Sulfur and Carbon by Combustion 

Sample  Sulfur (%)  Carbon (%)  

Combustion  0.05  0.18  

3.2.9. X-Ray Diffraction (XRD) 

Conditions for acquisition of the diffractogram are presented in Table 3.7. The 

diffractogram for the concentrate and the heavy liquid separated (HLS) sink fraction 

displayed the same reflections. Figure 3.9 shows the diffractogram acquired from the 

HLS sink material. 
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Table 3. 7 XRD Measurement Conditions 

X-Ray 40 kV , 40 mA Scan speed / Duration time 2.0000 deg./min. 

Goniometer  Step width 0.0200 deg. 

Attachment - Scan axis 2theta/theta 

Filter K-beta filter Scan range 3.0000 - 90.0000 deg. 

CBO selection slit BB Incident slit 2/3 deg. 

Diffracted beam mono.  Length limiting slit - 

Detector Scintillation Counter Receiving slit #1 2/3 deg. 

Scan mode CONTINUOUS Receiving slit #2 0.15 mm 

 

Figure 3. 9 Measured Diffractogram for Concentrate HLS Sink Fraction 
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The most intense reflection and many of the minor reflections are characteristic of 

xenotime as shown in Figure 3.10. The few remaining peaks best fit that of rutile, while 

no other significant peaks were observed. 

Figure 3. 10 Diffractogram with Candidate Phases for HLS Sink Fraction of the 
Concentrate 

According to quantitative XRD xenotime was comprised nearly all of the separated 

dense, sink material as seen in Table 3.8. 

Table 3. 8 Quantitative XRD Analysis Results of HLS Sink Material from the Concentrate 

Phase name Content (%) 

Xenotime 99.7 

Rutile 0.3 
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The sample was separated by HLS to attempt to get a less dense phase to hopefully characterize and identify some of the silicates. The diffractogram from the light  (LS 
float fraction is shown in Figure 3.11. It can readily be seen that the observed reflections 

differ considerably from xenotime. 

 

Figure 3. 11 Measured Diffractogram for Concentrate HLS Float Fraction 

XRD identified the less dense HLS float material as a variety of tourmaline called 

schorl. As can be seen Figure 3.12 the observed reflections match nearly all the peaks of 

the candidate phase. EDS examination also confirmed that the float material was 

primarily schorl. No quantitative analysis was performed as only one candidate phase 

was identified. 
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Figure 3. 12 Diffractogram with Candidate Phase for HLS Sink Fraction of the 
Concentrate. 

3.3 Surface Chemistry 

Surface chemistry tests include surface area measurement, zeta potential 

determination and adsorption tests. 

3.3.1. Surface Area 

The BELSORP-mini II (Figure 3.13) produced by Microtrac was used in this project 

to measure the surface areas of the minerals. Nitrogen gas was used in the process as 

the adsorbent. This equipment can measure specific surface area/pore size distribution 

by the volumetric gas adsorption technique. Microtrac’s unique dead volume evaluation 

method (AFSM) makes highly accurate and reproducible measurement free of 
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environmental change. In each test, a 0.5g sample of 200X400 mesh fraction mineral 

was prepared for use.  

 

Figure 3. 13 BELSORP-mini II 

3.3.2. Zeta Potential 

Zeta potential is the potential at the plane of shear in the double layer when the 

solid is moved relative to the liquid. PZC (point of zero charge) is related to the activity 

of potential-determining ions at which the zeta potential is zero, which can help us 

understand the possibility of effective separation under certain conditions. 

In this project, zeta potential tests were performed on xenotime and the selected 

gangue minerals. This was done in distilled water and in octano-hydroxamic acid 

solutions, in order to find out the zeta potential trends and points of zero charge. This 

aids in the understanding of the interfacial chemistry for each mineral. 

The Stabino produced by Microtrac (Figure 3.14) was used for zeta potential 

measurements. Before performing a Stabino test, the equilibrium time of samples in 

solution should be determined first through adsorption tests. Then samples for Stabino 

tests should be prepared for a longer time than equilibrium. In this case, the samples for 
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zeta potential measurements were first ground in a pulverizer to 200X400 mesh. Then 

0.02g of each mineral was added in either a 40 mL distilled water or an 

octano-hydroxamic acid solution and shaken for 24 hours. The solution utilized 

contained 0.0005M Hydroxamic acid to test the effect of this reagent on the zeta 

potential. The pH was adjusted as necessary with NaOH or HCl. 

 

Figure 3. 14 Microtrac Stabino Instrument 

The central element in Stabino is the measurement cell made from Teflon and the 

oscillating piston in the middle producing an oscillating fluid in the gap between 

cylinder and piston, as shown in Figure 3.15. 

The movement of the piston at the same time kept the dispersion homogeneous and 

helped to mix-in a titrant solution in seconds. Then titration is introduced automatically 

to plot a specific zeta potential curve of the sample. 
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Figure 3. 15 Operation Mechanism of Stabino 

3.3.3. Adsorption Kinetics 

Adsorption density tests were carried out by using a UV-vis spectrometer (Figure 

3.16). It helped in the understanding of how reagents were adsorbed on the surfaces of 

minerals, on the equilibrium time for adsorption and on the equilibrium concentration 

of reagent.  

 

Figure 3. 16 UV-vis Spectrometer 
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Adsorption tests were performed under different reagent concentrations, different 

testing temperatures, and different values of pH, using the UV-vis spectrometer. It relies 

uponlight in the visible and adjacent ranges. The absorption or reflectance in the visible 

range directly affects the perceived color of the chemicals  involved. For example, 

Fe(ClO4)3 is purple when mixed with hydroxamic acid. This instrument measures the 

intensity of light passing through a sample (Figure 3.17), and compares it to the 

intensity of light before it passes through the sample. The ratio Reference/Sample is 

called the transmittance, and is usually expressed as a percentage (%T). The absorbance, 

A, is based on the transmittance: 

 

 

Figure 3. 17 Operation Mechanism of UV-vis Spectrometer 

According to the relation between the absorbance and the transmittance, a curve 

can be plotted by picking up peaks shown to reveal the trend of absorbance under 

different conditions. In this project, the peaks were measured at 498nm. 

http://en.wikipedia.org/wiki/Color_of_chemicals
http://en.wikipedia.org/wiki/Measuring_instrument
http://en.wikipedia.org/wiki/Absorbance
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Before the adsorption test, a calibration curve was created. 4 ml of 2.94 g/l ferric 

perchlorate solution was added to 2 ml of hydroxamic acid solution with known 

concentrations ranging from 5 X10-4 to 2.0x10-3 M. If the concentration was above 

2.0x10-3 M, the calibration curve would be no longer linear. This curve is shown in 

Figure 3.18. The sensitivity of this method is 1 X10-4M, below which the absorbance at 

498 nm cannot be read out. 

 

Figure 3. 18 Calibration Curve of Adsorption Tests 

By using the trendline equation, the absorbance readout was converted to 

concentration. In a test at room temperature, 0.05g of a mineral was conditioned every 

time in a 10ml solution of octano-hydroxamic acid with the concentration of 1.0x10-3 M 

by shaking for a period of time before the spectrometric measurement, in order to 

determine the equilibrium time for adsorption. Then conditioning using different 

concentrations of the solution ranging from 5 X10-4 to 2.0x10-3 M at different PHs 

ranging from 3 to 11 was conducted by shaking for 20 hours. After 20 hours of 



82 
 

conditioning, the sample was centrifuged for 20 minutes. Then 2 ml of the supernatant 

was collected and mixed with 4 ml 2.94 g/l ferric perchlorate solution. Finally, the 

concentration of hydroxamic acid remaining in the supernatant was measured. Because 

the initial concentration was already known, the amount of hydroxamic acid absorbed 

by the mineral could be calculated. In tests at 80°C, the sample was heated during the 

conditioning step. 

3.4 Microflotation 

Microflotation tests were conducted using a Partridge-Smith microflotation cell 

(Figure 2.13). Microflotation is a mature method of performing lab scale  flotation 

research. A set up of the Partridge-Smith microflotation cell is shown in Figure 3.19. In 

each benchmarking (non-depressant) test, 0.5g of mineral sample (or a mixed sample of 

xenotime and gangue minerals) was stirred with 40ml of collector solution with the 

concentration ranging from 0.0005M to 0.002M, in a 100 ml beaker for 15 minutes at 

specific pH values. After conditioning, the sample was transferred to the cell, and 10 ml 

of the collector with the concentration and pH was used to wash down any residual 

material in the beaker to the cell. 

In each test with depressant addition, the same amount of sample was first 

conditioned with 25ml 0.001M depressant for 5 minutes. Then 15 minutes more of 

conditioning was performed after the addition of 15ml of collector solution with the 

concentration ranging from 0.001M to 0.004M. After conditioning, the sample was 

transferred to the cell and 10 ml of the collector with the same concentration and pH 

was used to wash down any residual material in the beaker to the cell.  
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The pH in the tests was modified with either NaOH or HCl, and measured before 

conditioning with a pH meter. Elevated temperature tests were performed by heating 

the samples to 80°C during conditioning. 

 

Figure 3. 19 A Set Up of Modified Hallimond 

After the pulp was transferred, it was stirred with a short magnetic bar in the cell at 

600 rpm. The compressed air flow rate was maintained at 30cc per minute. After 2 

minutes of flotation, the concentrate and tailings were filtered and dried for weighing. 

Then the dried concentrate was prepared for XRF analysis. 

Using different reagents, the experimental variables evaluated in the microflotation 

tests include the pH, temperature and concentration. Other variables like gas flow rate 

and particle size were not tested in this project. 
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CHAPTER 4: RESULTS AND DISCUSSION 

By using the Microtra Stabino instrument, the zeta potentials of xenotime 

and gangue minerals were measured both in distilled water and an 0.0005 M 

octano-hydroxamic acid solution. 

4.1 Zeta Potential 

As show in Figure 4.1, in the absence of collector the PZC of xenotime was 

observed at pH = 3.90. This value was between 2.3 and 5, the range summarized 

by Cheng et al. in 2000 [27] who considered all of the published measured PZCs 

of xenotime. The PZC of ilmenite was 4.20, lower than 5.4 or 5.6, the PZCs of 

ilmenite published by Irannajad et al. in 2014 [31] and Song et al. in 1989 [59]. 

The PZC of zircon was 3.95, slightly lower than the one measured by Pereira in 

1997 [26], which was 4.0. The PZC of schorl was 4.70, which is larger than 4.0 at 

measured by Lameiras in 2008 [32]. The PZC of staurolite was 4.4, with no 

comparison available in the literature. The differences between the values of the 

pH corresponding to PZCs determined in this project and previously are difficult 

to explain. Th differences might arise from several variables such as impurities or 

experimental method. 

For these semisoluble minerals, the predominant species in the solid–liquid 

system can be classified into cations and anions. Cations (basically metal ions) 

and anions (basically PO43–, TiO32–, or SiO44–) transfer from the mineral surface 

into distilled water to form hydroxylated ion species. Thus the remaining ion 
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species on the surface determine the zeta potential.  

For xenotime, the PZC was measured as 3.90, which meant that at pH 3.90, 

the electrokinetic charge density at the diffusion layer of xenotime surface was 

zero.  

At a pH lower than 3.90, the zeta potential of xenotime was positive. Hence, 

for physical adsorption, an anionic collector will be favored and good recovery 

may be observed. At a pH higher than 3.90, the zeta potential was negative. 

Hence, use of a cationic collector will be favored and good recovery may be 

observed. However, in this project, the maximum adsorption and flotation 

recovery using an anionic collector were all observed in alkaline conditions. This 

suggests chemisorption may have happened on the surface of the xenotime.  

 

Figure 4. 1 Zeta Potential of Xenotime and Gangue Minerals in Distilled Water 
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To understand better the relation between the zeta potential of xenotime and 

the mechanism of chemisorption of the anionic collector on the surface of 

xenotime, we need to figure out what is actually happening in the xenotime–
water system. As Anderson in 2015 [21] already modeled, the stability diagram 

of the two predominant species are presented in Figures 4.2 and 4.3. 

As we can see in Figure 4.2, at a pH below 3.90, the predominant species are 

H3PO4 and H2PO4–, and at pH above 3.90, HPO42– and PO43– become dominant, 

which means as the solution goes from acidic to alkaline, more H3PO4 is going to 

be hydrolyzed into PO43–.  

According to Figure 4.3, at a pH below 3.90, the predominant species is Y3+, 

and at a pH above 3.90, Y(OH)2+, Y(OH)2+, and Y(OH)3 become more prevalent. 

This means as the solution goes from acidic to alkaline, more Y3+ is going to be 

hydrolyzed to Y(OH)3. Therefore, it is reasonable to hypothesize that at relatively 

low pH, fewer active spots on the surface of xenotime would be available because 

more Y3+ was dissolved from the xenotime surface. Ata relatively high pH, more 

hydroxyl ions were competing with anionic collector ions on the xenotime 

surface. 

This hypothesis corresponds well with both the adsorption and 

microflotation results. As the pH went below 5 and above 9, sharp drops were 

observed both at the adsorption of octano-hydroxamic acid on the surface of 

xenotime and recovery of xenotime using octano-hydroxamic acid as the 

collector.  
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Figure 4. 2 Solubility Diagram of Phosphate Species (0.001 M total solution 

concentration) [21] 

 

Figure 4. 3 Solubility Diagram of Y3+ Species (0.001 M total solution 
concentration) [21] 
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The theory of a predominant species could also be applied to the selected 

gangue minerals. For ilmenite, the two predominant species were Fe2+ and TiO32–. 

For zircon, the two predominant species were Zr4+ and SiO44–. The change of the 

predominant species as a function of pH can also influence the zeta potential. In 

addition, an extreme pH could also decrease the chemisorption density of the 

anionic collector and the recovery of xenotime when using anionic collectors. 

 

Figure 4. 4 Zeta Potential Curves of Xenotime and Gangue Minerals in Distilled 
Water and Hydroxamate Acid 
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Comparisons were made between the zeta potential curves in the presence 

of octano-hydroxamic acid and in its absence, as shown in Figure 4.4. According 

to the five comparisons, this anionic collector significantly shifted all of the 

curves to the left.  

This is likely caused by the addition of anionic octano-hydroxamic ions 

increasing the availability of anionic ions that could be adsorbed on the surface 

of minerals. This results in the zeta potentials remaining negative at the original 

PZC’s. To what extent the addition of octano-hydroxamic acid shifts the curves to 

the left could probably be determined by the properties of surfaces and the 

adsorption kinetics. 

4.2 Adsorption Studies 

According to the literature, it is well known that the selectivity of a certain 

reagent is achieved through its selective adsorption onto the desired minerals 

and gangue minerals. To understand better the underlying mechanism of 

octano-hydroxamic acid interaction in this research, the effects of temperature 

and pH were studied. Systematic adsorption tests were conducted on the 

xenotime sample and selected gangue minerals. 

4.2.1 Surface Area 

Surface area must be evaluated to calculate the adsorption density. The 

surface area of the mineral samples was measured by the BET method using a 

Microtrac BELSORP-Mini BET instrument. The values are shown as follows: 
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Table 4. 1 Surface Areas of Xenotime and Gangue Minerals  Unit: m-2/g 

Mineral Area 

Xenotime 2.9471 

Ilmenite 0.8630 

Staurolite 4.7698 

Schorl 1.7263 

Zircon 0.6558 

The BET results showed that staurolite had the biggest surface area, zircon 

had the lowest, and  xenotime  had the second biggest surface area. These 

results imply that under the same conditions of collector solution, neglecting 

other variables regarding each mineral, for monolayer adsorption, the 

consumption of octylhydroxamic acid by each mineral would be ranked in the 

following order: Staurolite > Xenotime > Schorl > Ilmenite > Zircon 

In addition, the surface area of hydroxamate reported in the literature [21, 35, 

61] is 21 Å2 when considering vertically oriented adsorption. It is 55 Å2 when 

considering horizontally oriented adsorption. 

4.2.2 Adsorption Equilibrium 

Hydroxamate adsorption on the mineral surface is a chemical phenomenon. 

It is well known that metal ions will chelate complexes with hydroxamate anions 

[61–65]. Because the surface area of these semisoluble minerals is limited, the 

adsorption of reagent will approach equilibrium after a certain time. Figure 4.5 
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shows the results of the adsorption of octano-hydroxamic acid on xenotime, 

ilmenite, zircon, schorl, and staurolite as a function of time at room temperature 

and 80 °C. The initial concentration of octano-hydroxamic acid was 0.001 M in all 

of these tests.  

 

 

Figure 4. 5 Adsorption Equilibrium at Room Temperature and at 80 °C 

As the above results show, at room temperature, the equilibrium time of 

xenotime, ilmenite, zircon, and staurolite were 20 hours. Only schorl did not 

approach equilibrium after 20 hours. For future experiments, 20 hours was set to 

be the conditioning time for valid and repeatable adsorption density evaluations. 

At 80 °C, however, the equilibrium curves of the five minerals were totally 

different. First, 20 hours was not enough for equilibrium for ilmenite. Second, 

high temperature enhanced the adsorption of hydroxamate on surfaces of the 

minerals. The effect of temperature on the adsorption of hydroxamic acid will be 

further discussed in this chapter. 
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4.2.3 Adsorption Isotherm 

Adsorption isotherm tests were designed in the pH range from 3 to 11, both 

at room temperature and 80 °C. The adsorption isotherms of sample and gangue 

minerals at different conditions are shown in Figure 4.6. 

 

 

 

Figure 4. 6 Adsorption Isotherms of Xenotime and Gangue Minerals as a Function 
of Concentration of Octylhydroxamic Acid at Different pH at Room Temperature 

and at 80 °C 
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Figure 4.6 shows that at room temperature, xenotime, zircon, and staurolite 

reached equilibrium with a concentration of octano-hydroxamic acid at around 

0.001 M in the pH range from 3 to 11.  

However for schorl, the adsorption did not reach equilibrium at all, and for 

ilmenite, the adsorption only reached equilibrium at around 0.0001 M only in 

non-alkaline conditions. The overall adsorption of each mineral at 80 °C was 

higher than for each of the same minerals at room temperature. But, the minerals 

did not reach equilibrium at 80 °C. As well, the adsorption at 80 °C increased 

when the concentration of hydroxamic acid increased, no matter what the pH 

was. 

Notably, at room temperature, even though ilmenite and schorl consumed 

much more hydroxamic acid than xenotime, the flotation results indicated that 

the recoveries of ilmenite and schorl were lower than that of xenotime at pH’s of 
5, 7, and 9. This discrepancy may be due to several reasons.  

First, the specific density of ilmenite is larger than that of xenotime. So, at 

similar flotation conditions, the decreasing effect of the larger specific density of 

ilmenite offsets the increasing effect of more collector molecules adsorbed onto 

the surfaces of that mineral.  

Second, there might be an aggregation of schorl particles in the solution. 

Third, and more likely, xenotime reached equilibrium but ilmenite and schorl did 

not. Hence, the hydrophilic area on the surface of the ilmenite and schorl 

hindered flotation recovery.   
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4.2.4 Effect of Temperature 

It is well known that an increase in temperature enhances the adsorption of 

the collector in chemisorbing-types of flotation systems [35]. This is perhaps due 

to enhanced free energy in the solid–liquid system. Therefore, more active areas 

on the surfaces would be available for hydroxamate ions to adsorb on. So, 

experiments were conducted at elevated temperatures to investigate the role of 

temperature in the adsorption of the five minerals. Adsorption studies of 

hydroxamate at both room temperature and 80 °C were conducted. These results 

are shown in Figure 4.7. 

As shown in Figure 4.7, the adsorption density for each mineral was much 

higher at 80 °C than those at room temperature. Similar phenomena were also 

observed by Pradip in 1988 [35], Cheng et al. in 1994 [25], Zhang in 2014 [60], 

and Anderson in 2015 [21]. As calculated in the literature, the monolayer 

adsorption density of octano-hydroxamic acid at room temperature was found to 

be 8.1  10–6 mol∙m–2. The results shown above indicate that at room 

temperature, octano-hydroxamic acid was monolayer-adsorbed on the surface of 

xenotime in a wide pH range from 5 to 9. For others, relatively low adsorption 

densities were also observed. However, the adsorption density of 

octano-hydroxamic acid for each mineral increased at 80°C. This suggests that 

multiple layers of hydroxamic acid were adsorbed on the mineral surface. Cheng 

suggested that at elevated temperature, horizontal monolayers could appear [25]. 

This density was calculated as 3.0  10–6 mol∙m–2 [21]. Then the number of layers 
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of hydroxamic acid adsorbed on the surface was increased.  

In addition, after thermodynamic calculation, the comparison of free 

energies of adsorption of octano-hydroxamic acid on the surfaces of the minerals 

at room temperature and 80°C also suggested that the mechanism of adsorption 

using this collector was chemisorption.  

 
Figure 4. 7 Adsorption Densities of Xenotime and Gangue Minerals as a Function 

of pH with Different Concentrations of Hydroxamate Solution at Room 
Temperature and 80 °C 

As shown in Figure 4.8, when using the concentration 0.001M of 

octano-hydroxamic acid at pH 9 as an example, the free energy of adsorption of 

octano-hydroxamic acid on the surface of minerals increased with an increase in 
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temperature. Anderson in 2015[21] also evaluated the effect of temperature on 

the adsorption density using hydroxamate as the collector and concluded that 

the adsorption of hydroxamate was chemisorption. 

However, it is important to note, for multiple-layer adsorption, the van der 

Waals force is predominant bonding collector ions onto the previously adsorbed 

monolayer. This suggests physical adsorption [66]. Therefore, the adsorption of 

octano-hydroxamic acid at increased concentration or with elevated temperature 

may be a combination of both chemisorption and physical adsorption. It is also 

obvious that higher temperature amplified the differences of adsorption density 

at varying pH. The effect of pH is discussed in the following subsection. 

 
Figure 4. 8 Comparison of Free Energies of Adsorption of Octano-hydroxamic 

Acid at Room Temperature and 80°C 

4.2.5 Effect of pH 

Figure 4.7 also shows the effect adsorption with pH. Except for schorl, there 
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was a distinct peak at pH 9 in the adsorption curve and a change in pH on either 

side of this peak results in a decrease in adsorption. This was very similar to the 

flotation behavior of the minerals in the presence of hydroxamic acid. The drop in 

adsorption density, both as % of initial concentration or in terms of adsorbed 

hydroxamic acid at the surface, was more or less symmetric but less sharp than 

the results of flotation recovery at 2 minutes. There were sharp drops in 

adsorption density at pH 3 and pH 11. However, at room temperature, the 

adsorption densities of schorl at pH 7 were the highest, and decreased as the pH 

increased. It is confirming to find a distinct one-to-one correspondence between 

the adsorption and flotation results shown here.  

 
Figure 4. 9 Comparison of Adsorption Densities with Flotation Recoveries for 

Xenotime, Ilmenite, and Schorl 

Figure 4.9 illustrates the observed trends in adsorption corresponding to the 

flotation recovery trends for xenotime, ilmenite, and schorl. Sharp peaks at pH 9 

could be directly correlated with the maximum in flotation recoveries for both 
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xenotime and ilmenite, a sharp peak in the range of pH 5–9 could also be directly 

correlated with the maximum in flotation recoveries of schorl. 

The effect of pH could also be explained by hydrolysis of the mineral surface, 

as discussed before (see Figures 4.2 and 4.3), at pH range from 5 to 9, more 

hydrolyzed Y species and phosphate species were available in the solid–liquid 

system, which meant more active area on the mineral surface. Thus more 

collector ions were adsorbed. 

Another striking point was that even though the adsorption densities of the 

two major gangue minerals were twice or more that of xenotime, the flotation 

recovery of xenotime was slightly higher than that of the other two minerals.  

According to the test results, effective separation will be achieved around pH 

9. However, depressants are needed at elevated temperature to achieve effective 

separation because the adsorption lines are close and collector consumption of 

some minerals such as schorl was much higher than that of xenotime.  

4.3 Microflotation 

In this project, the flotation of a xenotime pre-concentrate and pure samples 

of the gangue minerals ilmenite, zircon, schorl and staurolite using 

octano-hydroxamic acid and sodium oleate as collectors was conducted in a 

Partridge-Smith microflotation cell.  The flotation of mixed samples (weight 

ratio=1:1) of xenotime and each one of its gangue minerals was also investigated 

at room temperature and 80°C, using sodium silicate and ammonium 

lignosulfonate in the presence of octano-hydroxamic acid and sodium oleate 
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respectively. Flotation results are described and compared with those of previous 

researchers. The effects of sodium silicate and ammonium lignosulfonate on 

weight recoveries and grade of xenotime are also discussed. 

 
Figure 4. 10 Microflotation recoveries of xenotime with different concentration 
octano-hydroxamic acid as a function of pH at room temperature 

4.3.1 Effects of Collectors 

In the benchmarking tests, no depressants were used. Octano-hydroxamic 

acid (HXM) and sodium oleate (SOT) were tested in various conditions.  Figure 

4.10 shows that the weight recovery of xenotime increased when the 

concentration of HXM increased from 0.0001M to 0.0005M. This remained 

constant above 96% even when the concentration of HXM continuously 

increased to 0.002M. This indicated that the concentration of HXM had already 

reached its equilibrium for adsorption at 0.0005M. 
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Figure 4. 11 Microflotation recoveries of xenotime and gangue minerals with 

0.0005M octano-hydroxamic acid as a function of pH at room temperature 

In addition, a plateau of maximum weight recovery was observed in the 

range of pH 5 to 9. Sharp drops were observed when the pH was lower than 5 or 

greater than 9 when the concentration of HXM was relatively low. Similar 

observations were also made by Pradip in 1988 when using K-octyl hydroxamate 

as the collector in bastnaesite flotation[35] and also by Quest in 2000 when using 

K-dodecyl hydroxamate as the collector in hematite flotation[68].  

Previous investigators had already confirmed that hydroxamic acid was 

chemisorbed onto metallic minerals, including xenotime. As evaluated by Pradip 

in 1988[35] and Anderson in 2015[21], metal ions  such as  La3+, Y3+, Ce3+ 

were the predominant ions when the pH of solution was lower than 5. Metal 

hydroxide M(OH)3 became prevalent when the pH was higher than 9. This led to 
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the hypothesis that the sharp drop at a pH lower than 5 was likely because the 

yttrium3+ ions on the xenotime surface tend to be free ions. Hence, less active 

sites were there for hydroxamic ions to adsorb on. When the pH is higher than 9, 

more and more hydroxyl ions competed with hydroxamic ions on the xenotime 

surface for adsorption. Both situations would lead to more xenotime remaining 

hydrophilic and its recovery lowered.  

However, when the concentration of hydroxamic acid was high enough, the 

abundance of hydroxamic ions that could be chemisorbed onto the mineral 

surfaces offset the effect of extreme pH values. This explained the enhanced 

recoveries noted at pH’s of 3 and 11 when the concentration of HXM was 

increased from 0.0005M to 0.002M. 

Similar drops were also observed in the flotation of pure gangue minerals, as 

show in Figure 4.11. However, the recoveries of gangue minerals were lower than 

xenotime in the pH range of 5 to 9. No apparent plateaus were observed when 

testing ilmenite and schorl.The drops relevant to ilmenite, zircon and staurolite 

were not as sharp as that of xenotime. These results likely indicate the selectively 

of octano-hydroxamic acid when dealing with these minerals. 

It is important to note, as the research results showed and the previous 

literature had already concluded, even though maximum recoveries were 

observed in the range of pH 5 to 9, pH 9 was more favorable for hydroxamic 

acid[35]. Further tests were conducted to evaluate the selectively of 

octano-hydroxamic acid at pH 9. The results are shown in Figure 4.11. 
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As shown in Figure 4.12, the grade was enhanced every time when xenotime 

was mixed with each gangue mineral. The recoveries also remained relatively 

high. In addition, if the initial grade of xenotime in the feed was lower, more 

xenotime was selectively collected. These results lead us to the conclusion that 

octano-hydroxamic acid as a collector in the flotation of xenotime does exhibit 

selectivity and tends to float more xenotime than gangue minerals. 

Comparative flotation tests were also conducted by using sodium oleate 

collector. As shown in Figure 4.13, the maximum recovery of xenotime occurred 

in the range of pH 7 to 9. This is narrower than the range of pH when using 

octano-hydroxamate as the collector. The gangue minerals remained with a 

relatively high recovery in the same pH range. Similar phenomenon were 

observed by Cheng in 1992[24] using sodium oleate to float xenotime, by 

Xianfeng in 2009[40] using sodium oleate to float ilmenite and by Hosten in 2001 

using sodium oleate to float zircon[39].  

The results shown in Figure 4.13 and reported previously in the literature 

provide evidence that sodium oleate is chemisorbed onto the surface of these 

minerals. Otherwise poor recoveries would occur at alkaline conditions for 

anionic collectors like sodium oleate[24]. Solid evidence was found by Pavez et al. 

in 1995 using FTIR spectrometry that sodium oleate was chemisorbed onto 

bastnaesite and monazite surfaces[62]. The drops in recovery happened at a pH 

lower than 7 and higher than 9. This could be elucidated by the same hypothesis 

used to explain the sharp drops in recoveries when using hydroxamic acid. 
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Figure 4. 12 Recoveries and ∆Grade of mixed samples weight ratio of xenotime 
and gangue minerals=1:4 and 1:1) with 0.0005HXM at pH9 at room temperature 

It is interesting to note that the recovery of zircon either using 

octano-hydroxamic acid or sodium oleate was not sensitive to pH changes. 

Hosten also observed maximum recoveries of zircon over a wider pH range[39]. 

This is probably due to the complex surface structure of zircon and its 

interactions with water phase and collector molecules. 

A series of experiments was also performed to study the effects of 

octano-hydroxamic acid and sodium oleate on xenotime flotation as a function of 

pH. This was done at both at room temperature and 80°C. As shown in Figure 

4.14(a) and Figure 4.14(c), high temperatures might have a negative influence on 

the flotation of xenotime using sodium oleate as the collector at certain pH values. 

However, a positive influence exists on the flotation of xenotime using 
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octano-hydroxamic acid. Lab observations of sodium oleate flotation show that at 

pH lower than 9, bubbles formed at high temperature were not stable when 

compared to those at pH 9 and pH 11. The surface tension of bubbles may have 

been lower and some small bubbles merged into big ones when floating breaking 

at the surface of solution. In contrast, the surface tension of bubbles using 

octano-hydroxamic acid appeared to remain high even at enhanced temperature 

and bubbles appeared to generate faster than at room temperature. Thus, more 

xenotime was floated in 2 minutes. The actual effect of temperature on the 

stability of bubbles using these collectors is still unknown. 

 

Figure 4. 13 Microflotation recoveries of xenotime and gangue minerals with 
0.0005M sodium oleate as a function of pH at room temperature 

Figure 4.14(b) and (d) suggested that when used either at room temperature 

or at 80°C, octano-hydroxamic acid was very effective.  This was judged from 

the weight recovery of xenotime, over a wider pH range when compared with 
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sodium oleate. More than 95% of the xenotime sample was recovered at a pH 9 

either at room temperature or at 80°C. Therefore, pH 9 was chosen for further 

comparative tests between the collectors 

 
Figure 4. 14 Comparisons between effects of octano-hydroxamic acid and sodium 

oleate on xenotime flotation as a function of pH 

A comparison of selectivity between octano- hydroxamic acid and sodium 

oleate in the absence of depressants was also conducted by using mixed samples 

of xenotime and gangue minerals (weight ratio=1:1) 

The original grade of xenotime in each mixed sample was 33.85%, and the 

weight recovery and change in grade ∆grade  of each concentrate after flotation 
was measured and calculated.  
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As shown in Figure 4.15, the recoveries were all above 93%, but the ∆grades 
by using sodium oleate were much higher than those by using 

octano-hydroxamic acid. This suggests that at room temperature and a pH 9, with 

the same concentration of 0.0005M, sodium oleate was more selective than 

octano-hydroxamic acid in the flotation of xenotime without depressants. 

Previously Pradip had concluded that hydroxamate was more selective than 

sodium oleate in the flotation of bastnaesite from barite and calcite. The results 

in this project show that sodium oleate is more selective in the flotation of 

xenotime from ilmenite and siliceous minerals[38]. This apparently correlates 

well with the conclusion made by Pavez that hydroxamate seemed to be a weaker 

activator than sodium oleate to separate monazite (another rare-earth-bearing 

phosphate mineral like xenotime) from zircon[62].  

 

Figure 4. 15 Recoveries and ∆Grades of xenotime with 0.0005M HXM vs. 
0.0005M SOT at pH 9 at room temperature 
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4.3.2 The effects of Depressants 

In further tests, sodium silicate (SS) and ammonium lignosulfonate (ALS) 

were used respectively in the flotation of mixed samples before the addition of 

octano-hydroxamate acid (HXM) or sodium oleate (SOT). Comparisons were made between the recoveries and changes in grade ∆grade . 
According to Figure 4.16(a), at room temperature and at pH 9, in the 

presence of octano-hydroxamic acid, the recoveries and ∆grades of xenotime 

with the addition of sodium silicate were slightly better than those with the 

addition of ammonium lignosulfonate. Both sodium silicate and ammonium lignosulfonate enhanced recoveries and ∆grades except when xenotime was 
mixed with ilmenite.  

These results suggest that both depressants enhanced the selectivity of 

octano-hydroxamic acid in the separation of xenotime from the three siliceous 

gangue minerals.  

But each depressant and the collector together had no depressing power for 

ilmenite. No literature was found that had discussed the loss of depressing power 

of either sodium silicate or lignosulfonate to separate xenotime from 

iron-bearing minerals such as ilmenite. According to the competition theory 

mentioned previously, it may because active Fe2+ ions on the surface of ilmenite 

favore octano-hydroxamic ion species more than siliceous ion species or 

lignosulfonate ion species. Thus no depressing power of the two depressants was 

noted. 
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The testing of depressants using sodium oleate as the colleter had mixed 

success. As shown in Figure 4.15(b), at room temperature and at pH 9, the 

recoveries were lowered by using depressants, especially with the use of 

ammonium ligno-sulfonate. )n contrast the ∆grades by using sodium oleate as the 
collector were much higher than those by using octano-hydroxamic acid. This 

meant that overall, the recoveries of xenotime when using depressants in the 

presence of sodium oleate were very low.  

Accordingly, when using sodium oleate as the collector, the addition of 

depressants, especially ammonium lignosulfonate, apparently decreased the 

surface tension of bubbles. Many bubbles broke before they floated out of the cell. 

This resulted in many xenotime particles in the tailings. Moreover, the results 

display one shortcoming of using the single collector, sodium oleate.  

In this case, in the presence of depressants, it explains why other modifiers 

are apparently necessary to enhance the stability of froth in the cell. Some 

flotation experiments regarding this issue had been done in previous research. In 

2010, Wiese et al tested the effect of combinations of reagents (collectors, 

activators, depressants and frothers) on froth stability in batch flotation cells. He 

suggested that replacing a short chain-length collector with a longer chain one 

resulted in decreased froth stability[69]. This explained the lower recoveries 

encountered by using sodium oleate (C18H33NaO2) than by using 

octano-hydroxamate (C8H17NO2). Wises also pointed out that the addition of 

frother increased froth stability.  
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This may explain why the Mountain Pass plant uses both sodium oleate and 

tall oil in the industrial flotation of bastnaesite[38] and the Crago process uses 

both fuel oil and sodium oleate to float phosphates[45]. In 2012, Ravichandran 

and his coworkers also observed similar phenomena in that the combination of a 

collector and frother would result in better gas hold-up. Thus better recoveries 

were produced than when using a collector alone[70]. 

Ammonium lignosulfonate, as pointed out, worked less efficiently than the 

use of sodium silicate with sodium oleate. Even though the changes in the grade 

of xenotime concentrate when using ammonium lignosulfonate was slightly 

higher than those by using sodium silicate, the recoveries were much lower. 

Presumably this is because ammonium lignosulfonate decreased the stability of 

the bubbles more than sodium silicate did in the presence of sodium oleate.   

 
Figure 4. 16 Comparisons between effects of sodium silicate and ammonium 

lignosulfonate before the addtion of octano-hydroxamic or sodium oleate at pH 9 
and room temperature 
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However, it is important to note, both sodium silicate and ammonium 

lignosulfonate both were effective in assisting sodium oleate to separate 

xenotime from ilmenite. Again this is probably due to the Fe2+ ions on the surface 

of ilmenite. They favored siliceous ion species or lignosulfonate ion species more 

than oleate ion species, thus decreasing the amount of active area on the ilmenite 

surface for collector to adsorb on. This further resulted in the ilmenite surface 

remaining hydrophilic. In summary, clearly in the presence of sodium oleate, the 

use of ammonium lignosulfonate showed favorable depressing power against an 

iron-bearing mineral. 

Flotation of xenotime at 80°C was also conducted using the same collectors 

and depressants. As shown in Figure 4.17(a), at pH 9 and 80°C, the recoveries of 

mixed samples using sodium silicate as the depressant were slightly higher than 

when using ammonium lignosulfonate in the presence of octano-hydroxamic acid. The changes in grade ∆grade  of xenotime using sodium silicate were also 
slightly higher than those using ammonium lignosulfonate. Except for a mixed sample of xenotime and zircon, the ∆grades were nearly the same. The relatively 
lower recoveries of mixed samples of xenotime and limenite showed that neither 

sodium silicate nor ammonium lignosulfonate functioned very well with 

octano-hydroxamate at any temperature. 

According to Figure 4.17(b), except for mixed samples of xenotime and 

ilmenite, both sodium silicate and ammonium lignosulfonate enhanced the 

grades of xenotime significantly. The grade enhancement by sodium silicate was 
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slightly better than those of ammonium lignosulfonate. But the recoveries of 

mixed samples of xenotime and zircon were much higher than those samples 

containing schorl and staurolite.  

 
Figure 4. 17 Comparisons between effects of sodium silicate and ammonium 

lignosulfonate before the addition of octano-hydroxamic or sodium oleate at pH 
9 and 80°C 

For mixed samples of xenotime and ilmenite, sodium silicate did not 

demonstrate significant depressing power, with neither octano-hydroxamic acid 

nor sodium oleate. This is probably because the compound formed with Fe2+ on 

the surface of ilmenite and anionic collector ions was more stable than that 

formed with silicate ions at enhance temperature. 

Mixed samples of xenotime and zircon floated very well in the presence of 

any reagents at pH 9 and at room temperature. The recoveries were all over 90% and the ∆grades were above %, compared with the samples containing schorl 
or staurolite, demonstrating relatively higher floatability. 
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4.3.3 The effect of Temperature 

The effect of temperature in froth flotation has also been evaluated. In 1988, 

Pradip used enhanced temperature in Denver flotation cell scale testing of 

bastnaesite ore obtained from Mountain Pass. He found that after the addition of 

soda ash and lignosulfonate as depressants, the recoveries and grades were both 

enhanced at high temperatures in the presence of hydroxamate. But in the case of 

fatty acids, the recoveries and grades were just slightly better[35]. In 1994, 

Cheng et al also studied the effect of temperature in the flotation of xenotime, by 

using oleic acid as the collector. He concluded that the performance of oleic acid 

was highly sensitive to temperature. The higher solubility of this weak acid at 

higher temperature enhanced the adsorption density on the xenotime surface. 

Therefore, better flotation performance could be expected[25]. 

 
Figure 4. 18 Adsorption densities of xenotime a function of pH with different 

concentration of octano-hydroxamic acid solution after shaking for 20 hours at 
room temperature and 80°C 
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These theories make sense. In addition, high temperature could enhance the 

free energy in the solid-liquid system, with more active areas on the particle 

surface available for more dissolved anionic collector ions to adsorb on. 

In order to confirm this theory, adsorption density tests with xenotime were 

also conducted by using octano-hydroxamic acid as the collector. 

As shown in Figure 4.18, the adsorption densities of octano-hydroxamic ions 

on the surface of xenotime reached equilibrium with all the three different 

concentrations of the collector at room temperature. But these were enhanced 

significantly at 80°C when more collector ions were available in the system. This 

was especially noted at pH 9. These adsorption results were in accordance with 

the theories mentioned previously, and they illustratethe effect of temperature.     

The flotation results showed a similar effect, in  flotation using sodium 

oleate as the collector and ammonium lignosulfonate as the depressant.  

In Figure 4.18 the recoveries were much better at 80°C than at room 

temperature. The changes in grade were close, except for the mixed sample of 

xenotime and ilmenite. The ∆grades were much lower at 80°C than at room 

temperature. The results suggested that elevated temperature had a strong 

positive effect on the performance of sodium oleate and ammonium 

lignosulfonate.  

In contrast, as Figure 4.16(a) and Figure 4.17(a) show, the effect of 

temperature on the performance of octano-hydroxamic acid in the presence of 

depressants was a minor success. This could help to explain why Bayan Obo uses 
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hydroxamates as collectors at room temperatures[42] but Mountain Pass uses 

sodium oleates as collectors at elevated temperature [38]. 

 

Figure 4. 19 Effect of temperature on recoveris and ∆grades in the presence of 
sodium oleate and ammonium lignosulfonate at room temperature and 80°C, at 

pH 9. 

In addition, the bubble stability in a sodium oleate solution appeared lower 

at elevated temperature than at room temperature. In contrast, the bubble 

stability in a solution of octano-hydroxamic acid appeared to remain high even at 

high temperature and bubbles appeared to be generated faster than at room 

temperature. 
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CHAPTER 5: SUMMARY AND CONCLUSIONS 

In the surface chemistry and microflotation tests of xenotime and the 

selected gangue minerals-ilmenite, zircon, schorl and staurolite, several 

conclusions can be made based on the results. 

1. The zeta potential of xenotime was measured at pH 3.90 in this project.  

2. The maximum adsorption and recovery using either of the two anionic 

collectors were observed in an alkaline condition where zeta potential remains 

negative. This suggests chemisorption occurred on the surface of xenotime. 

3. At a pH below 3.90, the predominant species is Y3+, and at pH above 3.90, 

Y(OH)2+, Y(OH)2+ and Y(OH)3 become prevalent. This suggests that as the 

solution goes from acidic to alkaline, more Y3+ are hydrolyzed into Y(OH)3. It is 

reasonable to hypothesis that at a relatively low pH, less active area on the 

surface of xenotime would be available. This is because more Y3+ ions are 

dissolved from the xenotime surface. At a relatively high pH, more hydroxyl ions 

are competing with anionic collector ions for the xenotime surface. This 

hypothesis corresponds well with both the adsorption and the microflotation 

results.  

4. At elevated temperatures, xenotime reached equilibrium adsorption but 

ilmenite did not. This suggests a mechanism of separation based on hydrophilic 

area on the surface of ilmenite and schorl limiting their floatability. Temperature 

amplifies the differences of adsorption of collectors on the five mineral surfaces. 
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Thus better separation performance can be expected with higher temperature. 

5. The effect of pH on adsorption can be explained by hydrolysis of mineral 

surface. At a pH range from 5 to 9, more hydrolyzed Y species and phosphate 

species are available in the solid-liquid system. This, suggests more active areas 

on the mineral surface. Thus more collector ions can be adsorbed. Further, the 

result of adsorption tests by using octano-hydroxamic acid as the collector shows 

that best recovery can be expected at pH 9. 

6. Octano-hydroxamic acid is efficient as a collector in the flotation of 

xenotime. The maximum weight recoveries of xenotime using octano-hydroxamic 

acid as the collector in the absence of depressants occurs in the pH range from 5 

to 9. The optimum pH to separate xenotime from the selected gangue minerals is 

pH 9. Increasing the concentration of collector is able to offset the depressing 

effect of extreme pHs on the flotation performance. 

7. The depressants, sodium silicate and ammonium lignosulfonate work 

well with octano-hydroxamic acid to float xenotime from the selected silicate 

gangue minerals, either at room temperature or at 80°C. But they exhibit no 

depressing power against ilmenite. However, both depressants are efficient in the 

presence of sodium oleate to depress all the gangue minerals including ilmenite 

at room temperature. 

8. Compared with octano-hydroxamic acid, sodium oleate has a narrower 

effective pH range of 7 to 9 to achieve maximum recoveries of xenotime when 

used alone. However, at pH 9 and at room temperature the grades of concentrate 
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produced using sodium oleate are much higher than those using 

octano-hydroxamic acid. While all the recoveries are close and all are above 93%, 

in the absence of a depressant, sodium oleate expresses stronger selectivity than 

octano-hydroxamic acid in the flotation of xenotime from selected gangue 

minerals. 

9. The bubbles formed in a solution of octano-hydroxamic acid appear 

more stable than those formed in sodium oleate. This plays an important part in 

the better weight recoveries of xenotime when using octano-hydroxamic acid as 

the collector. (owever, it’s hard to quantify the advantage of higher bubble 

stability. It does seem to reduce the selectivity of octano-hydroxamic acid. 

10. The stability of bubbles is a significant factor in the performance of 

flotation. Extreme pHs, enhanced temperature and the addition of depressants 

can all partially affect the stability of the bubbles and apparently affect the 

weight recoveries of xenotime. 

11. Ammonium lignosulfonate is better than sodium silicate when used to 

depress ilmenite in the presence of sodium oleate. However, the derived 

recoveries are worse when using ammonium lignosulfonate as the depressant. 

The reason behind this most probably due to Fe2+. This favors ammonium 

lignosulfonate ions more than both sodium silicate and sodium oleate. 

12. Temperature plays an important part in the flotation of xenotime and the 

selected gangue minerals. While temperature appears to decreases the bubble 

stability when using sodium oleate alone, temperature enhances the 
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performance of ammonium lignosulfonate in the presence of sodium oleate. 

Accordingly, the recoveries are increased significantly and the grades of 

concentration remain high. However, temperature enhances the grades and 

decreases the recoveries when using octano-hydroxamic acid as the collector in 

the presence of depressants. 
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Appendix A 

Table A. 1 Zeta potential data of 0.02g xenotime in distilled water  

pH Zeta Potential (ZP) / mV 

11.01416 -62.8698 
10.98196 -62.7356 
10.96257 -62.6723 
10.93806 -62.5834 
10.91431 -62.4724 
10.89307 -62.4196 
10.86794 -62.2847 
10.83335 -62.3128 
10.80491 -62.2069 
10.77734 -62.1388 
10.75039 -62.1819 
10.71284 -62.0386 
10.68599 -61.9308 
10.65991 -61.8491 
10.62857 -61.6918 
10.58765 -61.6112 
10.54727 -61.4944 
10.50977 -61.3155 
10.51499 -61.1444 
10.53159 -60.925 
10.48569 -60.7763 

10.427 -60.5025 
10.37441 -60.2292 
10.31299 -59.0838 
10.23779 -59.0919 
10.17654 -59.0739 
10.10974 -58.6539 
10.02959 -58.1919 
9.942871 -57.8188 
9.855811 -57.4136 
9.756763 -56.8828 
9.623193 -56.1751 
9.47876 -55.4182 

9.286621 -54.3758 
8.95813 -52.4822 

8.287598 -47.6465 
7.587866 -41.8579 
7.215357 -38.963 
6.940088 -36.0351 

6.7323 -33.17 
6.563159 -30.588 
6.416845 -28.2046 
6.27926 -25.7664 

6.156836 -23.5766 
5.998169 -20.8994 
5.827649 -18.0334 
5.595459 -14.4265 
5.231812 -8.72448 
4.583276 1.25103 
4.060999 8.057616 
3.769348 11.14493 
3.61731 12.59222 

3.513196 13.84733 
3.423706 14.82319 
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Table A. 2 Zeta potential data of 0.02g xenotime in 0.0005M octano-hydroxamic 

acid solution  

pH Zeta Potential (ZP) / mV pH Zeta Potential (ZP) / mV 

10.92871 -62.8895 6.127868 -30.8722 
10.9021 -62.7606 6.010376 -29.3957 

10.87251 -62.6982 5.865893 -27.091 
10.84849 -62.6028 5.633472 -23.2986 
10.81177 -62.5544 5.243409 -16.4227 
10.77988 -62.3976 4.511633 -3.23216 
10.7439 -62.344 3.929871 5.898928 

10.71765 -62.184 3.672595 9.159585 
10.68091 -62.0541 3.520325 11.59775 
10.64478 -61.9467 3.411645 13.37851 
10.60596 -61.8304   
10.56812 -61.6831   
10.51782 -61.5012   
10.4771 -61.2561   

10.42686 -61.0906   
10.38379 -60.8987   
10.33203 -60.6656   
10.2811 -60.4505   

10.26692 -60.2448   
10.21941 -59.9746   
10.16846 -59.7272   
10.10352 -59.4022   
10.05278 -59.0809   
9.990649 -58.8223   
9.927979 -58.4973   
9.871729 -58.0014   
9.823486 -57.1983   
9.752319 -57.0499   
9.684326 -56.8586   
9.617481 -56.509   
9.545849 -56.0741   
9.47749 -55.6588   
9.39956 -55.2132   

9.311548 -54.6339   
9.227905 -54.0527   
9.134937 -53.4519   
9.011841 -52.8668   
8.898193 -52.0573   
8.720825 -50.9953   
8.543213 -49.9062   
8.298584 -48.5108   
7.90625 -45.9415   

7.358581 -41.7923   
7.024658 -39.5604   
6.819763 -38.0116   
6.676636 -36.9025   
6.53457 -35.7867   
6.41709 -34.4842   
6.29812 -33.1106   
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Table A. 3 Zeta potential data of 0.02g ilmenite in distilled water 

pH Zeta Potential (ZP) / mV pH Zeta Potential (ZP) / mV 

11.00281 -56.6862 6.174853 -31.5949 
10.9729 -56.7469 6.070374 -29.8839 

10.94058 -56.941 5.955285 -27.9479 
10.9209 -57.0471 5.81897 -25.6395 
10.9023 -57.152 5.674072 -23.1923 

10.88257 -57.2391 5.448718 -19.5263 
10.86172 -57.3784 5.125732 -14.3541 
10.84497 -57.4146 4.473327 -4.09003 
10.8219 -57.5508 4.007324 2.009194 

10.84692 -57.6282 3.763452 4.820773 
10.84058 -57.7654 3.598493 6.596476 
10.81563 -57.7705 3.487597 7.881205 
10.79053 -57.8065   
10.76133 -57.7981   
10.73784 -57.8043   
10.71621 -57.8088   
10.69512 -57.7496   
10.66138 -57.7078   
10.64746 -57.6951   
10.61628 -57.6323   
10.58486 -57.613   
10.55322 -57.5865   
10.51748 -57.5863   
10.48096 -57.5241   
10.44531 -57.4813   
10.40356 -57.4556   
10.35972 -57.3699   
10.31682 -57.2929   
10.26819 -57.2053   
10.22105 -57.0293   
10.17366 -56.9492   
10.1165 -56.7863   

10.06077 -56.6817   
9.99624 -56.4946   

9.919434 -56.3071   
9.847583 -56.1094   
9.759863 -55.8537   
9.674707 -55.5915   
9.577539 -55.3145   
9.464477 -54.9281   
9.310156 -54.4414   
9.109619 -53.7948   
8.820752 -52.7852   
8.332446 -50.4738   
7.649378 -46.6051   
7.251074 -44.3364   
6.986255 -42.3693   
6.804285 -40.6226   
6.646362 -38.7724   
6.509655 -36.9527   
6.385303 -34.989   
6.280762 -33.3533   
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Table A. 4 Zeta potential data of 0.02g ilmenite in 0.0005M octano-hydroxamic 

acid solution 

pH Zeta Potential (ZP) / mV pH Zeta Potential (ZP) / mV 

11.03535 -61.8727 6.71377 -48.3932 
11.00269 -61.8558 6.612915 -47.9586 
10.97417 -61.9226 6.513672 -47.4213 
10.95557 -61.9865 6.441418 -46.9661 
10.93189 -62.0365 6.351977 -46.3285 
10.91211 -62.0642 6.265222 -45.7098 
10.88452 -62.1244 6.185584 -45.0889 
10.86221 -62.2027 5.816126 -40.8578 
10.84082 -62.1947 5.654431 -39.3387 
10.81323 -62.2562 5.40249 -36.0875 
10.78308 -62.2648 4.957031 -29.0705 
10.75095 -62.3088 4.275049 -18.3426 
10.71895 -62.3265 3.870288 -13.6842 
10.69116 -62.3518 3.674902 -11.5481 
10.65674 -62.3345 3.535059 -9.63955 
10.62544 -62.3376 3.43952 -8.00395 
10.59041 -62.314   
10.55366 -62.3009   
10.51636 -62.3046   
10.48115 -62.2388   
10.42896 -62.1559   
10.39121 -62.1087   
10.34497 -62.0433   
10.30288 -61.9645   
10.25742 -61.8985   
10.21797 -61.7856   
10.16333 -61.6509   
10.12231 -61.5301   
10.07214 -61.4428   
10.02524 -61.2908   

9.9719 -61.1399   
9.91958 -60.9771   

9.864331 -60.7731   
9.807007 -60.586   

9.7573 -60.3519   
9.697534 -60.1297   
9.647339 -59.8964   
9.587671 -59.5662   
9.521704 -59.3598   
9.466553 -59.0689   
9.399414 -58.6705   
9.340918 -58.3154   
9.26831 -57.9077   

9.191553 -57.5121   
9.11831 -57.1194   

9.027295 -56.7322   
8.93247 -56.2334   

8.820849 -55.6869   
8.697534 -55.1864   
8.539698 -54.6479   
8.342285 -54.005   
8.062695 -52.9925   
7.610047 -51.2597   
7.265173 -50.2087   
7.015259 -49.4104   
6.850073 -48.8649   
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Table A. 5 Zeta potential data of 0.02g zircon in distilled water 

pH Zeta Potential (ZP) / mV 

11.03408 -56.0473 
11.00747 -56.0961 
10.99302 -56.1627 
10.96765 -56.2078 
10.94119 -56.2146 
10.9127 -56.1588 

10.89038 -56.2026 
10.87024 -56.1878 
10.85071 -56.1769 
10.82581 -56.1821 
10.80606 -56.1952 
10.77988 -56.1514 
10.75689 -56.1157 
10.72278 -55.9989 
10.68823 -55.9136 
10.65088 -55.8933 
10.61025 -55.7748 
10.5709 -55.6313 

10.52754 -55.5903 
10.49595 -55.4644 
10.44429 -55.2741 
10.38635 -54.9571 
10.33374 -54.7934 
10.27354 -54.5543 
10.21558 -54.3516 
10.14551 -54.0805 
10.07495 -53.7932 
9.999756 -53.4577 
9.914893 -53.2058 
9.826562 -52.7971 
9.715088 -52.4917 
9.604248 -51.91 
9.462085 -51.3896 
9.275635 -50.4352 
9.027344 -49.0896 
8.586328 -46.1389 
7.71228 -36.0822 

7.267481 -31.9339 
6.997803 -29.5574 
6.77533 -27.2672 

6.485034 -23.6145 
6.327088 -21.908 
6.184326 -20.17 
6.042358 -18.2939 
5.874072 -16.2688 
5.700281 -14.3761 
5.414746 -11.6248 
4.919824 -7.47995 
4.141174 -1.11691 
3.752417 1.342509 
3.540436 2.781618 
3.421496 3.844593 
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Table A. 6 Zeta potential data of 0.02g zircon in 0.0005M octano-hydroxamic acid 

solution 

pH Zeta Potential (ZP) / mV pH Zeta Potential (ZP) / mV 

10.99331 -91.4532 6.369934 -59.9507 
10.9573 -91.3346 6.285303 -58.9151 

10.93093 -91.3907 6.207397 -57.8973 
10.90747 -91.4262 6.113892 -56.5904 
10.8855 -91.4496 6.014477 -55.0884 

10.85535 -91.5167 5.868445 -52.755 
10.83003 -91.4804 5.713916 -50.2878 
10.79993 -91.4255 5.495654 -46.4569 
10.7707 -91.4071 5.080518 -38.2722 

10.73389 -91.3359 4.307568 -22.4222 
10.70337 -91.2304 3.872467 -16.5323 
10.67114 -91.1903 3.626648 -13.8198 
10.64121 -91.0886 3.488495 -11.7858 
10.60059 -91.0383   
10.57153 -90.8184   
10.53381 -90.7458   
10.4978 -90.5221   

10.45642 -90.4504   
10.41003 -90.2291   
10.36411 -90.1074   
10.32398 -89.8834   
10.27771 -89.6403   
10.22568 -89.4071   
10.17881 -89.1716   
10.13345 -88.8697   
10.08696 -88.59   
10.03674 -88.24   
9.984863 -87.94   
9.932324 -87.517   
9.888769 -87.1741   
9.830664 -86.7817   
9.777221 -86.3091   
9.716186 -85.8484   
9.657934 -85.2712   
9.60083 -84.7711   

9.541259 -84.0796   
9.479419 -83.519   
9.422607 -82.9037   
9.354981 -82.1644   
9.283056 -81.4353   
9.209595 -80.565   
9.130884 -79.7908   
9.038526 -78.9452   
8.944165 -78.0346   
8.840699 -77.2291   
8.720215 -76.2986   
8.563867 -75.3503   
8.368017 -74.217   
8.115137 -72.8428   
7.715247 -70.5781   
7.070605 -66.0161   
6.873682 -64.8457   
6.746875 -63.8151   
6.63645 -62.8182   

6.543762 -61.9173   
6.452148 -60.9126   
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Table A. 7 Zeta potential data of 0.02g schorl in distilled water 

pH Zeta Potential (ZP) / mV 

11.01372 -53.3865 
10.9811 -53.1867 

10.95439 -53.039 
10.90562 -52.7562 
10.87539 -52.4901 
10.83901 -52.0397 
10.79358 -51.728 
10.75415 -51.5074 
10.71082 -51.3193 
10.65537 -51.0661 
10.60225 -50.6904 
10.54482 -50.1397 
10.47554 -49.5783 
10.38706 -48.9426 
10.3104 -48.1278 

10.21436 -47.3123 
10.0967 -46.052 

9.977783 -44.6452 
9.832324 -43.0392 
9.637891 -41.0029 
9.375781 -38.4971 
8.906567 -34.1514 
8.022803 -21.4466 
7.467334 -14.6011 
7.081982 -9.98926 
6.720532 -6.1235 
6.383521 -2.87205 
6.100745 -0.23038 
5.809912 2.763152 
5.285168 6.643816 
4.349145 12.01147 
3.933099 13.76332 
3.710541 14.80336 
3.551624 15.70329 
3.456848 16.3854 
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Table A. 8 Zeta potential data of 0.02g schorl in 0.0005M octano-hydroxamic acid 

solution 

pH Zeta Potential (ZP) / mV pH Zeta Potential (ZP) / mV 

11.01714 -54.4275 6.769287 -29.099 
10.98399 -54.2067 6.638794 -28.2037 
10.95542 -53.9498 6.532862 -27.3258 
10.93733 -53.7961 6.42854 -26.5003 
10.91196 -53.6438 6.34314 -25.7518 
10.88782 -53.511 6.251709 -24.9077 
10.85732 -53.3645 6.153687 -23.9105 
10.83562 -53.2714 6.041577 -22.7569 
10.80332 -53.1858 5.93833 -21.5701 

10.776 -52.9917 5.813721 -20.1345 
10.75879 -52.9069 5.657434 -18.2344 
10.73047 -52.753 5.445288 -15.6167 
10.70359 -52.656 5.036182 -10.408 
10.67151 -52.5374 4.402014 -3.27155 
10.63233 -52.4263 4.013989 -0.47491 
10.60068 -52.303 3.784949 0.356454 
10.57324 -52.1877 3.622497 0.630331 
10.54299 -52.0435 3.519434 0.705423 
10.50479 -51.8037 3.435449 0.885449 
10.47109 -51.6093   
10.43457 -51.4324   
10.39844 -51.1857   
10.3541 -51.0049   

10.31357 -50.7971   
10.27105 -50.5992   

10.221 -50.3439   
10.18032 -50.1011   
10.13052 -49.8154   
10.08306 -49.5647   
10.03826 -49.246   
9.984229 -48.8843   
9.938721 -48.5765   
9.887329 -48.1876   
9.831934 -47.8155   
9.781738 -47.3931   
9.724609 -46.9838   
9.67334 -46.5423   

9.617187 -45.9717   
9.555322 -45.45   
9.491822 -44.8493   
9.43335 -44.2424   

9.361987 -43.64   
9.299805 -42.9997   
9.227881 -42.3166   
9.155908 -41.5412   
9.074951 -40.8042   
8.994141 -40.1234   
8.895752 -39.4411   
8.774805 -38.7536   
8.638061 -38.1228   
8.477295 -37.5894   
8.253906 -36.7625   
7.918262 -35.36   
7.471728 -32.9762   
7.162134 -31.4102   
6.945972 -30.2331   
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Table A. 9 Zeta potential data of 0.02g staurolite in distilled water 

pH Zeta Potential (ZP) / mV 

11.02141 -61.2076 
10.98916 -61.2522 
10.95896 -61.1877 
10.92158 -61.1744 
10.88789 -61.0927 
10.85281 -61.023 
10.81455 -60.9565 
10.78105 -60.9111 
10.7416 -60.7377 

10.70078 -60.5401 
10.65894 -60.3815 
10.61079 -60.2438 
10.56094 -59.9864 
10.51575 -59.7436 
10.45874 -59.5436 
10.39426 -59.3012 
10.32129 -59.0192 
10.24165 -58.6663 
10.16108 -58.2281 
10.05986 -57.9196 
9.963208 -57.4326 
9.845605 -56.9195 
9.708472 -56.2632 
9.545606 -55.5515 
9.327466 -54.4689 
9.000146 -52.6904 
8.28147 -46.4159 

7.597998 -37.5116 
7.199341 -32.1711 
6.90542 -27.8723 

6.573498 -23.066 
6.350061 -20.1003 
6.170215 -17.2059 
5.955518 -14.1858 
5.680029 -10.9667 
5.23866 -6.91558 

4.329407 0.328698 
3.89306 2.7443 

3.650146 3.974267 
3.512512 4.937036 
3.416077 5.824437 
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Table A. 10 Zeta potential data of 0.02g staurolite in 0.0005M octano-hydroxamic 

acid solution 

 
pH Zeta Potential (ZP) / mV pH Zeta Potential (ZP) / mV 

11.02554 -53.138 5.868945 -23.5177 
11.00073 -53.067 5.659253 -21.3652 
10.95889 -52.9836 5.314636 -17.657 
10.91919 -52.8864 4.597217 -9.09007 
10.88989 -52.836 4.04176 -3.79753 
10.84924 -52.7053 3.741638 -2.45071 
10.81228 -52.6896 3.563477 -2.02814 
10.77305 -52.6539 3.44043 -1.94442 
10.73731 -52.5474   
10.68762 -52.4405   
10.64736 -52.3129   
10.60498 -52.1802   
10.55669 -52.0441   
10.51294 -51.8264   
10.45542 -51.6808   
10.40662 -51.4418   
10.34448 -51.2457   
10.2854 -51.0603   
10.2228 -50.8136   

10.17671 -50.4969   
10.10337 -50.2146   
10.03948 -49.8327   
9.984912 -49.4411   
9.923584 -48.9885   
9.859326 -48.5625   
9.793286 -48.0459   
9.735693 -47.4966   
9.670069 -46.923   
9.598389 -46.2557   
9.531982 -45.7068   
9.440186 -44.9151   
9.37085 -44.3216   

9.293775 -43.7611   
9.202148 -42.7574   
9.100928 -42.2052   
8.991211 -41.4121   
8.884766 -40.7639   
8.753906 -40.0081   
8.578467 -39.0699   
8.350732 -38.1667   
7.992994 -36.5071   
7.470459 -33.7615   
7.127344 -32.0258   
6.859266 -30.6649   
6.684351 -29.7097   
6.53628 -28.8093   

6.407544 -27.9125   
6.285108 -27.0764   
6.158252 -26.1574   
6.024536 -24.944   
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Appendix B 

Table B. 1 BET data of xenotime 

Sample weight 0.48
85 

[g]  Saturated vapor pressure 85.0
84 

[kPa
] Standard volume 8.96

6 
[cm3]  

Adsorption cross section 
area 

0.16
2 

[nm
2] Dead volume 15.5

69 
[cm3]  File name of walladsorption   

Equilibrium time 0 [sec]  
Wall adsorption correction 

value 1   
Adsorptive N2   

Wall adsorption correction 
value 2   

Apparatus temperature 0 [C]  Number of adsorption data 18  
Adsorption temperature 77.0

00 
[K]  Number of desorption data 14  

         
BET plot    

Vm   0.6771 [cm3(STP) 
g-1]     

as,BET   2.9471 [m2 g-1]     
C         

Total pore 
volume(p/p0=0.957)  

0.00535
59 

[cm3 g-1]     
Mean pore diameter  7.2695 [nm]     

 

0

0.3

0.6

0.9

0 0.25 0.5

  

BET-Plot 

p/p0 

p
/V

a
(p

0
-p

) 
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Table B. 2 BET data of ilmenite 

Sample weight 0.50
24 

[g] 
 

Saturated vapor pressure 85.1
54 

[kPa
] Standard volume 8.96

6 
[cm3] 

 
Adsorption cross section 

area 
0.16

2 
[nm

2] Dead volume 15.7
58 

[cm3] 
 

File name of walladsorption 
  

Equilibrium time 0 [sec] 
 

Wall adsorption correction 
value 1   

Adsorptive N2 
  

Wall adsorption correction 
value 2   

Apparatus temperature 0 [C] 
 

Number of adsorption data 17 
 

Adsorption temperature 77.0
00 

[K] 
 

Number of desorption data 12 
 

         
BET plot 

   
Vm 

  
0.1983 [cm3(STP) 

g-1]     
as,BET 

  
0.86299 [m2 g-1] 

    
C 

        
Total pore 

volume(p/p0=0.955)  
0.00158

28 
[cm3 g-1] 

    
Mean pore diameter 

 
7.3365 [nm] 
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Table B. 3 BET data of zircon 

Sample weight 0.52
07 

[g] 
 

Saturated vapor pressure 117.
65 

[kPa
] Standard volume 8.96

6 
[cm3] 

 
Adsorption cross section 

area 
0.16

2 
[nm

2] Dead volume 15.8
71 

[cm3] 
 

File name of walladsorption 
  

Equilibrium time 0 [sec] 
 

Wall adsorption correction 
value 1   

Adsorptive N2 
  

Wall adsorption correction 
value 2   

Apparatus temperature 0 [C] 
 

Number of adsorption data 5 
 

Adsorption temperature 77.0
00 

[K] 
 

Number of desorption data 0 
 

         
BET plot 

   
Vm 

  
0.1507 [cm3(STP) 

g-1]     
as,BET 

  
0.65584 [m2 g-1] 

    
C 

  
10.974 

     
Total pore 

volume(p/p0=0.202)  
0.000218

14 
[cm3 g-1] 

    
Mean pore diameter 

 
1.3305 [nm] 

    

 

0

0.9

1.8

2.7

0 0.15 0.3

BET-Plot 

p/p0 

p
/V

a
(p

0
-p

) 
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Table B. 4 BET data of schorl 

Sample weight 0.50
25 

[g] 
 

Saturated vapor pressure 119.
4 

[kPa
] Standard volume 8.96

6 
[cm3] 

 
Adsorption cross section 

area 
0.16

2 
[nm

2] Dead volume 14.9
97 

[cm3] 
 

File name of walladsorption 
  

Equilibrium time 0 [sec] 
 

Wall adsorption correction 
value 1   

Adsorptive N2 
  

Wall adsorption correction 
value 2   

Apparatus temperature 0 [C] 
 

Number of adsorption data 5 
 

Adsorption temperature 77.0
00 

[K] 
 

Number of desorption data 0 
 

         
BET plot 

   
Vm 

  
0.3966 [cm3(STP) 

g-1]     
as,BET 

  
1.7263 [m2 g-1] 

    
C 

  
14.331 

     
Total pore 

volume(p/p0=0.343)  
0.000828

12 
[cm3 g-1] 

    
Mean pore diameter 

 
1.9189 [nm] 
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Table B. 5 BET data of staurolite 

Sample weight 0.504
8 

[g] 
 

Saturated vapor pressure 120.1
3 

[kPa
] Standard volume 8.966 [cm3] 

 
Adsorption cross section 

area 
0.162 [nm

2] Dead volume 14.16
5 

[cm3] 
 

File name of walladsorption 
  

Equilibrium time 0 [sec] 
 

Wall adsorption correction 
value 1   

Adsorptive N2 
  

Wall adsorption correction 
value 2   

Apparatus temperature 0 [C] 
 

Number of adsorption data 5 
 

Adsorption temperature 77.00
0 

[K] 
 

Number of desorption data 0 
 

         
BET plot 

   
Vm 

  
1.095

9 
[cm3(STP) 

g-1]     
as,BET 

  
4.769

8 
[m2 g-1] 

    
C 

  
19.75

6      
Total pore 

volume(p/p0=0.337)  
0.002

34 
[cm3 g-1] 

    
Mean pore diameter 

 
1.962

3 
[nm] 
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Appendix C 

Table C. 1 Adsorption Equilibrium Data at Room Temperature 

Mineral Xenotime Ilmenite Schorl Staurolite Zircon 
Time, h Readout ABS Readout ABS Readout ABS Readout ABS Readout ABS 

0 0 0 0 0 0 0 0 0 0 0 
0.05 0.995 0.506 1.022 1.163 0.992 0.894 1.018 0.226 0.982 2.629 
0.5 0.966 0.683 1.004 1.539 0.879 2.073 0.988 0.339 0.97 2.958 
1 0.945 0.811 1.01 1.414 0.799 2.907 0.916 0.611 0.963 3.150 
3 0.944 0.817 0.985 1.935 0.769 3.220 0.899 0.675 0.933 3.974 
9 0.908 1.037 0.983 1.977 0.722 3.710 0.852 0.852 0.856 6.087 

20 0.906 1.049 0.933 3.020 0.638 4.586 0.742 1.267 0.862 5.923 
36 0.905 1.055 0.94 2.874 0.595 5.034 0.748 1.244 0.866 5.813 
57 0.889 1.153 0.924 3.207 0.532 5.691 0.738 1.282 0.855 6.115 

Table C. 2 Adsorption Equilibrium Data at 80°C 

Mineral
s 

Xenotime 
 

Ilmenite 
 

Schorl Staurolite 
 

Zircon 
Time, h R ABS T R ABS T R ABS R ABS T R ABS 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 0.99

7 
0.56

1 
4 0.93

8 
3.14

7 
1
7 

0.77
6 

6.52
5 

1.05
6 

1.39
7 

1
0 

0.60
8 

13.74
8 22 0.89

2 
1.20

3 
2
2 

0.91
2 

3.68
9 

2
4 

0.76
3 

6.79
6 

1.04
9 

1.58
2 

2
4 

0.58 14.51
7 47 0.88

5 
1.24

5 
4
7 

0.68
8 

8.36
2 

4
8 

0.75
5 

6.96
3 

1.02
9 

2.11
0 

9
6 

0.59
5 

14.10
5 71 0.86

9 
1.34

3 
7
2 

0.63 9.57
1 

6
7 

0.73
5 

7.38
0 

1.02
4 

2.24
2    

83 0.82
7 

1.60
0            
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Table C. 3 Adsorption Density Data at pH 3 at room temperature 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.0501 1.019 0.679 0.05 0.962 1.421 0.0504 1.052 0.259 0.0499 0.672 5.165 0.0502 0.986 1.11 
0.001 0.05 0.505 0.530 0.0501 0.442 1.342 0.05 0.538 0.107 0.05 0.245 3.875 0.0502 0.484 0.80 

0.0005 0.0503 0.246 0.475 0.0501 0.179 1.342 0.05 0.261 0.276 0.05 0.122 2.069 0.0502 0.251 0.41 

Table C. 4 Adsorption Density Data at pH 5 at room temperature 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.0501 0.943 1.158 0.05 0.973 2.642 0.0504 1.024 0.517 0.0499 0.61 9.330 0.0502 0.78 2.02 
0.001 0.05 0.44 0.860 0.0501 0.446 2.667 0.05 0.503 0.213 0.05 0.2 6.751 0.0502 0.331 1.40 

0.0005 0.0503 0.185 0.750 0.0501 0.187 2.484 0.05 0.234 0.552 0.05 0.101 3.137 0.0502 0.167 0.61 

Table C. 5 Adsorption Density Data at pH 7 at room temperature 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.05 0.954 1.019 0.0502 0.983 2.193 0.0504 1.031 0.115 0.0501 0.707 7.162 0.0503 0.827 1.641159 
0.001 0.0503 0.441 0.842 0.0503 0.457 2.175 0.0498 0.5 0.389 0.05 0.238 5.914 0.05 0.336 1.359805 

0.0005 0.0503 0.189 0.699 0.0502 0.209 1.514 0.0499 0.236 0.437 0.05 0.102 3.115 0.0502 0.154 0.713237 

Table C. 6 Adsorption Density Data at pH 9 at room temperature 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.0498 0.945 1.139 0.05 0.958 3.302 0.0501 1.027 0.347 0.0504 0.798 5.132 0.0502 0.881 1.211 
0.001 0.0503 0.431 0.970 0.0501 0.458 2.139 0.0503 0.496 0.615 0.05 0.326 3.977 0.0504 0.393 0.906 

0.0005 0.05 0.18 0.819 0.0502 0.193 2.216 0.0504 0.23 0.778 0.0499 0.175 1.511 0.0501 0.2 0.347 

Table C. 7 Adsorption Density Data at pH 11 at room temperature 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.0501 1.050 0.285 0.0502 0.963 1.401 0.0503 1.059 0.173 0.0501 0.939 1.711 0.05 1.041 0.404 
0.001 0.0502 0.527 0.243 0.05 0.467 1.013 0.0499 0.530 0.208 0.05 0.443 1.326 0.05 0.523 0.302 

0.0005 0.0501 0.267 0.205 0.0502 0.202 1.039 0.0501 0.260 0.289 0.0502 0.244 0.504 0.05 0.274 0.116 
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Table C. 8 Adsorption Density Data at pH 3 at 80°C 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.025 1.071 0.822 0.025 1.061 5.714 0.025 1.070 0.956 0.025 1.060 6.300 0.025 1.070 1.395 
0.001 0.025 0.545 0.420 0.025 0.538 4.320 0.025 0.545 0.628 0.025 0.541 2.566 0.025 0.545 0.644 
0.001 0.025 0.282 0.252 0.025 0.279 1.895 0.025 0.282 0.392 0.025 0.281 0.726 0.025 0.282 0.461 

Table C. 9 Adsorption Density Data at pH 5 at 80°C 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.025 0.921 1.444 0.025 0.778 11.228 0.025 1.000 1.912 0.025 0.506 11.601 0.025 0.708 2.589 
0.001 0.025 0.457 0.641 0.025 0.315 8.440 0.025 0.485 1.256 0.025 0.319 4.131 0.025 0.370 1.089 
0.001 0.025 0.220 0.303 0.025 0.162 3.590 0.025 0.230 0.784 0.025 0.223 0.452 0.025 0.153 0.721 

Table C. 10 Adsorption Density Data at pH 7 at 80°C 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.025 0.920 2.687 0.025 0.769 15.126 0.025 0.985 8.707 0.025 0.431 14.219 0.025 0.673 3.421 
0.001 0.025 0.453 1.289 0.025 0.320 9.641 0.025 0.487 4.029 0.025 0.270 5.804 0.025 0.365 1.424 
0.001 0.025 0.226 0.514 0.025 0.169 4.002 0.025 0.228 2.208 0.025 0.198 1.430 0.025 0.148 0.874 

Table C. 11 Adsorption Density Data at pH 9 at 80°C 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.025 0.465 7.324 0.025 0.338 30.603 0.025 0.356 39.228 0.025 0.194 18.468 0.025 0.454 4.613 
0.001 0.025 0.246 3.361 0.025 0.144 15.970 0.025 0.177 19.103 0.025 0.139 8.094 0.025 0.276 1.838 
0.001 0.025 0.143 1.296 0.025 0.095 6.540 0.025 0.083 9.302 0.025 0.103 3.093 0.025 0.196 0.379 

Table C. 12 Adsorption Density Data at pH 11 at 80°C 

Mineral Xenotime Ilmenite Zircon Schorl Staurolite 
Conc. Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads Weight Peak Ads Ads 
0.002 0.025 1.069 1.831 0.0252 1.052 10.501 0.025 1.034 19.514 0.0251 1.060 6.156 0.0252 1.069 1.538 
0.001 0.0251 0.544 0.84 0.025 0.535 5.623 0.0251 0.528 9.452 0.0252 0.541 2.698 0.0251 0.542 1.838 

0.0005 0.0252 0.282 0.324 0.0251 0.278 2.48 0.0252 0.274 4.551 0.0253 0.281 1.031 0.025 0.283 0.126 
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Appendix D 

Table D. 1 Microflotation Data of Xenotime Using 0.002M Hydroxamic Acid at Room Temperature 

Conditions
: 

HXM
: 

0.002 mol/L T: Room 
temperature 

Stirring rate: 600 rpm t: 15min 2mi
n 

  
 

Size: 38 micro
n 

airflow rate: 30 
 

       
 

pH No. Wt Paper
1 

Paper1+
C 

C NC Paper
2 

Paper2+
T 

T NT C+T Differenc
e 

ratio Weight 
R 

Average 
R 

3 

37 0.500 1.664 2.101 0.438 0.449 1.662 1.711 0.049 0.05
1 

0.487 0.013 0.97
4 

0.90 
95.48 38 0.500 1.635 2.093 0.458 0.487 1.627 1.639 0.012 0.01

3 
0.470 0.030 0.94

0 
0.97 

39 0.500 1.656 2.109 0.453 0.496 1.635 1.639 0.004 0.00
4 

0.457 0.043 0.91
4 

0.99 

5 

40 0.500 1.628 1.895 0.267 0.282 1.666 1.873 0.208 0.21
9 

0.475 0.025 0.95
0 

0.56 
96.80 41 0.500 1.692 2.047 0.355 0.479 1.698 1.713 0.015 0.02

1 
0.371 0.130 0.74

1 
0.96 

42 0.500 1.661 2.115 0.454 0.489 1.661 1.671 0.010 0.01
1 

0.465 0.036 0.92
9 

0.98 

7 

43 0.500 1.668 2.132 0.464 0.493 1.678 1.684 0.006 0.00
7 

0.470 0.030 0.94
0 

0.99 
97.31 44 0.501 1.480 1.938 0.457 0.488 1.469 1.481 0.012 0.01

3 
0.469 0.031 0.93

7 
0.97 

45 0.500 1.470 1.921 0.451 0.479 1.461 1.481 0.020 0.02
1 

0.471 0.029 0.94
2 

0.96 

9 

46 0.500 1.449 1.931 0.481 0.500 1.458 1.458 0.000 0.00
0 

0.482 0.019 0.96
2 

1.00 
98.50 47 0.501 1.453 1.737 0.284 0.300 1.438 1.629 0.191 0.20

1 
0.475 0.026 0.94

8 
0.60 

48 0.501 1.472 1.745 0.273 0.486 1.454 1.462 0.008 0.01
5 

0.282 0.219 0.56
2 

0.97 

11 

49 0.501 1.466 1.949 0.483 0.491 1.469 1.479 0.010 0.01
0 

0.493 0.008 0.98
4 

0.98 
98.39 50 0.500 1.464 1.935 0.471 0.491 1.485 1.495 0.009 0.01

0 
0.481 0.020 0.96

1 
0.98 

51 0.500 1.447 1.929 0.482 0.496 1.452 1.456 0.004 0.00
4 

0.486 0.014 0.97
2 

0.99 
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Table D. 2 Microflotation Data of Xenotime Using 0.001M Hydroxamic Acid at Room Temperature 

Conditions: HXM: 0.001 mol/L T: Room temperature Stirring rate: 600 rpm t: 15min 2min 
  

 
Size: 38 micron airflow rate: 30 

         
pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 

52 0.500 1.482 1.904 0.423 0.450 1.475 1.522 0.047 0.050 0.470 0.030 0.939 0.90 
78.90 53 0.501 1.487 1.771 0.284 0.309 1.497 1.673 0.175 0.191 0.459 0.042 0.917 0.62 

54 0.500 1.499 1.895 0.396 0.425 1.512 1.583 0.071 0.076 0.467 0.033 0.934 0.85 

5 

55 0.501 1.518 1.980 0.462 0.494 1.472 1.477 0.006 0.006 0.468 0.033 0.935 0.99 
97.99 56 0.500 1.483 1.938 0.456 0.500 1.473 1.473 0.000 0.000 0.456 0.044 0.912 1.00 

57 0.500 1.482 1.934 0.452 0.476 1.475 1.498 0.023 0.024 0.475 0.025 0.949 0.95 

7 

58 0.501 1.463 1.928 0.465 0.472 1.476 1.505 0.029 0.029 0.494 0.007 0.986 0.94 
96.76 59 0.500 1.482 1.933 0.451 0.482 1.473 1.490 0.017 0.018 0.468 0.032 0.936 0.96 

60 0.500 1.450 1.928 0.478 0.499 1.473 1.474 0.001 0.001 0.480 0.021 0.958 1.00 

9 

61 0.500 1.468 1.925 0.457 0.486 1.491 1.504 0.013 0.014 0.470 0.030 0.939 0.97 
98.89 62 0.501 1.494 1.970 0.477 0.500 1.464 1.465 0.001 0.001 0.478 0.023 0.954 1.00 

63 0.501 1.449 1.926 0.477 0.499 1.454 1.456 0.002 0.002 0.479 0.022 0.957 1.00 

11 

64 0.500 1.463 1.932 0.469 0.479 1.487 1.509 0.021 0.022 0.490 0.011 0.979 0.96 
92.64 65 0.500 1.478 1.935 0.458 0.467 1.460 1.493 0.033 0.034 0.491 0.010 0.980 0.93 

66 0.501 1.464 1.903 0.439 0.446 1.484 1.539 0.054 0.055 0.493 0.008 0.985 0.89 
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Table D. 3 Microflotation Data of Xenotime Using 0.0005M Hydroxamic Acid at Room Temperature 

Conditions
: 

HXM
: 

0.0005 mol/L T: Room 
temperature 

Stirring rate: 600 rpm t: 15min 2mi
n 

  
 

Size: 38 micro
n 

airflow rate: 30 
 

     
   

pH No. Wt Paper
1 

Paper1+
C 

C NC Paper
2 

Paper2+
T 

T NT C+T Differenc
e 

ratio Weight 
R 

Average 
R 

3 
95 0.500 1.653 1.857 0.204 0.211 1.663 1.943 0.280 0.28

9 
0.483 0.017 0.96

6 
0.42 

51.32 
96 0.501 1.641 1.931 0.290 0.303 1.640 1.830 0.189 0.19

8 
0.479 0.021 0.95

8 
0.60 

5 
97 0.500 1.655 2.121 0.467 0.489 1.657 1.668 0.011 0.01

1 
0.477 0.023 0.95

4 
0.98 

98.09 
98 0.500 1.666 2.141 0.474 0.493 1.641 1.649 0.008 0.00

8 
0.482 0.019 0.96

3 
0.98 

7 
99 0.501 1.642 2.109 0.467 0.490 1.648 1.658 0.010 0.01

1 
0.477 0.023 0.95

4 
0.98 

98.38 
100 0.500 1.657 2.135 0.478 0.495 1.675 1.680 0.005 0.00

6 
0.483 0.017 0.96

6 
0.99 

9 
101 0.500 1.681 2.155 0.474 0.497 1.654 1.657 0.003 0.00

3 
0.477 0.023 0.95

4 
0.99 

98.43 
102 0.500 1.636 2.104 0.468 0.488 1.646 1.658 0.012 0.01

2 
0.480 0.021 0.95

8 
0.98 

11 
103 0.501 1.658 1.892 0.234 0.242 1.661 1.911 0.250 0.25

9 
0.484 0.016 0.96

7 
0.48 

28.85 
104 0.500 1.647 1.691 0.044 0.047 1.647 2.078 0.431 0.45

4 
0.475 0.025 0.95

0 
0.09 

 

Table D. 4 Microflotation Data of Xenotime Using 0.0001M Hydroxamic Acid at Room Temperature 

Conditions: HXM: 0.0001 mol/L T: Room temperature Stirring rate: 600 rpm t: 15min 2min   
 Size: 38 micron airflow rate: 30          

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 
105 0.501 1.649 1.650 0.001 0.001 1.621 2.103 0.483 0.499 0.484 0.017 0.966 0.00 

0.00 
106 0.501 / / / / / / / / / / / / 

5 
107 0.500 1.630 1.744 0.114 0.121 1.640 1.996 0.356 0.379 0.470 0.030 0.940 0.24 

25.00 
108 0.500 1.633 1.756 0.123 0.129 1.644 1.996 0.353 0.371 0.475 0.025 0.950 0.26 

7 
109 0.500 1.651 1.785 0.133 0.140 1.632 1.974 0.342 0.360 0.475 0.025 0.949 0.28 

29.21 
110 0.500 1.656 1.799 0.142 0.152 1.644 1.971 0.326 0.348 0.468 0.031 0.937 0.30 

9 
111 0.501 1.642 1.759 0.117 0.124 1.661 2.019 0.358 0.377 0.475 0.026 0.949 0.25 

37.53 
112 0.501 1.658 1.901 0.243 0.252 1.668 1.907 0.239 0.248 0.482 0.019 0.962 0.50 

11 
113 0.500 1.648 1.715 0.068 0.070 1.642 2.062 0.420 0.430 0.488 0.012 0.975 0.14 

15.64 
114 0.500 1.638 1.723 0.085 0.087 1.650 2.053 0.403 0.413 0.488 0.013 0.975 0.17 
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Table D. 5 Microflotation Data of Xenotime Using 0.0005M Hydroxamic Acid at 80°C 

Conditions: HXM: 0.0005 mol/L T: 80 
 

Stirring rate: 600 rpm t: 15min 2min 
  

 
Size: 38 micron airflow rate: 30 

   
   

   
pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 
211 0.500 1.513 1.772 0.259 0.265 1.506 1.736 0.230 0.235 0.489 0.011 0.978 52.92 

55.96 
212 0.500 1.516 1.798 0.282 0.295 1.493 1.689 0.196 0.205 0.478 0.022 0.955 58.99 

5 
213 0.500 1.520 1.992 0.473 0.499 1.494 1.495 0.001 0.001 0.474 0.026 0.948 99.70 

99.77 
214 0.500 1.535 2.017 0.482 0.499 1.509 1.510 0.001 0.001 0.483 0.017 0.966 99.83 

7 
215 0.500 1.493 1.977 0.484 0.499 1.506 1.507 0.001 0.001 0.485 0.015 0.969 99.79 

99.61 
216 0.501 1.491 1.967 0.476 0.498 1.477 1.480 0.003 0.003 0.479 0.022 0.956 99.44 

9 
217 0.500 1.474 1.959 0.485 0.496 1.488 1.492 0.004 0.004 0.489 0.011 0.978 99.18 

98.97 
218 0.501 1.473 1.963 0.490 0.494 1.497 1.504 0.006 0.006 0.496 0.004 0.992 98.75 

11 
219 0.501 1.478 1.961 0.483 0.487 1.522 1.535 0.013 0.013 0.496 0.004 0.991 97.34 

96.41 
220 0.500 1.480 1.956 0.476 0.478 1.478 1.500 0.023 0.023 0.498 0.002 0.996 95.49 

 

Table D. 6 Microflotation Data of Xenotime Using 0.0005M Sodium Oleate at Room Temperature 

Conditions: SOT: 0.0005 mol/L T: RT 
 

Stirring rate: 600 rpm t: 15min 2min   
 Size: 38 micron airflow rate: 30          

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 
125 0.500 1.520 1.743 0.223 0.241 1.497 1.737 0.239 0.259 0.462 0.038 0.924 0.48 

47.10 
126 0.501 1.500 1.727 0.227 0.230 1.471 1.738 0.267 0.271 0.494 0.006 0.987 0.46 

5 
127 0.500 1.500 1.778 0.278 0.326 1.501 1.650 0.149 0.174 0.427 0.073 0.854 0.65 

65.96 
128 0.501 1.498 1.801 0.302 0.334 1.499 1.649 0.151 0.166 0.453 0.048 0.905 0.67 

7 
129 0.501 1.492 1.965 0.473 0.529 1.497 1.472 0.026 0.029 0.448 0.053 0.893 1.06 

95.19 
130 0.501 1.500 1.876 0.376 0.424 1.499 1.567 0.068 0.077 0.444 0.057 0.887 0.85 

9 
131 0.501 1.499 1.948 0.449 0.496 1.496 1.501 0.005 0.005 0.454 0.047 0.906 0.99 

96.23 
132 0.501 1.500 1.925 0.424 0.468 1.502 1.531 0.030 0.033 0.454 0.047 0.907 0.93 

11 
133 0.500 1.487 1.886 0.399 0.402 1.478 1.574 0.096 0.097 0.495 0.005 0.990 0.81 

80.28 
134 0.501 1.509 1.852 0.343 0.401 1.487 1.572 0.085 0.100 0.429 0.072 0.856 0.80 
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Table D. 7 Microflotation Data of Xenotime Using 0.0005M Sodium Oleate at 80°C 

Conditions: SOT: 0.0005 mol/L T: 80 
 

Stirring rate: 600 rpm t: 15min 2min 
  

 
Size: 38 micron airflow rate: 30 

  
Average: 

 
Correction: 0.034 

   pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 
201  0.500  1.515  1.707  0.192  0.198  1.502  1.796  0.294  0.303  0.485  0.015  0.970  39.47 

39.16 
202  0.500  1.476  1.664  0.188  0.194  1.488  1.783  0.295  0.306  0.483  0.017  0.966  38.86 

5 
203  0.500  1.493  1.780  0.288  0.313  1.494  1.666  0.173  0.188  0.461  0.040  0.920  62.50 

59.76 
204  0.500  1.536  1.795  0.259  0.285  1.513  1.709  0.195  0.215  0.454  0.046  0.908  57.02 

7 
205  0.500  1.531  1.840  0.309  0.343  1.518  1.660  0.142  0.158  0.451  0.050  0.901  68.49 

68.64 
206  0.500  1.520  1.848  0.328  0.344  1.504  1.653  0.149  0.156  0.477  0.023  0.953  68.78 

9 
207  0.500  1.513  1.977  0.464  0.498  1.536  1.538  0.002  0.002  0.466  0.034  0.931  99.68 

99.82 
208  0.500  1.503  1.984  0.480  0.500  1.505  1.505  0.000  0.000  0.481  0.019  0.961  99.96 

11 
209  0.500  1.588  1.960  0.371  0.484  1.505  1.518  0.012  0.016  0.384  0.117  0.767  96.77 

97.52 
210  0.500  1.507  1.954  0.448  0.492  1.513  1.521  0.008  0.009  0.456  0.045  0.910  98.27 

 

Table D. 8 Microflotation Data of Ilmenite Using 0.0005M Octano-hydroxamic Acid at Room Temperature 

Conditions: HXM: 0.0005 mol/L T: RT 
   

Stirring rate: 600 rpm t: 15min 2min 

Ilmenite Size: 38 micron airflow rate: 30   
       

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 329 0.500 1.637 2.044 0.407 0.412 1.672 1.759 0.087 0.088 0.494 0.006 0.987 0.82 82.44 
5 330 0.500 1.675 2.128 0.454 0.466 1.658 1.692 0.033 0.034 0.487 0.013 0.974 0.93 93.17 
7 331 0.500 1.686 2.117 0.431 0.438 1.666 1.728 0.062 0.063 0.493 0.007 0.986 0.87 87.43 
9 332 0.500 1.668 2.136 0.468 0.487 1.658 1.671 0.013 0.013 0.481 0.019 0.961 0.97 97.34 

11 333 0.500 1.676 2.075 0.399 0.415 1.658 1.740 0.082 0.085 0.481 0.019 0.961 0.83 82.92 
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Table D. 9 Microflotation Data of Zircon Using 0.0005M Octano-hydroxamic Acid at Room Temperature 

Conditions: HXM: 0.0005 mol/L T: RT 
   

Stirring rate: 600 rpm t: 15min 2min 

Zircon Size: 38 micron airflow rate: 30 
  

      
 

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 334  0.500  1.669  2.098  0.429  0.452  1.683  1.728  0.045  0.048  0.474  0.026  0.948  0.90 90.42 
5 335  0.500  1.642  2.072  0.431  0.453  1.695  1.740  0.045  0.047  0.476  0.024  0.951  0.91 90.52 
7 336  0.501  1.678  2.122  0.444  0.464  1.700  1.736  0.035  0.037  0.480  0.021  0.958  0.93 92.62 
9 337  0.500  1.678  2.128  0.451  0.451  1.682  1.731  0.049  0.049  0.500  0.000  1.000  0.90 90.18 

11 338  0.500  1.670  2.038  0.368  0.379  1.654  1.772  0.118  0.121  0.486  0.014  0.971  0.76 75.73 
 

Table D. 10 Microflotation Data of Schorl Using 0.0005M Octano-hydroxamic Acid at Room Temperature 

Conditions: HXM: 0.0005 mol/L T: RT 
   

Stirring rate: 600 rpm t: 15min 2min 

Schorl Size: 38 micron airflow rate: 30 
  

      
 

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 339  0.500  1.704  1.943  0.239  0.256  1.705  1.932  0.227  0.244  0.466  0.034  0.931  51.28 51.28 
5 340  0.500  1.711  2.145  0.435  0.456  1.692  1.735  0.042  0.044  0.477  0.023  0.954  91.15 91.15 
7 341 0.500  1.700  2.142  0.443  0.464  1.704  1.738  0.034  0.036  0.477  0.023  0.953  92.81 92.81 
9 342 0.500  1.702  2.037  0.335  0.349  1.668  1.813  0.145  0.151  0.480  0.021  0.959  69.77 69.77 

11 343  0.500  1.697  1.762  0.065  0.068  1.676  2.089  0.413  0.432  0.478  0.022  0.956  13.65 13.65 

Table D. 11 Microflotation Data of Staurolite Using 0.0005M Octano-hydroxamic Acid at Room Temperature 

Conditions: HXM: 0.0005 mol/L T: RT 
   

Stirring rate: 600 rpm t: 15min 2min 

Staurolite Size: 38 micron airflow rate: 30 
  

      
 

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 344  0.501  1.700  1.968  0.268  0.277  1.683  1.899  0.216  0.223  0.484  0.017  0.966  55.40 55.40 
5 345  0.500  1.700  2.014  0.314  0.324  1.691  1.862  0.171  0.176  0.485  0.015  0.969  64.81 64.81 
7 346  0.500  1.711  2.032  0.321  0.340  1.704  1.855  0.151  0.160  0.472  0.029  0.943  67.95 67.95 
9 347  0.500  1.690  1.990  0.300  0.318  1.684  1.857  0.173  0.183  0.473  0.027  0.946  63.50 63.50 

11 348 0.500  1.708  1.943  0.234  0.250  1.679  1.913  0.235  0.250  0.469  0.031  0.937  49.98 49.98 
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Table D. 12 Microflotation Data of Mixed Sample of Xenotime and Gangue Minerals (Weight Ratio=1:4) Using 0.0001M Octano-hydroxamic Acid at Room 

Temperature at pH 9 

Conditions: HXM: 0.001 mol/L T: Room temperature Stirring rate: 600 rpm t: 15min 2min 
  

 
Size: 38 micron airflow rate: 30 

 
xenotime:mineral 0.1/0.4 pH: 9 

   
Mineral No. Wt. of Xn Wt. of M Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference Recovery Yttrium 

Xn+Sch 33 0.101 0.400 1.666 2.007 0.341 0.425 1.663 1.724 0.061 0.076 0.403 0.098 0.848199 19.16 
Xn+Il 34 0.101 0.400 1.668 2.050 0.382 0.477 1.667 1.686 0.019 0.023 0.401 0.100 0.953129 11.87 

Xn+Zir 35 0.100 0.400 1.671 2.053 0.382 0.479 1.667 1.684 0.017 0.021 0.399 0.101 0.958386 17.31 
Xn+Stau 36 0.100 0.400 1.657 2.004 0.348 0.420 1.657 1.723 0.067 0.081 0.415 0.086 0.83864 16.08 

 

Table D. 13 Microflotation Data of Mixed Sample of Xenotime and Gangue Minerals (Weight Ratio=1:1) Using 0.001M Octano-hydroxamic Acid at Room 

Temperature at pH 9 (1) 

Condition
s: 

HXM
: 

0.001 mol/L T: Room 
temperature 

Stirring rate: 600 rpm t: 15mi
n 

2min C0 32.7 
 

 
Size: 38 micron airflow rate: 30 

 
xenotime:mineral 1:1 pH: 9 

    
Mineral No. Wt. of 

Xn 
Wt. of 

M 
Paper

1 
Paper1+

C 
C NC Paper

2 
Paper2+

T 
T NT C+T W R Avg. 

R 
G Avg G ∆G 

Zircon 
75 0.2503 0.2502 1.5011 1.964 0.463 0.48

5 
1.4727 1.487 0.015 0.015 0.478 0.97 

97.72 
21.33 

20.58 4.23 
76 0.2506 0.25 1.6848 2.1537 0.469 0.49

3 
1.6547 1.662 0.007 0.008 0.476 0.98 19.83 

Staurolite 
77 0.250 0.251 1.653 2.103 0.450 0.46

0 
1.658 1.698 0.040 0.041 0.489 0.92 

91.99 
23.46 

22.62 6.27 
78 0.250 0.251 1.684 2.120 0.436 0.46

1 
1.687 1.724 0.037 0.040 0.473 0.92 21.77 

ilmenite 
79 0.250 0.251 1.686 2.140 0.454 0.48

1 
1.673 1.691 0.018 0.019 0.472 0.96 

96.59 
17.77 

17.63 1.28 
80 0.251 0.251 1.682 2.138 0.456 0.48

7 
1.671 1.685 0.014 0.015 0.470 0.97 17.48 

Schorl 
81 0.250 0.250 1.654 2.107 0.453 0.47

7 
1.670 1.692 0.022 0.023 0.476 0.95 

95.11 
23.2 

23.43 7.08 
82 0.250 0.250 1.643 2.096 0.453 0.47

5 
1.636 1.660 0.024 0.025 0.477 0.95 23.65 
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Table D. 14 Microflotation Data of Mixed Sample of Xenotime and Gangue Minerals (Weight Ratio=1:1) Using 0.001M Octano-hydroxamic Acid at Room 

Temperature at pH 9 (2) 

Condition
s: 

HXM
: 

0.001 mol/L T: Room 
temperature 

Stirring rate: 600 rpm t: 15mi
n 

2min C0 32.7 
 

 
Size: 38 micron airflow rate: 30 

 
xenotime:mineral 1:1 pH: 9 

    
Mineral No. Wt. of 

Xn 
Wt. of 

M 
Paper

1 
Paper1+

C 
C NC Paper

2 
Paper2+

T 
T NT C+T W R Avg. 

R 
G Avg G ∆G 

Zircon 
83  0.250 0.250 1.501 1.968 0.467  0.46

7  
1.473 1.506 0.034  0.034  0.500  0.93 

93.58 
21.65 

22.00 5.65 
84  0.250 0.250 1.685 2.152 0.468  0.46

9  
1.655 1.685 0.031  0.031  0.498  0.94 22.34 

Staurolite 
85  0.250 0.250 1.679 2.145 0.466  0.49

6  
1.687 1.691 0.004  0.005  0.471  0.99 

99.49 
16.94 

17.12 0.77 
86  0.250 0.250 1.722 2.188 0.465  0.50

0  
1.704 1.704 0.000  0.000  0.466  1.00 17.29 

ilmenite 
87  0.250 0.250 1.685 2.149 0.464  0.49

5  
1.700 1.706 0.006  0.006  0.469  0.99 

98.06 
22.96 

23.77 7.42 
88  0.250 0.250 1.685 2.149 0.464  0.48

7  
1.695 1.708 0.013  0.013  0.476  0.97 24.58 

 

Table D. 15 Microflotation Data of Mixed Sample of Xenotime and Gangue Minerals (Weight Ratio=1:1) Using 0.001M Octano-hydroxamic Acid at Room 

Temperature at pH 9 (3) 

Condition
s: 

HXM
: 

0.001 mol/L T: Room 
temperature 

Stirring rate: 600 rpm t: 15mi
n 

2min C0 32.7  
 Size: 38 micron airflow rate: 30  xenotime:mineral 1:1 pH: 9     

Mineral No. Wt. of 
Xn 

Wt. of 
M 

Paper
1 

Paper1+
C 

C NC Paper
2 

Paper2+
T 

T NT C+T W R Avg. 
R 

G Avg G ∆G 

Zircon 
89  0.251 0.251 1.710 2.173 0.463  0.49

0  
1.705 1.715 0.011  0.011  0.474  0.98 

97.03 
23.44 

23.19 7.00 
90  0.251 0.250 1.698 2.149 0.451  0.48

2  
1.689 1.706 0.018  0.019  0.469  0.96 22.94 

Staurolite 
91  0.250 0.250 1.699 2.170 0.471  0.49

3  
1.691 1.698 0.007  0.007  0.478  0.99 

98.41 
18.12 

17.71 1.36 
92  0.251 0.251 1.691 2.182 0.491  0.49

3  
1.672 1.681 0.009  0.009  0.500  0.98 17.29 

ilmenite 
93  0.250 0.250 1.677 2.138 0.462  0.49

0  
1.651 1.660 0.010  0.010  0.471  0.98 

96.62 
23.12 

23.35 6.84 
94  0.250 0.251 1.662 2.111 0.449  0.47

7  
1.665 1.687 0.022  0.024  0.471  0.95 23.57 
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Table D. 16 Microflotation Data of Ilmenite Using 0.0005M Sodium Oleate at Room Temperature 

Conditions: SOT: 0.0005 mol/L T: RT 
   

Stirring rate: 600 rpm t: 15min 2min 

Ilmenite Size: 38 micron airflow rate: 30 
   

     
 

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 309 0.501  1.722  1.814  0.092  0.122  1.705  1.991  0.286  0.379  0.378  0.123  0.755  0.24 24.37 
5 310 0.500  1.702  1.950  0.248  0.260  1.707  1.936  0.229  0.240  0.477  0.023  0.954  0.52 51.91 
7 311 0.500  1.681  1.908  0.227  0.297  1.744  1.900  0.156  0.204  0.383  0.117  0.766  0.59 59.31 
9 312 0.501  1.703  1.975  0.273  0.284  1.690  1.898  0.209  0.217  0.481  0.019  0.961  0.57 56.65 

11 313 0.500  1.691  1.862  0.171  0.180  1.715  2.020  0.305  0.321  0.476  0.024  0.952  0.36 35.90 

Table D. 17 Microflotation Data of Zircon Using 0.0005M Sodium Oleate at Room Temperature 

Conditions: SOT: 0.0005 mol/L T: RT 
   

Stirring rate: 600 rpm t: 15min 2min 

Zircon Size: 38 micron airflow rate: 30    
      

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 314  0.500  1.696  2.126  0.430  0.446  1.736  1.787  0.052  0.054  0.481  0.019  0.962  0.89 89.26 
5 315  0.500  1.730  2.181  0.451  0.471  1.703  1.731  0.028  0.029  0.480  0.021  0.959  0.94 94.14 
7 316  0.500  1.696  2.126  0.431  0.448  1.698  1.748  0.051  0.052  0.481  0.019  0.962  0.90 89.50 
9 317  0.500  1.677  2.109  0.431  0.448  1.705  1.755  0.050  0.052  0.482  0.019  0.963  0.90 89.57 

11 318  0.500  1.693  2.073  0.380  0.393  1.673  1.777  0.104  0.107  0.484  0.017  0.967  0.79 78.59 

Table D. 18 Microflotation Data of Schorl Using 0.0005M Sodium Oleate at Room Temperature 

Conditions: SOT: 0.0005 mol/L T: RT 
   

Stirring rate: 600 rpm t: 15min 2min 

Schorl Size: 38 micron airflow rate: 30    
      

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 319  0.501  1.672  1.889  0.218  0.227  1.701  1.964  0.263  0.274  0.481  0.019  0.961  45.26 45.26 
5 320  0.500  1.679  1.933  0.254  0.269  1.693  1.912  0.219  0.231  0.473  0.028  0.945  53.73 53.73 
7 321  0.500  1.687  2.041  0.355  0.369  1.695  1.820  0.126  0.131  0.480  0.020  0.960  73.87 73.87 
9 322  0.500  1.693  2.034  0.341  0.354  1.692  1.834  0.142  0.147  0.483  0.018  0.965  70.67 70.67 

11 323  0.500  1.694  1.868  0.175  0.182  1.704  2.009  0.305  0.318  0.479  0.021  0.958  36.44 36.44 
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Table D. 19 Microflotation Data of Staurolite Using 0.0005M Sodium Oleate at Room Temperature 

Conditions: SOT: 0.0005 mol/L T: RT 
   

Stirring rate: 600 rpm t: 15min 2min 

Staurolite Size: 38 micron airflow rate: 30 
   

     
 

pH No. Wt Paper1 Paper1+C C NC Paper2 Paper2+T T NT C+T Difference ratio Weight R Average R 

3 324 0.500  1.688  1.821  0.133  0.139  1.669  2.015  0.346  0.361  0.479  0.021  0.958  27.77 27.77 
5 325 0.500  1.678  1.918  0.240  0.248  1.673  1.917  0.244  0.252  0.484  0.016  0.967  49.59 49.59 
7 326 0.500  1.673  1.946  0.273  0.284  1.662  1.871  0.208  0.216  0.482  0.019  0.963  56.75 56.75 
9 327 0.500  1.659  1.943  0.284  0.300  1.676  1.866  0.190  0.200  0.474  0.026  0.947  59.92 59.92 

11 328 0.500  1.660  1.844  0.184  0.192  1.668  1.964  0.295  0.308  0.480  0.021  0.958  38.39 38.39 

Table D. 20 Microflotation Data of Mixed Sample Using 0.0005M Octano-hydroxamic Acid and 0.0005M Sodium Silicate at Room Temperature 

Condition
s: 

HXM: 0.0005 mol/L SS: 0.0005 T: Room Temp Stirring rate: 600 rpm t: 15mi
n 

2min  
 Size: 38 micro

n 
airflow rate: 30  pH: 9        

Mineral Depr No. Wt Paper
1 

Paper1+
C 

C NC Paper
2 

Paper2+
T 

T NT C+T Differenc
e 

ratio Weight 
R 

Average 
R Xn+Il B 

0.0005 
261 0.500 1.707 2.139 0.43

2 
0.44

8 
1.683 1.734 0.05

1 
0.052 0.48

3 
0.017 0.965 0.90 89.54 

Xn+Zir B 
0.0005 

262 0.500 1.697 2.136 0.43
9 

0.46
5 

1.715 1.748 0.03
3 

0.035 0.47
2 

0.028 0.943 0.93 93.03 
Xn+Sch B 

0.0005 
263 0.500 1.720 2.135 0.41

5 
0.44

9 
1.722 1.769 0.04

7 
0.051 0.46

3 
0.037 0.925 0.90 89.80 

Xn+Sta B 
0.0005 

264 0.500 1.711 2.115 0.40
4 

0.43
1 

1.720 1.785 0.06
5 

0.069 0.46
9 

0.032 0.937 0.86 86.13 

Table D. 21 Microflotation Data of Mixed Sample Using 0.0005M Octano-hydroxamic Acid and 0.0005M Sodium Silicate at 80°C 

Condition
s: 

HXM: 0.0005 mol/L SS: 0.0005 T: 80 Stirring rate: 600 rpm t: 15mi
n 

2min  
 Size: 38 micro

n 
airflow rate: 30  pH: 9        

Mineral Depr No. Wt Paper
1 

Paper1+
C 

C NC Paper
2 

Paper2+
T 

T NT C+T Differenc
e 

ratio Weight 
R 

Average 
R Xn+Il B 

0.0005 
265 0.500 1.714 2.172 0.45

8 
0.48

3 
1.706 1.722 0.01

6 
0.017 0.47

4 
0.026 0.948 0.97 96.63 

Xn+Zir B 
0.0005 

266 0.500 1.733 2.181 0.44
8 

0.48
2 

1.728 1.744 0.01
6 

0.018 0.46
4 

0.036 0.929 0.96 96.47 
Xn+Sch B 

0.0005 
267 0.500 1.676 2.027 0.35

1 
0.36

9 
1.699 1.824 0.12

5 
0.131 0.47

6 
0.024 0.952 0.74 73.76 

Xn+Sta B 
0.0005 

268 0.500 1.717 2.047 0.33
0 

0.34
6 

1.690 1.838 0.14
8 

0.155 0.47
8 

0.023 0.954 0.69 69.10 
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Table D. 22 Microflotation Data of Mixed Sample Using 0.0005M Sodium Oleate and 0.0005M Sodium Silicate at 80°C 

Condition
s: 

SOT: 0.0005 mol/L SS: 0.0005 T: 80 Stirring rate: 600 rpm t: 15mi
n 

2min 
 

 
Size: 38 micro

n 
airflow rate: 30 

 
pH: 9 

 
   

   
Mineral Depr No. Wt Paper

1 
Paper1+

C 
C NC Paper

2 
Paper2+

T 
T NT C+T Differenc

e 
ratio Weight 

R 
Average 

R Xn+Il B 
0.0005 

269 0.501 1.702 2.156 0.45
4 

0.48
2 

1.696 1.714 0.01
8 

0.019 0.47
2 

0.029 0.942 0.96 96.25 
Xn+Zir B 

0.0005 
270 0.500 1.703 2.152 0.44

9 
0.49

2 
1.712 1.719 0.00

7 
0.008 0.45

7 
0.044 0.913 0.98 98.40 

Xn+Sch B 
0.0005 

271 0.501 1.670 1.978 0.30
9 

0.31
2 

1.654 1.841 0.18
7 

0.189 0.49
5 

0.005 0.990 0.62 62.33 
Xn+Sta B 

0.0005 
272 0.500 1.708 2.002 0.29

4 
0.30

8 
1.679 1.863 0.18

4 
0.193 0.47

8 
0.023 0.955 0.61 61.49 

Table D. 23 Microflotation Data of Mixed Sample Using 0.0005M Octano-hydroxamic Acid and 0.0005M Ammonium Lignosulfonate at Room Temperature 

Condition
s: 

HXM: 0.0005 mol/L ALS: 0.0005 T: RT Stirring rate: 600 rpm t: 15mi
n 

2min 
 

 Size: 38 micro
n 

airflow rate: 30  pH: 9        
Mineral Depr No. Wt Paper

1 
Paper1+

C 
C NC Paper

2 
Paper2+

T 
T NT C+T Differenc

e 
ratio Weight 

R 
Average 

R Xn+Il B 
0.0005 

349 0.501 1.658 2.079 0.42
1 

0.44
2 

1.666 1.722 0.05
6 

0.059 0.47
7 

0.024 0.953 0.88 88.26 
Xn+Zir B 

0.0005 
350 0.500 1.682 2.090 0.40

8 
0.44

1 
1.692 1.746 0.05

5 
0.059 0.46

3 
0.037 0.925 0.88 88.22 

Xn+Sch B 
0.0005 

351 0.500 1.673 2.074 0.40
2 

0.43
2 

1.673 1.736 0.06
4 

0.068 0.46
5 

0.035 0.930 0.86 86.31 
Xn+Sta B 

0.0005 
352 0.501 1.678 2.054 0.37

6 
0.39

3 
1.666 1.769 0.10

3 
0.107 0.47

8 
0.022 0.956 0.79 78.57 

Table D. 24 Microflotation Data of Mixed Sample Using 0.0005M Octano-hydroxamic Acid and 0.0005M Ammonium Lignosulfonate at 80°C 

Condition
s: 

HXM: 0.0005 mol/L ALS: 0.0005 T: 80 Stirring rate: 600 rpm t: 15mi
n 

2min  
 Size: 38 micro

n 
airflow rate: 30  pH: 9        

Mineral Depr No. Wt Paper
1 

Paper1+
C 

C NC Paper
2 

Paper2+
T 

T NT C+T Differenc
e 

ratio Weight 
R 

Average 
R Xn+Il B 

0.0005 
353 0.500 1.641 2.051 0.41

0 
0.43

5 
1.658 1.720 0.06

2 
0.065 0.47

2 
0.028 0.943 0.87 86.95 

Xn+Zir B 
0.0005 

354 0.500 1.653 2.084 0.43
2 

0.46
1 

1.677 1.713 0.03
7 

0.039 0.46
8 

0.032 0.937 0.92 92.18 
Xn+Sch B 

0.0005 
355 0.500 1.659 1.950 0.29

1 
0.30

0 
1.649 1.844 0.19

5 
0.201 0.48

6 
0.014 0.972 0.60 59.88 

Xn+Sta B 
0.0005 

356 0.500 1.658 1.984 0.32
5 

0.33
8 

1.656 1.812 0.15
6 

0.162 0.48
1 

0.019 0.962 0.68 67.59 

Table D. 25 Microflotation Data of Mixed Sample Using 0.0005M Sodium Oleate and 0.0005M Ammonium Lignosulfonate at Room Temperature 

Condition
s: 

SOT: 0.0005 mol/L ALS: 0.0005 T: RT Stirring rate: 600 rpm t: 15mi
n 

2min 
 

 
Size: 38 micro

n 
airflow rate: 30 

 
pH: 9     

   
Mineral Depr No. Wt Paper

1 
Paper1+

C 
C NC Paper

2 
Paper2+

T 
T NT C+T Differenc

e 
ratio Weight 

R 
Average 

R Xn+Il B 
0.0005 

357 0.500 1.686 1.856 0.16
9 

0.18
1 

1.687 1.984 0.29
8 

0.319 0.46
7 

0.033 0.933 0.36 36.27 
Xn+Zir B 

0.0005 
358 0.500 1.685 1.928 0.24

3 
0.25

7 
1.682 1.911 0.22

9 
0.242 0.47

3 
0.027 0.946 0.52 51.50 

Xn+Sch B 
0.0005 

359 0.501 1.678 1.837 0.15
9 

0.16
4 

1.665 1.991 0.32
6 

0.336 0.48
5 

0.016 0.968 0.33 32.81 
Xn+Sta B 

0.0005 
360 0.501 1.689 1.865 0.17

6 
0.17

8 
1.668 1.987 0.31

9 
0.323 0.49

5 
0.006 0.989 0.35 35.47 
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Table D. 26 Microflotation Data of Mixed Sample Using 0.0005M Sodium Oleate and 0.0005M Ammonium Lignosulfonate at 80°C 

Condition
s: 

SOT: 0.0005 mol/
L 

ALS: 0.0005 T: 80 Stirring rate: 600 rpm t: 15mi
n 

2min 
 

 
Size: 38 micro

n 
airflow rate: 30 

 
pH: 9 

 
Correctio

n: 
0.02

4     
Mineral Depr No. Wt Paper

1 
Paper1+

C 
C NC Paper

2 
Paper2+

T 
T NT C+T Differenc

e 
ratio Weight 

R 
Average 

R Xn+Il B 
0.0005 

361 0.500 1.682 2.076 0.39
4 

0.41
8 

1.689 1.767 0.07
7 

0.082 0.47
2 

0.029 0.943 0.84 83.59 
Xn+Zir B 

0.0005 
362 0.500 1.701 2.136 0.43

5 
0.45

9 
1.677 1.715 0.03

9 
0.041 0.47

3 
0.027 0.947 0.92 91.84 

Xn+Sch B 
0.0005 

363 0.501 1.695 2.013 0.31
8 

0.33
8 

1.687 1.839 0.15
2 

0.162 0.47
0 

0.031 0.939 0.68 67.58 
Xn+Sta B 

0.0005 
364 0.501 1.676 2.012 0.33

7 
0.34

6 
1.673 1.822 0.15

0 
0.154 0.48

6 
0.014 0.971 0.69 69.20 

Table D. 27 Microflotation Data of Mixed Sample Using 0.0005M Octano-hydroxamic Acid (1) 

Mineral 
HXM0.0005M, RT HXM0.0005M, SS0.0005M, RT 

R G Delta G R G Delta G 

Xn+Il 97.20 36.20 2.35 89.54 35.07 1.22 
Xn+Zir 95.84 37.76 3.91 93.03 49.75 15.90 
Xn+Sch 94.06 35.64 1.79 89.80 47.02 13.17 
Xn+Sta 95.75 36.91 3.06 86.13 46.87 13.02 

Table D. 28 Microflotation Data of Mixed Sample Using 0.0005M Octano-hydroxamic Acid (2) 

Mineral 
HXM0.0005M, SS0.0005M, 80C HXM0.0005M, ALS0.0005M, RT HXM0.0005M, ALS0.0005M, 80 

R G Delta G R G Delta G R G Delta G 

Xn+Il 96.63 37.08 3.23 88.26 34.84 0.99 86.95 36.02 2.17 
Xn+Zir 96.47 50.60 16.75 88.22 50.10 16.25 92.18 50.74 16.89 
Xn+Sch 73.76 54.74 20.89 86.31 45.49 11.64 59.88 52.65 18.80 
Xn+Sta 69.10 49.94 16.09 78.57 43.97 10.12 67.59 47.37 13.52 

Table D. 29 Microflotation Data of Mixed Sample Using 0.0005M Sodium Oleate (1) 

Mineral 
SOT0.0005M, RT SOT0.0005M, SS0.0001M, RT SOT0.0005M, SS0.0005M, RT 

R G Delta G R G Delta G R G Delta G 

Xn+Il 93.44 45.77 11.92 92.26 36.33 2.48 76.66 41.57 7.72 
Xn+Zir 93.48 46.91 13.06 96.03 51.12 17.27 89.38 50.45 16.60 
Xn+Sch 95.23 52.28 18.43 71.65 50.74 16.89 60.67 56.44 22.59 
Xn+Sta 94.54 47.92 14.07 71.36 46.93 13.08 57.44 54.55 20.70 
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Table D. 30 Microflotation Data of Mixed Sample Using 0.0005M Sodium Oleate (2) 

Mineral 
SOT0.0005M, SS0.0005M, 80 SOT0.0005M, ALS0.0005M, RT SOT0.0005M, ALS0.0005M, 80C 

R G Delta G R G Delta G R G Delta G 

Xn+Il 96.25 35.82 1.97 36.27 53.27 19.42 83.59 41.41 7.56 

Xn+Zir 98.40 51.97 18.12 51.50 52.26 18.41 91.84 51.99 18.14 

Xn+Sch 62.33 59.65 25.80 32.81 57.27 23.42 67.58 55.01 21.16 

Xn+Sta 61.49 58.49 24.64 35.47 59.56 25.71 69.20 51.72 17.87 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


