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ABSTRACT
The present study is targeted on the optimization of the flotation conditions for the improvement
of the industrial flotation practice. Part I is focused on the improvement of the flotation of
Mountain Pass mine ore for the beneficiation of rare earth elements. The objective is to improve
the rare earth recovery of Mountain Pass ore by developing a novel flotation reagents’ scheme,
meanwhile reducing the flotation temperature to a cost-efficient level and simplifying the
flowsheet. Surface chemistry study by contact angle, zeta potential and microflotation tests
indicate that a mixed collector consisting of oleic acid (OA) and sodium octanohydroxamate
hydrate (OHA) is beneficial for rare earth flotation. More importantly, salicylhydroxamic acid
(SHA) is also a promising collector due to the high selectivity. Lab-scale flotation tests using SHA
as collector show that 80-90% REE recovery and <20% gangue recovery are achieved at
40°C~60°C, which yield a rougher concentrate of 30%~40% REO. A novel flotation scheme has
been developed towards Mountain Pass rare earth mine. The new scheme is of both high selectivity
and high recovery, meanwhile the dosage of reagent required is much less, and the flotation
temperature is also significantly reduced. Interactive adsorption models are built up through FTIR and AFM study. The interaction of collector with bastnaesite surface is illustrated. Hydroxamic
acid collectors (OHA and SHA) adsorb on bastnaesite surface by forming stable chelating complex.
The selectivity of collectors towards bastnaesite flotation is summarized as SHA>OHA>OA.
Part II is focused on the improvement of the flotation of Resolution Copper’s Superior mine ore at
an elevated temperature for the beneficiation of chalcopyrite. Because the Resolution Copper ore
is mined from a deep, hot, underground mine, the temperature of ROM (run of mine ore) is much
higher than that of the ore usually processed in a typical open-pit copper mine. The ore temperature
will still be high during flotation. It is therefore critical to carry out a systemic study on the flotation
of Resolution Copper ore at elevated temperatures and clarify the impact on flotation. An overall
beneficial effect is observed in high temperature flotation through a lab-scale flotation study.
Further action of temperature control is not necessary. The contact angle results indicate that
surface hydrophobicity is enhanced at elevated temperature, of which the surface morphology
change (shown by AFM images) of xanthate adsorption species (dixanthogen) is the key factor.
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Chapter 1 Introduction
1.1 General
Froth flotation is one of the most important and economical extraction methods in mineral
processing industry. By now, flotation has been widely applied in the extraction of various types
of minerals such as sulfides, phosphates, oxides, semi-soluble salts and so on. The separation
efficiency of flotation is usually characterized by the recovery and the grade of the target mineral,
which depend greatly on the flotation parameters, such as particle size, collector’s type and dosage,
depressant, pulp temperature and so on. The present study is targeted on the optimization of the
flotation conditions for the improvement of the industrial flotation practice.

Part I is focused on the improvement of the flotation of Mountain Pass mine ore for the
beneficiation of rare earth elements. Rare earth elements, which are very important to modern
industry and people's living, are generally extracted from numerous rare earth minerals. In practice,
however, the actual extraction of rare earth is mainly from bastnaesite, monazite and xenotime.
The Mountain Pass mine (USA) is one of the largest rare earth mines in the world, and the main
rare earth mineral from this mine is bastnaesite. In spite of the fact that froth flotation has been
applied to treat the bastnaesite ore at the Mountain Pass mine for many years, there are still some
problems associated with the specific flotation process. Firstly, the rare earth oxide (REO)
recovery remains low, especially compared to the recovery obtained with sulfides flotation. For
example, the typical recovery obtained at the Mountain Pass mine is only about 65~70%. This may
be due to the low selectivity of the collector, i.e., fatty acid, used at the Mountain Pass mine.
Secondly, to enhance the flotation selectivity, the pulp in the mine circuit has to be heated up to
70 to 90°C, which involves a large amount of energy consumption. Thirdly, because of the low
selectivity of collector, a lot of depressants have to be used during flotation, which make the
flowsheet quite complex. Therefore, it is critical to re-examine the existing flotation process at the
Mountain Pass mine and seek any chance of improvement. The objective is to improve the rare
earth recovery of Mountain Pass ore by developing a novel flotation reagents’ scheme, meanwhile
reducing the flotation temperature to a cost-efficient level and simplifying the flowsheet.
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Part II is focused on the improvement of the flotation of Resolution Copper’s Superior mine ore at
an elevated temperature for the beneficiation of chalcopyrite. Because the Resolution Copper ore
is mined from a deep, hot, underground mine, the temperature of ROM (run of mine ore) is much
higher than that of the ore usually processed in a typical open-pit copper mine. In addition, the fact
that a large stockpile for the storage of ROM ore is generally not available at the mine suggests
that the time is not enough for hot ROM ore to cool down before it is sent to the concentrator.
During transportation, crushing and grinding process, the ore temperature may decrease a little bit
in ambient conditions. However, the ore temperature will still be quite high when the ore is
processed in conventional flotation cells in a concentrator. Because temperature does impact
flotation recoveries, it is therefore critical to carry out a systemic study on the flotation of
Resolution Copper ore at elevated temperatures and clarify the mechanism of temperature effect
on flotation. Finally, through the proposed study, a cost-efficient strategy to obtain a satisfying
metal recovery of Resolution Copper ore will be achieved.

1.2 Objective and scope of research
The main objectives of this research are to:
1. Carry out a systemic investigation on the froth flotation behavior of Mountain Pass ore at
different aqueous conditions, such as collector's type and dosage, auxiliary reagents and
temperature. The study will help clarify the surface chemistry of different minerals in
Mountain Pass ore changing with pulp chemistry. Upon success, an optimized flotation
condition with reduced temperature will be achieved; therefore, one can not only improve
the rare earth recovery, but also reduce the operation cost.

2. Carry out a multi-scale investigation on the froth flotation behavior of Resolution Copper
ore at different temperatures. The chalcopyrite flotation scheme has been well developed
and temperature is the only variable to be examined both in surface chemistry study and
lab-scale flotation practice. Through the proposed study, a cost-efficient strategy to obtain
a satisfying metal recovery of Resolution Copper ore will be achieved.
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For Part I study on Mountain Pass rare earth ore, the work includes:
1. Surface hydrophobicity characterization using contact angle measurements;
2. Surface charge characterization using zeta potential measurements;
3. Microflotation test using a Hallimond flotation tube;
4. Mountain Pass ore characterization using XRD, ICP-MS and SEM-EDS tests;
5. Flotation process optimization through grinding tests, lab scale flotation tests and flotation
kinetics study;
6. Characterization of surface adsorption species by AFM images and FT-IR spectra;
7. Proposing the collector’s adsorption mechanisms on bastnaesite surface.

For Part II study on Resolution Copper chalcopyrite ore, the work includes:
1. Surface hydrophobicity characterization using contact angle measurements;
2. Microflotation test using a Hallimond flotation tube;
3. Characterization of the morphology of chalcopyrite surface adsorption specie by AFM
images;
4. Characterization of the structure of chalcopyrite surface adsorption specie by FT-IR spectra;
5. Optimization of flotation conditions at various pulp temperatures by lab-scale flotation tests.

1.3 Organization of the dissertation
Chapter 1 is the introduction for the present study. Further, the dissertation is organized in two
parts. Part I presents the study of improving the flotation of Mountain Pass mine rare earth ore,
and it includes Chapter 2, Chapter 3, Chapter 4 and Chapter 5; Part II presents the study of
chalcopyrite flotation at a high temperature and it includes Chapter 6 and Chapter 7. Chapter 8 is
a summary of this work. Reference is listed in the final section.

Chapter 2 is a literature review focused on the froth flotation of bastnaesite. The rare earth
elements and bastnaesite are briefly overviewed. Emphasis is made on the flotation aspects such
as collectors, depressants, conditioners, temperature and pH. Flowsheets of bastnaesite flotation at
different mines are also introduced.
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Chapter 3 includes the fundamental study of bastnaesite flotation. Surface chemistry methods are
applied such as contact angle measurement for hydrophobicity determination, zeta potential
measurements for surface charge characterization and Hallimond tube microflotation for single
mineral floatability confirmation. The surface chemistry studies are conducted with different
reagents combinations including oleic acid (OA), sodium hydroxamate hydrate (OHA),
salicylhydroxamic acid (SHA), sodium silicate and sodium sulfate.

Chapter 4 reports lab-scale flotation study of Mountain Pass rare earth ore. The minerology of the
ore is characterized by XRD analysis. Bastnaesite, barite, quartz and calcite/dolomite are
confirmed as the major components. ICP-MS analysis figures out the REE concentration and the
total REO is about 7.8%. SEM-EDS analysis suggests that flotation should be conducted with P80
< 200mesh and the grinding time is thus determined. Further flotation practices are carried out
using reagent scheme as proved to be effective in Chapter 3, including a combination of OA and
OHA, and SHA as a primary collector towards Mountain Pass ore. Flotation products are further
analyzed by SEM-EDS analysis, suggesting better liberation for higher flotation recovery. The
impacts of collector type, dosage, and temperature are displayed and discussed. At last, flotation
kinetics curves are fitted and correlate well with first order kinetics.

Chapter 5 applies FT-IR spectra and AFM images to study the adsorption mechanism of collectors
on bastnaesite surface. The FT-IR spectra can provide bond-bond information, from which the
molecule structure of surface species can be inferred; the AFM images can give out morphology
of surface species, from which the shape, pattern and height of adsorbate can be told. The
experimental results together with stability constant data help build the adsorption model of
collectors on bastnaesite surface.

Chapter 6 is a literature review of temperature effect on froth flotation. This chapter includes a
collection of literature concerning temperature as the variable of flotation. The review summarizes
the observations of temperature effect on the flotation of different types of ores, meanwhile the
underlying mechanism of temperature impact is elaborated both in surface properties of ores and
properties of pulp.
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Chapter 7 studied the effect of high temperature on chalcopyrite flotation. Macro-scale
investigation such as contact angle measurement and Hallimond tube microflotation are conducted
to study the hydrophobicity and floatability of chalcopyrite at elevated temperature; Micro-scale
investigation such as FT-IR and AFM are carried out aiming at observing the difference of surface
adsorption species made by high temperature. Lab-scale flotation tests using Resolution Copper
Ore are of practical significance in exploring temperature effect on flotation recoveries.

Chapter 8 is the summary and conclusion of this dissertation, followed by references used in this
study.
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Part I Improved Flotation of Mountain Pass Bastnaesite Ore
Chapter 2 A Review of Bastnaesite Flotation
2.1 Rare earth elements introduction
Rare earth elements are a group of elements which are consisting of Lanthanide series, Scandium
(Sc) and Yttrium (Y). The Lanthanide series includes elements with atomic numbers from 57 to
71. In total, there are 17 elements of interest, and their chemical and physical natures are highly
similar and related.
The rare earth elements are generally divided into 2 groups: lanthanum to gadolinium, are often
called “cerium group” or light rare earth elements (LREEs), and the remaining elements from
terbium to lutetium, together with yttrium, are named as “yttrium group” or heavy rare earth
elements (HREEs) (Gupta and Krishnamurthy, 2005). Scandium does not belong to either category
of rare earth elements.
It has been clarified for years that rare earth is not “rare”. However, the efforts yielded little effect
since the misleading name was given at the very start of their discoveries. The crustal abundances
of individual rare earth elements (such as La and Ce) are comparable with that of Cu, Ni and Zn.
In total, the abundance of all rare earth elements is 220ppm, which is higher than the abundance
of carbon (200pm) (Gupta and Krishnamurthy, 2005). Rare earth is in fact not “earth” either. The
earth elements usually refer to alkaline earth element group, which is consisting of beryllium (Be),
magnesium (Mg), calcium (Ca), strontium(Sr), barium (Ba) and radium (Ra). Instead, the rare
earth elements belong to the transition metals, group 3b (Voncken, 2016).
However, a high crustal abundance of rare earth elements does not necessarily ensure a high
feasibility in mining and extraction. A commercially feasible metal mining deposit should meet
the following criterions: a high concentration of metal in the deposit of interest, and a relative low
amount of efforts needed in extracting the metal which is ready for use. Unfortunately, rare earth
elements seldom concentrate to an economically feasible level. Thus, the existing rare earth mines
can be counted by fingers. The complexities of rare earth minerals make the situation worse. They
can exist in carbonates, phosphates, silicates and oxides, together with multiple types of gangue
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minerals such as silicates, sulfides, carbonates, etc. There are about 250 minerals that contain REEs,
but only a few of these minerals are of any economic value (Bulatovic, 2010).
Regional occurrence and development of rare earth deposit further address such limitations. Total
rare earth reserves in the world are around 130 to 140 million tons, in which China accounts for
55 million tons, which consists of 39–42% of the total rare earth reserves. Moreover, with the fast
development of China’s rare earth industry and stagnant investment in rare earth mines outside
China, China is becoming the dominant rare earth producer since 1990s. Nowadays China is
producing over 95% rare earth products of the whole world output (Tse, 2011). With the rapid
development of China economy in the past years, there was a sharp rise on the domestic demand
for rare earth. Chinese government started to gradually reduce the export quotas and in 2010 the
supply for export was the lowest compared with past years. Besides, the production of China’s rare
earth decreased 20% in 2011 due to the regulation and enforcement in controlling rare earth
resources (Li and Yang, 2015). All these factors promoted the rare earth oxides price to the
historical peak in 2011. The unbalanced supply and demand relationship also inspired the
development of new rare earth deposits all around the world. It can be clearly told from the
dramatically increasing number of relevant literature after 2010, that rare earth mining and
extraction is becoming an increasingly important topic, and many projects have been funded to
search for new rare earth resources. It is of great significance to improve the rare earth extraction
technology economically and environmental friendly.
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2.2 Rare earth mineral and deposit introduction
Industry rare earth concentrates mostly come from 3 major minerals: bastnaesite, monazite and
xenotime. Bastnaesite is the most commonly processed ore, then monazite is the second and
xenotime is the third (Krishnamurthy and Gupta, 2016). Due to the research scope and Mountain
Pass ore tested in this work, bastnaesite is the only rare earth mineral of interest, and the following
review will be focused on bastnaesite.
2.2.1 Bastnaesite
Bastnaesite was firstly described by the Swedish chemist Wilhelm Hisinger in 1838. It was named
for the Bastnas mine near Riddarhyttan, Vastmanland, Sweden. Bastnaesite is a carbonate rare
earth element bearing mineral. Besides the cerium group of elements (Ce, La, Pr, Nd), bastnaesite
also contains yttrium (Y(CO3)F) and europium. Some bastnaesite contains hydroxyl instead of F,
such as hydroxylbastnaesite-(Ce) and hydroxylbastnaesite-(Nd) (Voncken, 2016). Cerium is the
primary light rare earth element in most natural bastnaesite. Therefore, bastnaesite-(Ce) is a more
accurate expression for bastnaesite study in most cases. Typically, it contains 65–75% rare earth
oxides. Bastnaesite is usually found in pegmatites, carbonatite and hydrothermal ore bodies in
alkaline gangue minerals (Bulatovic, 2010). Bastnaesite occurs as veins or dissemination in a
complex of carbonate–silicate rocks, occurring with and related to alkaline intrusive, for example,
in California (Krishnamurthy and Gupta, 2016).
2.2.2 Bastnaesite deposits and flowsheets overview
There are several rare earth mines that beneficiate bastnaesite as primary product or byproduct.
There are also many potential bastnaesite reserves that can be developed depending on the
economic feasibility (Orris and Grauch, 2002). This review will focus on the operating bastnaesite
deposits to provide a better understanding on the beneficiation of bastnaesite. Also bastnaesite
deposit that has halted production will also be included. Since Mountain Pass ore is the objective
studied in this research, special emphasis will be made on its industry flotation details.
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2.2.2.1 Mountain Pass, California, USA
The Mountain Pass orebody is located at 60 miles southwest of Las Vegas, Nevada. It is near the
west center of a block of pre-Cambrian metamorphic rocks composed of granite-biotite-garnethornblende-gneiss and schists which are cut by pegmatites and other dikes. Intruded in to this
complex at Mountain Pass are large areas of potash-rich igneous rocks; syenite and shonkinite,
and next to these is intruded the rare-earth bearing carbonatite, also of pre-Cambrian age (Warhol,
1980). The carbonatite orebody is comprised of approximately 60% carbonates (mainly calcite),
20% barite/celestite, 10% rare-earth fluocarbonates (bastnaesite) (about 7-8% REO) and 10%
other minerals (mostly silica) (Pradip, 1981).
The Molybdenum Corporation of America started to reach the Mountain Pass orebody in 1950.
With decades of development a high temperature flotation flowsheet was developed and still in
use before the shutdown in 2015. An earlier version of flowsheet was provided by Aplan (1988).
The particle size of ROM (about 7% REO) was firstly reduced by means of crushing and grinding.
The P80 was set at 100 mesh. Steam was applied to heat the conditioner to 70-90°C. Soda ash,
sodium fluorosilicate, ammonium lignin sulfonate and distilled tall oil were added gradually in 6
conditioning tanks. Rougher flotation happened after conditioning, followed by rougher scavenger
to ensure higher recovery. The rougher concentrate (30% REO) was sent to cleaner for 4-stage
cleaning operations. The reported over all recovery was 65-70% and the grade of final concentrate
was 60%.
An updated 2014 Molycorp flowsheet was provided by Anderson (2015). The P80 was changed to
325 mesh. The pulp was then transferred to 4-stage (reduced from 6 stages) conditioning tanks and
the temperature was elevated to 82°C. Toxic sodium fluorosilicate was not in use any more. The
final concentrate grade was 60-70% REO and the recovery was about 60%-70%. Well documented
Molycorp annual report confirmed that the overall metallurgical recovery of mill facility was 65%
(Molycorp, 2014). It can be told from the comparison of 2 flowsheets that the recovery of Mountain
Pass rare earth ore has not been improved over the past years, even though some cost efficient and
environmental friendly improvements have been made. It could be possible that the maximum
recovery of this flowsheet (using fatty acid as collector at high temperature) has been achieved.
Thus, a novel flotation scheme has to be developed to improve the rare earth recovery to an upper
level, and of course low cost strategy is a must.
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2.2.2.2 Bayan Obo, Inner Mongolia, China
The Bayan Obo ore bodies are located 135 km northwest of Baotou in the Inner Mongolia
autonomous region of northern China. The Bayan Obo iron–rare earth–niobium mine is China’s
largest iron mine with iron ore reserves of more than 1 billion metric tons (Gupta and
Krishnamurthy,2005). The rare earth reserve of Bayan Obo is also the biggest known REO deposit
in the world (Yu, 2001). The ore deposit occurs in a synclinal structure, termed the Bayan syncline
or Kuan syncline in meta-sedimentary dolomite marble with quartzite beds, which in turn is
covered by shale. The ore bodies at Bayan Obo occur as hydrothermal replacements of the
dolomite marble. The shale overlying the dolomite apparently acts as a seal for the later
hydrothermal fluids that caused the mineralization (Voncken, 2016).
The discovery of Bayan Obo deposit happened in 1927 and the mining activity started in 1957,
initially for iron ore. As one of the most complex rare earth deposit in the world, there are 170
minerals containing 71 elements. More than 15 rare earth minerals are found, in which bastnaesite
and monazite account for most of REEs. The economic minerals also include hematite, magnetite
and Nb-containing minerals. Major gangue minerals are sodium amphibole, calcite, dolomite,
barite, apatite, quartz and feldspar. The beneficiation of Bayan Obo ore is more complex than other
bastnaesite deposits since the beneficiation of iron ore and Nb-containing minerals must be taken
into consideration. Besides, the floatability of rare earth mineral is similar with fluorite, barite,
calcite and apatite; the magnetic property is close to hematite and sodium amphibole; specific
gravity is approximately the same with iron minerals and barite (Cheng et al., 2007). All these
features increase the difficulty of rare earth extraction.
Many efforts have been made to improve the beneficiation of rare earth since 1950s. In 1965, the
first version of flowsheet applied flotation-gravity separation technique. The iron ore was first
floated and the rare earth minerals were further separated from fluorite by gravity separation. The
concentrate grade was only 15% (Cao et al., 2013). A low-intensity magnetic separation (LIMS)flotation (remove fluorite)-flotation (rare earth)-gravity separation (shake table) flowsheet was
developed in 1974. The final REO grade was 30%. An advanced flowsheet was developed between
1990-1992, which was named low-intensity magnetic separation (LIMS)–high intensity magnetic
separation (HIMS)–flotation. The final concentrate can be upgraded to 50-60% REO. Flotation
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recovery was 72.75%, while total rare earth recovery was 18.56% (Yu, 2001). Recently Bayan
Obo mine is also extracting rare earth from tailing dams in the past (Han et al., 2016).
2.2.2.3 Weishan, Shandong, China
The deposit was found between 1958-1962. The average grade of REO is 3.13%. It is a quartz–
barite–carbonate-type REO deposit. The major rare earth minerals are bastnaesite and parisite, and
the main gangue minerals are barite, calcite, quartz and fluorite. The grain sizes of rare earth
minerals are coarse, in the range of 0.04–0.5 mm. The processing plant was commission in 1982
and was the only rare earth plant operating in an acidic flotation conditions, using oleic acid as the
main collector. Starting from 1991, the flowsheet was changed to a weak alkaline flotation using
L102 as the main collector. Due to decrease in head grade and difficulty in mining, the production
in Weishan was reduce dramatically in 2002.
2.2.2.4 Maoniuping, Sichuan, China
Maoniuping deposit in Mianning of Sichuan is a vein type deposit, and it is genetically related to
a carbonatite alkaline complex. It occurs in the northern Jinpingshan Mountains, a cenozoic
intracontinental orogenic belt (Voncken 2016). Another important Dalucao deposit locates in
Dechang, Sichuan. These 2 deposits are similar in composition and formation. The major rare earth
minerals are bastnaesite, parisite and chevkinite. The main associated minerals are barite, fluorite
and iron ores (Yu, 2001). LREEs account for 98% of the total rare earth elements (Huang et al.,
2007). The average grade of REO is 3.7%.
The Maoniuping deposit was found in 1985. There are 2 kinds morphology of ores: massive and
powder. The grain size of massive ore is larger than 1mm, and the bastnaesite in it is easy to be
liberated by grinding. Powder ore is the product of heavy weathering. The P80 is smaller than 44um
(Yu, 2001). REO grades range from 2%-7%. Due to the interference of powder ore, the extraction
of rare earth is not as straightforward as other bastnaesite deposit. Many flowsheets have been
developed since 1980s’ including single gravity separation, gravity-magnetic separation and
gravity-magnetic-flotation separation, in which gravity-magnetic-flotation separation has the best
overall recovery and highest REO concentrate grade (Zhang et al., 2014).
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2.2.2.5 Dong Pao, Vietnam
The Dong Pao mine locates in north-western part of the Lai Châu Province, in the Tam Duong
district of Vietnam. The deposit is consisting of irregular shapes with nests, lenses and veins in a
shear zone of limestone that was hydrothermally altered (Voncken 2016). The ore is heavily
weathered, with more than 30% of the bastnaesite existing in the –7μm fraction. The major
minerals in this ore are bastnaesite (some parisite), barite and fluorite (Bulatovic, 2010). The barite
weight percentage is as high as 62.5% and fluorite also accounts for 5.54% in weight. It is not easy
to separate bastnaesite with these 2 minerals, especially for fluorite since it is of high
hydrophobicity in natural. The barite was firstly floated using selective collector towards fluorite
and bastnaesite. In the next stage, fluorite was floated as concentrate and the tails containing
relative high grade of REO was conditioned at 75°C. Similar to Mountain Pass operation, high
temperature bastnaesite flotation using modified tall fatty acid (collector) and lignin sulfonate
(depressant) was conducted to obtain the final concentrate of bastnaesite.
2.2.6 Kizilcaoren, Turkey
Kizilcaoren deposit lies in Central Turkey, about 100 km west of Ankara. The hydrothermal origin
orebody is mainly composed of fluorspar, barite and bastnaesite. The average grade of REO is 7%
and the total reserves exceed 34 million tons. It appears to have been intensely altered and its
mineral texture is characterized by an intimate intergrowth of the components showing micro and
cryptocrystalline features (Ciccu 1993). The bastnaesite became slime after wet grinding and it is
impossible to recover the rare earth using conventional separation techniques individually. Thus,
a multi-methods flowsheet was provided for a feasible beneficiation of Kizilcaoren bastnaesite ore.
The run of mine ore is firstly washed and the slurry is classified by a Mozley hydro cyclone. The
overflow of this operation is further classified by a Mozley micro cyclone. The overflow of this
latter operation represents the first concentrate. The deslimed material is crushed down to below
5mm and then scrubbed in a Galigher cell. The product is classified in a sieve and the fines are
further classified in two stages by means of a hydrocyclone, following the same procedure adopted
for the primary slimes. The final overflow represents the second concentrate. An overall
concentrate with an average grade of more than 30% REO is obtained with a recovery over 40%
(Ciccu, 1993).
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2.3 Bastnaesite flotation
The number of literature about rare earth beneficiation is rather limited compared to some other
well studied minerals such as iron ores and copper sulfides. The available resources are even less
when the scope is refined within bastnaesite flotation. This review will summarize literature
concerning main rare earth producers such as Mountain Pass mine, Bayan Obo mine and Sichuan
deposits. Besides, a bunch of work reported recently will also be included. More importantly, this
review includes some valuable works done during the development of Chinese rare earth industry,
many of which were not in public due to the lack of translation. The following section will review
detailed flotation aspects such as collectors, depressants, conditioners, temperature and pH.
Characterization efforts made by surface chemistry methods are also mentioned. Discussions on
the mechanism of bastnaesite flotation under different reagent schemes are also summarized and
the interaction between bastnaesite and collectors are elaborated.
2.3.1 Collectors
Collector plays a determining role in bastnaesite flotation. The choice of collector is made based
on the properties of ores, such as flotation response of rare earth minerals and gangue minerals. In
general, collectors are categorized into several classes listed as follows:
2.3.1.1 Carboxylic acids
Carboxylic acids have been applied towards rare earth flotation since the very begining of this
industry practice. Mountain Pass is well known for its initial high temperature flowsheet using tall
oil as collector. The method was derived from Petrov’s flotation scheme of scheelite, which was
addressed by high temperature flotation using carboxylic acid. Many researchers tried to modify
or replace tall oil using other carboxylic acids such as sodium oleate, oxidized paraffin soap and
phthalic acid. Tall oil was also further modified by secondary amine and petroleum sulphonate,
which both showed superb flotation performances (Bulatovic, 2010). Besides, some other
operations also used carboxylic acid as rare earth collectors such as Weishan Mine. This operation
kept using oleic acid and phthalic acid combining with kerosene as collectors during the 1980s’
(Lan et al., 1983). Even though the development of rare earth collector has been rapid in the past
years, conventional carboxylic acid collectors (oleic acid or sodium oleate) are still of great
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significance in rare earth flotation. Detailed studies conducted by researchers are introduced below
with efforts of using carboxylic acids as rare earth collectors.
Lan et al. (1983) employed phthalic acid in the flotation of Weishan bastnaesite ore. The optimum
pH of bastnaesite flotation with this reagent was pH 5-6 and pH 8-9. To separate bastnaesite and
barite (float well at pH8-9), the pulp pH was set at pH 5. The final REO grade was as high as 69.5%
(feed REO 4.85%) and the recovery was 64.74%, which was far better than other collectors tested
including oleic acid, alkyl hydroxamic acid and styryl phosphonic acid (Xu, 1985).
Yu et al. (1984) carried out plant tests using oxidized paraffin soap as rare earth collectors. The
flotation feed was the tailing of iron ore after reduction-roasting and magnetic separation, which
was not normally treated and the components were complex. Thus, an efficient activator had to be
selected for better flotation performance. Given proper dosage of oxidized paraffin soap (collector),
sodium silicate (depressant), dextrin (depressant) and sodium fluorosilicate (activator), a final
concentrate of 49.95% REO can be obtained with 36% overall recovery. This result was
satisfactory at that time considering the complexity of feed and technical limitations.
Pradip and Fuerstenau (1991) conducted lab-scale flotation tests using tall oil as collector for
Mountain Pass ore. The study was carried out to simulate the plant data and set a baseline for
comparison with hydroxamate. 0.35kg/t distilled tall oil was used as collector, meanwhile 2.3kg/t
ammonium lignin sulfonate and 2.3kg/t Na2CO3 were added as depressant and modifier
respectively. Flotation was conducted at 70°C and pH 9. The final concentrate contained 65% REO
with a 65% overall rare earth recovery. The results corresponded well with Mountain Pass
operation.
Zhou et al. (2014) introduced reactive oil bubbles to bastnaesite flotation. The reactive oil bubble
was covered with a thin layer of kerosene containing fatty acid or hydroxamic acid. The results
showed that the oil bubble containing fatty acid had a beneficial effect on the recovery of
bastnaesite flotation, whereas the oil bubble of hydroxamic acid had a detrimental impact on
bastnaesite recovery, as revealed by microflotation tests. The difference in flotation response was
attributed to the collector types. Yang et al. (2015) conducted beneficiation studies towards a
complex rare earth ore. Total REE concentration was 3000 ppm. The light rare earth minerals were
mainly consisting of bastnaesite and parisite. Sodium oleate had an overall outstanding
performance than other collectors (hydroxamate, fatty acid and sulfosuccinamate) tested.
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Approximately 90% Ce and La from light rare earth minerals can be recovered when using sodium
oleate as collector (270g/t); Na2SiO3 (300g/t) and starch (150g/t) as depressants. The flotation
kinetics of carbonate rare earth was fast and 6 minutes’ flotation recovery could reach up to 81%
to 90%.
It can be told that carboxylic acids collectors are still applicable in rare earth flotation. It is very
effective for pre-concentration of low grade rare earth ores by their strong collecting power.
Nowadays many applications of carboxylic acids can be observed in mixed collectors: carboxylic
acids work as supplementary collectors to make up the recovery, combining with high selectivity
collectors which are not superb in collecting power. Detailed cases will be displayed in a separate
section of mixed collectors.
The interaction mechanism of carboxylic acids with rare earth mineral was elaborated by multiple
surface chemistry methods. Pavez (1996) conducted zeta potential measurement and infrared
studies towards sodium oleate adsorption on bastnaesite surface. The peaks at 2924 cm-1 and 2854
cm-1 were results from the vibrations of aliphatic group. The characteristic peaks of sodium oleate
adsorption were located at 1585 cm-1 and 1466 cm-1, indicating the axial stretching vibration of
carboxylate groups. The band at 1585 cm-1 implied chemisorption of sodium oleate on rare earth
surface. On the other hand, band at 1713 cm-1 (C=O) indicated that the physical adsorption of oleic
acid was also possible. Zeta potential study confirmed a chemisorption mechanism due to the
adsorption behavior under strong repulsion force (negative charges of collector and mineral
surface both). Qiu et al. (2013) studied the solution chemistry of sodium oleate. At the optimum
flotation pH 8.5, the major oleate species were C17H33COO- and (C17H33COO)22-, which
corresponded to the major rare earth hydroxyl component of RE(OH)2+ and RE(OH)2+ at pH 8~9
(Wang et al., 2013). Both chemisorption and physical adsorption were proposed by means of
infrared study, zeta potential measurements and solution chemistry.
Commonly used carboxylic acids are byproducts of petroleum or papermaking industry. The low
cost has been made them competitive over other collectors. However, as a price of strong collecting
power induced by long hydrocarbon chain (C18-C30), the selectivity of carboxylic acid is very poor.
Thus, a high flotation temperature has to be applied. The principle of rare earth flotation using
fatty acid is “strong depressing, strong collecting”. This scheme will further add depressant cost
and water treatment cost to the total budget. For example, Mountain Pass operation used 6-8 lbs/t
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ammonium lignin sulfonate, 6-8 lbs/t sodium carbonate and 1lbs/t sodium fluorosilicate (Pradip,
1981) to selectively concentrate rare earth using only 0.7lbs/t fatty acid. The cost of reagents other
than fatty acid was far higher than that of fatty acid itself. Moreover, the toxicity of sodium
fluorosilicates required strict water treatment, and the high concentration of lignin sulfonate
impeded the dewatering process. Last but not the least, the energy consumption of high
temperature flotation circuit increased the energy cost, meanwhile daily operation & maintenance
will be more complex than flotation plant at room temperature. Because of the factors above, the
cost was not easy to control and the profit of the mine was damaged. It is of great importance to
introduce a simpler, more environmental friendly and more cost-efficient flotation scheme, of
which the key is the right collector.
2.3.1.2 Hydroxamic acids
Hydroxamic acids have been widely used in chemical industry and as medicine before their
application in froth flotation of rare earth. The study of using hydroxamic acids as rare earth
collectors started in 1960s. The industry application was initiated at 1970s in Bayan Obo Mine.
Later in 1980s and 1990s, hydroxamate collectors had been spread out to other rare earth mines in
China such as Maoniuping and Weishan. There are also dozens of researches made on utilizing
hydroxamates towards flotation of rare earth ore, either in feasibility stage or lab-scale
fundamental studies. For example, Pradip (1981) attempted to use C8 alkyl hydroxamate acid in
the flotation of Mountain Pass ore, however not converted into industry application. Nowadays
hydroxamic acids are the major collectors used in Chinese rare earth mines. There is rarely work
about industrialized application of hydroxamic acids reported outside China. Considering the
situation of Mountain Pass mine described above, it is worthy of conducting a detailed research on
applying different hydroxamic acids towards Mountain Pass ore, with the purpose of reducing the
cost and industrializing the technique.
Hydroxamic acid can exist in 2 forms. The keto form is also called hydroxyamide and the enol
form is also named hydroxyoxime (Pradip and Fuerstenau, 1983). These 2 different compounds
can coexist as a result of tautomerism. For convenience, hydroxamic acid works as a common
name for both forms.
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Although there are thousands of hydroxamic acids with diverse structures, the available
hydroxamic acid collectors for flotation purpose are limited due to the following restrictions:
1) easy synthesis with low cost;
2) environmental friendly and low toxicity;
3) high selectivity towards target minerals;
4) easy for use and storage;
The following table summarized some hydroxamic acid type collectors, which have been tried in
the study of rare earth flotation (Table 2.3.1).
Table 2.3.1 Typical hydroxamic acid collectors
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Alkyl hydroxamic acid was the first hydroxamic collector applied in rare earth extraction. It has
been employed as an effective collector for copper oxides ore. The industry application was
initialized in Bayan Obo in mid 1970s by using C5 -C9 alkyl hydroxamic acids. 60% REO
concentrate can be obtained from rougher concentrate (REO 25%) of gravity separation (Du and
Huang, 1980; Che et al., 2004). The application was also extended to the flotation of rare earth
from the mixed froth after reverse flotation of iron ore. With appropriate removal of reagent from
previous steps, it was also feasible to obtain 60% REO concentrate by using ammonium alkyl
hydroxamic acids (Li, 1980). Further successful applications also include flotation of other rare
earth resources within Bayan Obo mine, such as Baotou ROM (run of mine) (Zhang, 1980); and
tailing after reduction roast and magnetic separations (Yu et al., 1984). Cycloalkyl hydroxamic
acid was the next generation of rare earth collectors applied in Bayan Obo mine. It had to be mixed
with alcohol and ammonia before use. The pilot test result (REO 62.6%, recovery 73.93%) was
comparable with that of alkyl hydroxamic acid. Moreover, cycloalkyl hydroxamic acid was more
cost efficient and easier to use at that time (Huang, 1980).
Starting from 1990s, Fangji Li’s group has made a decade’s efforts in applying L102, whose main
effective component is salicylhydroxamic acid, in the flotation of bastnaesite both in Weishan,
Shangdong and Maoniuping, Sichuan. Zeng and Li (1991) successfully improved the flotation
performance of Weishan ore by using salicylhydroxamic acid to replace previous carboxylic acid
collector. The optimum flotation conditions required pH 8-9, temperature 40-43°C, a combination
of L102, sodium silicates and aluminum salt. A high-grade concentrate of 67% REO and a lowgrade concentrate of 34% REO were obtained after 1-stage rougher flotation and 4-stage cleaner
flotation. Total rare earth recovery was as high as 90%. Later they conducted a series of
beneficiation studies towards Maoniuping bastnaesite (Li and Zeng, 1999; 2000; 2003; Li et al.,
2002). With similar flotation conditions as Weishan ore, the final recovery of rare earth was as
high as 85%-90%, meanwhile a commercial concentrate of 60%-70% REO could be easily
collected only after 1-stage rougher and 1-stage cleaner flotation. Other works concerning
salicylhydroxamic acid also included the trial on high-intensity magnetic separation middlings of
Bayan Obo ore (Ren and Hu, 1996). The rare earth concentrate with REO grade of 63.5% and
recovery of 56.32%, together with a secondary concentrate of 36. 75% REO grade and recovery
of 30. 05% can be obtained.
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2-hydroxy-3-naphthylhydroximic acid (H205) is another important rare earth collector developed
in Bayan Obo mine. It is designed based on salicylhydroxamic acid, whose hydrophobic group
was benzene. For H205 a naphthalene ring is introduced to replace benzene and improve the
hydrophobicity of the collector. H205 was of high robustness in dealing with variable feeds and it
also required no more toxic sodium fluorosilicate (Ren ,1998). Multiple applications of H205 have
been reported since 1990s (Che and Wang, 1990; Wang, 1991; Jia, 1991; Song, 1992). Typically,
sodium silicate and H102 worked as depressant and frother, respectively (Ren and Lu, 1997). The
optimum pH was set at 8.5-9.5. Industrialized flotation flowsheet was consisting of 1-stage rougher
flotation and 2-stage cleaner flotation. Final concentrate of 53.09% REO can be obtained from
Bayan Obo feed containing 10% REO, with a total recovery of 67.11% (Ren, 1998).
Benzohydroxamic acid, although sometimes was studied together with other aromatic hydroxamic
acids (H205 and salicylhydroxamic acid), had few work reported concerning using it as a practical
bastnaesite flotation collector. Recent work on Thor Lake complex (rare earth deposit) indicated
that benzohydroxamic acid may be more selective towards heavy rare earth minerals rather than
light rare earth minerals compared with salicylhydroxamic acid, as revealed by microflotation tests
(Hart et al., 2014).
Besides common hydroxamic collectors, derivatives and isomers of hydroxamate also contribute
to the development of rare earth flotation. Ren and Lu (1997) studied the effect on bastnaesite
flotation by using N-hydroxyl phathalicimide as bastnaesite collector. The bastnaesite ore was
obtained from Mianning, Sichuan and the REO grade was 9.5%. The adsorption test suggested
that the optimum flotation pH of N-hydroxyl phathalicimide was 7-8, whereas for H205 the best pH
was from 8.5-9.5. Both collectors worked well in terms of selectivity and recovery. Flotation
responses showed a higher recovery for H205 but a higher grade for N-hydroxyl phathalicimide.
The explanation was that the non-polar group of H205 was naphthalene, which was more
hydrophobic than the benzene of N-hydroxyl phathalicimide. The chelating mechanism of Nhydroxyl phathalicimide was similar with hydroxamic acid, except the double (instead of single)
five-member ring O=C-N-O-RE (Ⅲ)-O chelate, which was chemically adsorbed on the surface of
bastnaesite. Xu et al. (2002) synthetized 1-hydroxy-2-naphthylhydroxamic acid and applied it in
the flotation of Bayan Obo rare earth feed. The REO in feed was 10.95% and the grade of rougher
concentrate was 37.02%. Rougher flotation recovery was 80.1%. The flotation conditions were:
4kg/t collector, 4kg/t sodium silicate, 48g/t frother, pH 8-9 and temperature at 36-38°C. The
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comparison in flotation response with H205 indicated that these 2 collectors’ flotation performances
were identical. The mechanism study showed that a five-member ring O—C=N—O—RE(Ⅲ)—O
chelate was chemically adsorbed on the surface of bastnaesite, together with the polylaminate (Ren
and Lu, 1996).
Hydroxamic acid (Aero 6493) was applied in the preliminary flotation study of Bokan Mountain
ore (Narantsetseg, 2014). Individual elemental recovery was 44.6-50.4% for the LREEs and 27.944.5% for HREEs. The mass recovery was 23%. Entire flotation response was below expectation.
Anderson (2015) obtained a rougher concentrate of 37% REO with 80% recovery from a
bastnaesite ore, given 1.5×10-3 M of octanohydroxamic acid as collector and 0.01 M ammonium
lignin sulfonate as depressant. The flotation temperature was as high as 80°C and pH was set at 9.
Schriner (2016) conducted similar froth flotation test on Mountain Pass ore provided by Molycorp
Inc. Ammonium lignin sulfonate and octanohydroxamic acid were applied. Pulp temperature was
kept at 85°C during flotation. The gravity concentrate can yield a 30% REO rougher flotation
concentrate with 82% recovery, comparable with results (30% REO, 77% recovery) of ground ore
(<45um). Total REE recovery was 41% considering 50% loss during gravity separation.
LaDouceur et al. (2016) conducted bench scale flotation tests using salicylhydroxamic acid as rare
earth collector for Bear Lodge deposit in Wyoming. The flotation pH was set at neutral and the
collector dosage was fixed at 0.67 lbs/ton. The flotation cell energy inputs and milling time were
the main variables. The estimated rare earth flotation recovery was about 64%-74%, which was
only affected by milling time (liberation).
There are also many new hydroxamate collectors emerging in the treatment of complex bastnaesite
ores in recent reports from China. Most of them were modified hydroxamates with a unique code
such as 8# reagent (Wang et al., 2013; Yao et al., 2014; Li et al., 2014; Xu et al., 2015; Han et al.,
2016), modified hydroxamic acid Wr or Wx (Xiong et al., 2009; Zeng et al., 2014; Xiong et al.,
2015) and modified hydroxamic acid GYF (Zhang et al., 2014). These collectors were proved to
be effective towards corresponding research targets by industrialized flotation or pilot tests in
Bayan Obo and Sichuan rare earth deposits.
It is widely accepted that hydroxamic acid can form stable complexes with transition, lanthanide
and actinide metal ions since they are N-acyl derivatives of hydroxylamine (NH2OH) and can act
as bi-dentate ligands (Natarajan, 2013). In the case of rare earth flotation, hydroxamic acids form
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more stable metal chelates with Ce and La ions than Ca and Ba ions, which can be told by stability
constant of metal complex (Pradip, 1981). Thus hydroxamic acids showed a higher flotation
selectivity towards bastnaesite than previous fatty acid collectors. Detailed structure of chelating
compound varied from case to case. Theoretically the metal ions chelate with atoms on ligands
(normally N, O and P) and form rings of different atom numbers such as pentagon ring and
hexagon ring. For alkyl hydroxamic acids, rare earth ions were proposed to chelate with O atoms
both on C=O and O-H connected with N, namely form a pentagon ring of O—C=N—O—
RE(Ⅲ)—O. This may also be true for benzohydroxamic acid since its polar group is the same with
alkyl hydroxamic acids.
In the case of salicylhydroxamic acid and H205, they both have an extra hydroxyl group on the
aromatic group adjacent to the hydroxamic acid group. There has been an argument about the role
of extra hydroxyl group in the interaction with rare earth ions. Ren et al. (1996) applied
electronegativity theory to determine the chelating reaction of rare earth with 1-hydroxy-2naphthylhydroximic acid, and the results showed that the extra hydroxyl group was not included
in the chelating ring. Liu et al. (1988) also held the same conclusion on salicylhydroxamic acid by
means of NMR and FT-IR study, which confirmed the existence of the extra -OH on benzene ring
in chelating compounds.
Another opinion was that the extra -OH was able to react as part of the chelating structure.
Chelating compound of multiple rings was possible with the extra hydroxyl group. Such a
chelating complex will surely have an advantage in stability over chelating compound with single
pentagon ring. However due to the high similarity of hydroxamic acids (only difference in -OH)
and the discrepancy between natural ore and pure mineral, no direct or convincible evidence has
been given through any characterization method, illustrating the real chelating structure of rare
earth hydroxamate. The search for the right answer is still going on.
2.3.1.3 Phosphorous type collectors
Phosphorous type collectors are important regents in the flotation of oxides ores such as cassiterite,
wolframite and rutile. The similar chelating mechanism with hydroxamate indicated possible
application in rare earth flotation. Previous work of using phosphorous type collectors in rare earth
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flotation was quite limited. But it is not surprising to see more phosphorous type collectors are
being evaluated recently due to the need for new collectors.
Zhang and Jian (1981) investigated the feasibility of using α-styryl phosphonic acid as collector
for Weishan bastnaesite ore. The key optimum conditions were: 1.5kg/t α-styryl phosphonic acid,
pH 5.6-7.0 and 3kg/t kerosene. After 1-stage rougher and 2-stage cleaner operations, a high-grade
concentrate of 60.13% REO with 48.36% recovery can be obtained. A low-grade concentrate of
36.47% REO with 20.03% recovery was also available. The sound flotation performance of αstyryl phosphonic acid was attributed to the aromatic hydrophobic group and P-centered
hydrophilic group. The conjugated system lowered the energy of the whole molecule, whose
dissociated ions were more stable and resulted in a better flotation selectivity.
Zhou and Luo (1990) used monoalkyl phosphate ester (P538) as a flotation reagent for bastnaesite
and monazite. The optimum pH range for bastnaesite flotation with P538 was basic. The dosage
requirement for microflotation was less than that of C8 alkylhydroxamic acid and sodium oleate.
Chemisorption mechanism was confirmed since the adsorption happened at pH where the surface
of mineral was negatively charged. Further infrared study and ECSA detection verified the
observation above. The first order dissociation of monoalkyl phosphate ester occurred at pH over
3.8, and the second order dissociation mostly happened at pH > 9.23. According to the hydrolysis
study of rare earth minerals above, the anionic phosphate ester interacted with Ce3+ ions and La3+
ions when pH<6; If the pH was above 6, the collectors will react with hydroxyl complexes of
cerium and lanthanum to form stable chelating compounds.
Hart et al. (2014) evaluated the flotation performance of different types of collectors on Thor Lake
deposit. A mixture of phosphoric acid ester and alkyl succinamate was applied, since prefeasibility
study indicated that the mixed collector was effective throughout open circuit and locked cycle
tests along with pilot plant tests. Similar collector evaluation work was done by Jordens et al.
(2016), who used SM15 (phosphoric ester collector) to compare with sodium oleate and
benzohydroxamic acid in the microflotation of pure bastnaesite and quartz. The results indicated
that SM15 was a strong collector for both bastnaesite and quartz, the optimum pH was 9. In order
to collect rare earth selectively, depressant of silicates had to be added.
Azizi et al. (2016) applied tetrabutylammonium bis(2-ethylhexyl)-phosphate ([N4444][DEHP]) as
flotation collector for rare earth minerals, especially for monazite and bastnaesite. It was concluded
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that [N4444][DEHP] was a better collector both in selectivity and collecting power compared with
hydroxamate collectors (AERO 6493 and AERO 9849). Chemisorption was confirmed by
observing new IR bands on bastnaesite surface, and a more negatively charged mineral surface
modified by ion liquid. Liu et al. (2016) carried out flotation chemistry study using potassium
lauryl phosphate as collector for bastnaesite flotation. The effective pH ranged from 4.7 to 6.5.
The highest bastnaesite recovery can be obtained at concentration of 5×10-6 M and pH 5.1. The
dosage was lower than octyl hydroxamate acid (4×10-4 M), at which concentration the flotation
recovery was the same.
The works reported above indicate that phosphorous type collectors are very promising in rare
earth flotation. The effective collectors include but not limited to: phosphoric acid, phosphoric
ester and phosphate ionic liquid. It is not only effective in lab study but also showed practicability
in pilot plant test and industry operations. Apparently, there are a lot of blanks in this field
compared with carboxylic acid collectors and hydroxamic acid collectors.
2.3.1.5 Mixed collectors
Mixed collectors usually employed 2 or more collectors in one flotation practice. Applications of
mixed collectors have been existing in industry flotation practices for years. For instance, the CuMo flotation requires xanthate collector and hydrocarbon collector for high recoveries of both
metals. It is widely accepted that an appropriate combination of different collectors will result in
a better flotation response than a single collector does. Preferably, the total dosage of reagents can
be lower and the cost can be reduced. The synergistic effect among chemicals is the basis of mixed
collectors’ application. It is also true that collectors can interact with other reagents in the flotation
system such as depressants, modifiers, frothers and so on. In the case of the rare earth flotation, it
is of high priority to determine the best combination of collectors, then move on to the interaction
study with other chemicals. Recently there were many new works reported using mixed collectors
in bastnaesite flotation. These works will be displayed together with some previous examples.
Tian (1997) reported the application of mixing H205 and phthalic acid on bastnaesite flotation of
Maoniuping ore. The total collector dosage was 5kg/t in a ratio of 1:1. Given sodium silicate as
depressant at pH 9-9.5, the final REE recovery can be 72.19% and the REO grade of concentrate
was 66.91%. The proposed mechanism claimed that H205 had priority to adsorb on bastnaesite
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surface, then phthalic acid co-adsorbed on the H205-coated surface to form hemi-micelle, which
was extremely hydrophobic.
Zhu et al. (2000) studied the flotation of rare earth applying the mixtures of phthalic acid, alkyl
hydroxamic acid, isooctyl alcohol and kerosene. The mixture of hydroxamic acid with kerosene
had a significant synergic effect at hydroxamic acid concentration of 3.2×10 -4 M. The
microflotation recovery of pure bastnaesite increased 7%. Such synergic effect can be also
observed when hydroxamic acid was mixed with isooctyl alcohol. Additional 3-4% recovery was
obtained by using isooctyl alcohol.
Qiu et al. (2015) conducted closed circuit tests on the flotation of a bastnaesite ore from Sichuan.
The collectors were determined as a mixture of 600 g/t salicylhydroxamic acid and 40 g/t oleic
acid. The flowsheet of the table concentrator-flotation was used for beneficiation; a table
concentrate with 63.68% REO, recovery of 47.43% and a flotation concentrate with 60.37% REO,
recovery of 39.25% were obtained.
Liu et al. (2016) conducted flotation study on a complex rare earth ore using a combination of
salicylhydroxamic acid and hydroxyl oxime acid-C. Single collector tests indicated that
salicylhydroxamic acid had a good selectivity towards rare earth minerals, however the recovery
was low; hydroxyl oxime acid-C was strong in collecting power, but the selectivity was poor. With
mixed collector of salicylhydroxamic acid & hydroxyl oxime acid-C, sodium silicate as depressant
and sodium carbonate as modifier, the researchers could get concentrate containing 37.32% REO
with 67.33% overall recovery from the feed containing 1.608% REO.
Zhang et al. (2016) conducted rare earth flotation from storage tails containing 5.97% REO. H205
and LD (a fatty acid type collector) were combined in a ratio of 4:3 as collectors. H205 was well
known for the strong selectivity on rare earth, whereas LD worked as a supplement for the
collectivity. Under conditions of the particle size of 95% passing 74 μm, pulp concentration of
40%, pulp temperature at 30°C, NaOH dosage of 3kg/t, silicate sodium dosage of 2kg/t and H205
+LD dosage of 400 +300 g/t, a final concentrate of 45.08% REO with 75.27% recovery was
produced by using the process of 1-stage flotation, 3-stage cleaner flotation, 1-stage scavenger
flotation, and middles returned back to the flowsheet.
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He et al. (2016) conducted beneficiation study on an Australia rare earth ore with high content of
iron and slime. The complexity of the feed required high dosage depressant, thus the collector had
to be of both high selectivity and strong collecting power. MAHA was a mixture of C5-C9 alkyl
hydroxamic acid, C5- C22 fatty acid and C4-C30 solvent oil. It had advantage in flotation response
over other single collectors such as L102, H205, fatty acid and alkyl hydroxamic acid. The optimum
condition yielded a concentrate of 25.03 REO% from the feed containing 17.01% REO. The total
flotation recovery was 77.68%.
In summary, the mechanism of applying mixed collectors in bastnaesite flotation can be generally
classified in to the following categories:
1) Chelating collector with hydrocarbon oil: the major component of this combination is
chelating collector for bastnaesite, which will selectively adsorb on mineral surface. However,
such collector usually has a weak hydrophobic group and the flotation recovery is below
satisfactory target. The addition of hydrocarbon oil will adsorb on mineral surface, with a
preference on more hydrophobized surfaces since the oil itself is highly hydrophobic. The oil
will physically adsorb on the bastnaesite surface with chelating collectors. The flotation
recovery is thus enhanced. Detailed cases include α-styryl phosphonic acid + kerosene (Zhang
and Jian, 1981) and hydroxamic acid + kerosene (Zhu et al., 2000). Hydrocarbon oil can also
play the same role in carboxylic acid collector flotation (Lan et al., 1983). Besides, the
hydrocarbon oil can work as a solvent for chelating collectors and help dissolve other organic
reagents.

2) Chelating collectors with carboxylic acids: Fatty acid type collectors are mixed with chelating
collectors to improve the flotation recovery. The adsorption mechanism can be different from
that of hydrocarbon oil since the carboxylic group can both interact with bastnaesite surface
and chelating collectors. The adsorption mechanism can be various such as: chemisorption of
both collectors inserting between each other; chemisorption only for chelating collectors and
physical adsorption for fatty acid on the coated surfaces; or a combination of both mechanism
describe above. The long hydrocarbon chain of fatty acid ensures the floatability of the
adsorbed minerals. It is also worth of notice that fatty acid type collectors have great frothing
properties (Atrafi et al., 2012), which improve the flotation mass pull and therefore the
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recovery. The advantage of using chelating collectors with carboxylic collectors has been
realized, and several researches are being reported such as H205+LD (fatty acid) (Zhang et al.,
2016), alkyl hydroxamic acid + fatty acid (He et al., 2016), salicylhydroxamic acid +oleic acid
(Qiu et al., 2015) and H205+ phthalic acid (Tian, 1997).
3) Chelating collectors with chelating collectors: It is not common to see the combination of 2
hydroxamic acids. It should be consisting of one highly selective chelating collector with weak
non-polar group such as benzene; and another chelating collector with moderate hydrocarbon
chain such as C8 alkyl hydroxamic acid. This mixture should work better than the combination
of chelating collectors with fatty acids, since the selectivity of alkyl hydroxamic acid is higher
than fatty acid. At the same time the hydrophobic hydrocarbon chain and frothing ability of
hydroxamate (Willis et al., 1999) ensured the desirable flotation recovery. One reported work
was using salicylhydroxamic acid and hydroxyl oxime acid-C (Liu et al., 2016). Another
research conducted by Yu et al. (2014) was employing H205 as collector and 1,4-benzoyl
hydroxamic acid (PDHA) as flocculant for ultra-fine bastnaesite flotation. Even though PDHA
was also a chelating collector, the main function in the reported work was to coagulate the fine
bastnaesite particles.

There are various attempts using mixed collectors during the development of bastnaesite flotation.
There is some literature not describe in detail since the collector components were confidential
and represented by codes (Zhu et al., 1999; Shang et al., 2012; Ji, 2013; Zhang et al., 2016). But
it is still believed that most cases were following the principles summarized above. Mixing
collector in rare earth flotation is the trend and breakthroughs are expected in the near future.
2.3.2 Depressants and conditioners
A successful flotation practice can hardly be realized only with collectors. Depressants and
conditioners are of great significance in flotation process, especially for rare earth minerals, which
are often found associated with gangue minerals either of high floatability or high similarity in
flotation behavior. The selection of depressant and conditioner is mostly affected by gangue
minerals, meanwhile the target minerals and collectors also matter. Depressants and conditioners
applied in rare earth flotation are reviewed together in this section, because the definitions are not
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absolute in bastnaesite flotation. It can be found that many auxiliary reagents have both functions.
All the reagents contribute to the separation of bastnaesite from gangue minerals.
The depressants can be classified into organic type and inorganic type. The most widely applied
organic depressant in bastnaesite flotation is ammonium lignin sulfonate. It was the major
depressant in Mountain Pass operation, which used tall oil as collector for bastnaesite. Pradip
(1981) comprehensively studied the flotation of Mountain Pass ore using ammonium lignin
sulfonate as depressant. With the purpose of comparing hydroxamic acid and carboxylic acids, all
flotation conditions including ammonium lignin sulfonate were kept. After that many flotation
researches on bastnaesite used ammonium lignin sulfonate as depressant (Anderson, 2015;
Schriner, 2016). The reason maybe that barite was strongly associated with bastnaesite, and
ammonium lignin sulfonate was effective in depressing barite. Detailed mechanism was elaborated
by Gerdel and Smith (1988): ammonium lignin sulfonate essentially played as a depressant for
bastnaesite and barite both. However, due to the difference in the surface properties of two
minerals, lignin sulfonate was more likely to adsorbed on the surface of sulfate minerals. Thus, the
separation was realized based on stronger depressing effect for barite and a weaker depressing
effect for bastnaesite.
Other reported organic depressants or conditioners such as oxalic acid (Yao et al., 2014), citric
acid (Wang et al., 2013; Hart et al., 2014) and CMC (Ren, 1990; Qiu et al., 2015) were used in
rare earth flotation practice depending on needs. In summary, organic depressants cannot fully
meet the requirement for rare earth flotation nowadays. Micro molecule organic depressant (such
as citric acid and oxalic acid) works by means of forming complex compound with gangue
minerals, which is not a good choice for rare earth flotation since it may also form more stable
complexing compounds with rare earth ions. Macromolecule organic depressants are strongly
hydrophilic, which require strong collecting power of collectors. With the trend of using high
selectivity hydroxamic collectors, the collecting power is not comparable with that of fatty acid
collector. The recovery can’t be guaranteed if strong organic depressants are still in use.
Inorganic depressants and conditioners are more welcomed during the recent development of rare
earth flotation. Typical inorganic depressants used in practice include but not limited to: sodium
silicate, sodium metasilicate, sodium fluorosilicate and alum (or aluminum salt). Conditioners
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include NaOH or KOH, HCl or H2SO4, NH4Cl, Na2CO3 and sodium fluorosilicate. Application of
new inorganic activator like Pb(NO3)2 (Xia et al., 2015) is so suggestive.
Sodium silicate has been applied as a major depressant in rare earth flotation for decades since its
initial application in Bayan Obo mine. It has been a stable component in the reagent scheme of
rare earth flotation, no matter how collectors varied. It is of high robustness in the treatment of
flotation feeds with different gangue minerals such as fluorite, calcite, barite, quartz and iron
oxides. Sodium silicate was also proved to be a successful depressant in other flotation plants like
Maoniuping (Xiao et al., 1989), Weishan (Zeng and Li, 1991), Dalucao (Zhang et al.,2014) and
Mt Weld (He et al., 2012). Some feasibility studies towards new rare earth deposits like Thor lake
and Niobec were also applying sodium silicate as depressant (Yang et al., 2015; Xia et al., 2015;
Azizi et al., 2016). The required dosage of sodium silicate varied significantly depending on the
components of the feed and the efficiency of collector. It can be as high as 8.5-25kg/t during the
early stage development of Bayan Obo rare earth flotation using alkyl hydroxamic acid as collector
(Zhang, 1980, Li, 1980, Du and Huang 1980); and can be lower than 1kg/t for Sichuan rare earth
deposit using salicylhydroxamic acid as collector (Li and Zeng, 1999, 2010). Mixed depressants
were also taken into consideration with the purposes of better depressing and lowering the dosage.
With sodium silicate as the primary depressant, the secondary depressant could be citric acid
(Wang et al., 2013), CMC (Ren, 1990), alum (Ren, 1990), dextrin (Yu et al., 1984), FeSO4 (Xiong,
2002), or most frequently sodium fluorosilicate (Zhang et al., 1980; Yu et al., 1984; Zhu et al.,
1999). As the efficiency of collector has been improved over the years, the required dosage of
sodium silicate has been reduced to a reasonable level, mostly ranging from 1-3 kg/t (Wen and
Chen, 2015; Han et al., 2016).

The depressing mechanism of sodium silicate in rare earth flotation has been comprehensively
studied by Ren et al. (1997), under the premise that H205 was used as collector. The possible
hydrolysis reactions of sodium silicate were summarized in the following equations:
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Na2SiO3+H2O=H2SiO3+2Na+ +2OH-

H2SiO3+H2O=Si(OH)4 (Eq. 2.1)

H2SiO3=H+ + HSiO3-

HSiO3- +H2O=SiO(OH)3- (Eq. 2.2)

HSiO3-=H+ + SiO32-

SiO32- + H2O=SiO2(OH)22- (Eq. 2.3)

It is obvious that H2SiO3, HSiO3- and SiO32- are major products of hydrolysis, and these products
can further form colloidal Si containing hydroxides such as Si(OH)4, SiO(OH)3- and SiO2(OH)22-.
One opinion was that H2SiO3 and HSiO3- were able to adsorb on gangue minerals and resulted in
hydrophilic surface. Ren and Lu (1997) figured out that the dominating species in the aqueous
system were determined by pH. For the optimum bastnaesite flotation pH around 8.5-9.5,
SiO(OH)3- was the major effective depressing component, which formed precipitates with
dissociated cations of gangue minerals surface such as Ca2+ and Ba2+. The weak depressing effect
on bastnaesite may be explained by the repulsion between rare earth hydroxyl and silica hydroxyl
in basic solutions (Wang, 1991). Another opinion pointed out that colloidal silica (SiO2) was
principally responsible for calcite depression and other silicate ions were responsible for fluorite
depression (Fuerstenau et al., 1968). This statement was supported by the fact that with the
increasing ratio of SiO2 to Na2O (modulus) in sodium silicate, the depressing effect was enhanced,
given dosages were the same.
Typical aluminum salts used in rare earth flotation refer to alum, aluminum nitrate and aluminum
sulfate. The effect of aluminum salt cannot be summarized in one statement. Multiple researches
have used aluminum salt as primary depressant (Wang and Che, 1992) or secondary depressant
(Ren, 1990), whereas Zeng and Li (1991) regarded aluminum salts as activators. These reported
work all confirmed the feasibility of using aluminum salt as depressant for gangue minerals in
bastnaesite flotation. However, it is also worth of notice that given proper concentration and pH,
aluminum salts were also good depressants for rare earth minerals such as bastnaesite, monazite
and parisite (Liang et al., 1983). Two studies (Wang and Che, 1992; Ren and Lu, 1997) agreed
that weak acidic condition (pH 4.5-5.5) was beneficial for bastnaesite flotation. At this pH range
the dominating aluminum specie was Al3+. At Higher pH, Al(OH)3, Al(OH)4- will be the main
species in solution, which were detrimental to the hydrophobicity of bastnaesite once adsorbed.
The role of sodium carbonate was welly explained by Fuerstenau et al. (1992). pH of the system,
zeta potentials of the bastnaesite, barite and calcite were all changed by adding Na2CO3. The
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change in zeta potential made by sodium carbonate was controlled by solubility in the cases of
bastnaesite and calcite. For barite, barium carbonate was formed on the surface. The surface
potential and flotation behavior of barite were thus similar to that of barium carbonate. Smith and
Shonnard (1986) conducted electrokinetics study on 3 major minerals of Mountain Pass ores:
bastnaesite, calcite and barite. The surface potential study indicated that it was not possible to
separate bastnaesite without modifiers from the other 2 gangue minerals, since the surface charge
of bastnaesite was between the charges of calcite and barite. Also the oleate adsorption studies
verified the finding above. The presence of sodium carbonate had little impact on bastnaesite,
however made the barite and calcite surfaces more negative. Sodium carbonate also worked as a
pH modifier and aided the dispersion of slurry.
Even though sodium fluorosilicate is highly toxic in natural, it is still used in many rare earth
flotation practice due to the high efficiency. The definition is not uniform on the role of sodium
fluorosilicate. It can be used as a depressant for fluorite in the selective flotation of bastnaesite
(Luo and Chen, 1985), and can be combined with sodium silicate as mixed depressant for gangue
minerals (Feng and Lv., 1999). It may also function as a competitor with oleate ions and help to
clean the mineral surface contaminated by other ions (Smith and Shonnard, 1986). Many
researchers regarded it as an activator for bastnaesite (Yu et al., 1984; Zhao et al., 2012). It may
be reasonable that sodium fluorosilicate works as an activator for bastnaesite and depressant for
gangue minerals simultaneously (Du and Huang, 1980; Zhang, 1980). The interaction mechanisms
of sodium fluorosilicate with bastnaesite and gangue minerals are not unified. One opinion was
that sodium fluorosilicate dissociated in aqueous solution in the following way:
SiF62-+3H2O= H2SiO3+6F-+4H+

(Eq. 2.4)

The generated hydrofluoric acid was able to dissolve the surface of gangue minerals, meanwhile
H2SiO3 was able to adsorbed on the surfaces cleaned by HF. The adsorbed H2SiO3 can form
micelle and even connect to the collectors adsorbed on the mineral surface. The hydrophobicity of
gangue mineral was thus impeded. Another voice claimed that SiO2 was in micelle form because
of dissociation, which can adsorb on mineral surface and reduce the hydrophobicity. It was also
proposed that for fatty acid flotation system, sodium fluorosilicate selectively desorbed fatty acid
from fluorite and calcite, instead of rare earth minerals. Considering the observations and theory
together, it could by highly possible that the activating effect is induced by hydrofluoric acid
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generated during dissociation, which dissolve and remove impurities on rare earth surface.
Therefore, more active RE cations are exposed and ready for adsorption by collectors. The
depressing effect is no doubt owing to the silicate group; whereas in the case of CaF2 the excess
of F- anions may hinder the dissociation of fluorite, resulting in less active Ca2+ on fluorite surfaces.
The hydrophobicity will be lower with insufficient adsorbed collectors. Thus sodium fluorosilicate
works as a specific depressant for CaF2.
2.3.3 Temperature
Conditioning temperature or flotation temperature has been an important issue in the development
of rare earth flotation, especially for the application of high temperature flotation scheme in
Mountain Pass. The reason is that bastnaesite and many associated gangue minerals (barite and
calcite) are categorized as semi-soluble salts, which have stronger responses to the variation of
temperature compared with sulfides and oxides. Temperature is also one of the most interactive
parameter in flotation practice, and it can also influence other flotation components such as
collectors and depressants. Pradip and Fuerstenau (1991) explained the role of temperature in the
flotation of Mountain Pass bastnaesite by using oleic acid and octanohydroxamic acid. Firstly,
high pulp temperature could help clean the surfaces of minerals and improve selectivity. But the
most important point of a successful flotation process was the selective adsorption of reagents at
high pulp temperature; heating without reagents did not performed well in selectivity. The
enhanced REO grade at high temperatures was mostly attributed to the successful depression of
barite, whereas previous study (Pradip, 1981) indicated that lignin sulfonate was not sensitive to
temperature. Thus, the only explanation was that the interaction of collectors with minerals were
strongly associated with temperature. For the two collectors evaluated by Pradip (1981), oleic acid
had its best performance at temperature around 70°C-75°C. Recent study by Schriner (2016)
showed an optimum flotation temperature of 85°C using alkyl hydroxamic acids on Mountain Pass
ore. Hydroxamate was more selective than oleic acid at room temperature and the selectivity of
hydroxamate was even higher at high temperature, since the free energy of adsorption on
bastnaesite was two times larger than that of gangue minerals in absolute value, which indicated
chemisorption with more affinity. The adsorption reaction was highly endothermic and this could
be the reason why elevated temperature was beneficial (Pradip and Fuerstenau, 1985).
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High temperature rare earth flotation at Mountain Pass was of high complexity and energy cost.
On the other hand, many researchers have been working on the flotation schemes at lower
temperatures in various rare earth deposits. Industry practices of Bayan Obo mine with alkyl
hydroxamic acid were conducted at room temperature around 25-30°C (Du and Huang, 1980; Li,
1980; Zhang, 1980). The optimum bastnaesite flotation temperature with salicylhydroxamic acid
was believed to be around 35°C-45°C, supported by multiple industry applications (Zeng and Li,
1991; Ren and Hu, 1996; Zeng and Li, 2003; Xu et al., 2006; Zhao et al., 2012). Similarly, H205
was also recommended to be used at a slight elevated temperature of 30-45°C (Ren, 1990; Che
and Wang, 1990; Jia, 1991). It is also worthy of notice that in many mixed collector studies,
temperature is not even mentioned, probably due to the high robustness of flowsheet towards
temperature fluctuation at normal level (Qiu et al., 2015; Liu et al., 2016; Zhang et al., 2016).
The interaction between collector and temperature in rare earth flotation was complex. The
optimum temperature is the result of collector types, rare earth mineral properties and gangue
mineral components. Li and Zeng (1999) illustrated the reason why salicylhydroxamic acid were
used at temperatures slightly higher than room temperature. At room temperatures the dissociation
and adsorption reaction were retarded, requiring high dosage of collectors to increase the recovery.
However, the selectivity was reduced. At temperature higher than the optimum value, the
decomposition of hydroxamic acid was accelerated and effective collector ions were insufficient.
Also selectivity will be damaged at inappropriate high temperature, since the increased ionic
activity made the process more complex.
The relationship between temperature and depressant is also of research interest. Even though
Pradip and Fuerstenau (1991) showed that the interaction of lignin sulfonate with mineral was not
affected by temperature through electrokinetics study, Anderson (2015) observed a “distinct
temperature dependence of lignin sulfonate in the depression of gangue minerals”, which was
supported by the bench flotation tests. The effectiveness of sodium silicate can also be affected by
high temperatures. Ren and Lu (1997) proposed that high temperature will promote the
dissociation of sodium silicate. Excess SiO(OH)3- can adsorb on rare earth minerals, resulting in
the drop of concentrate grade.
2.3.4 pH
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pH is able to impact the flotation of rare earth in many aspects like temperature does. The effect
of pH is mainly reflected in zeta potential control of mineral surface, distribution of rare earth
cation hydrolysis products and the dissociation of chemicals such as collectors or depressants. pH
plays a determination role for zeta potential of mineral surface. PZC (point of zero charge) is the
pH where surface charges are 0, and IEP can be viewed as identical to PZC given no ions are
adsorbed other than H+ and OH-. The mineral surface will be negatively charged at pH higher than
PZC, and shows a positive charge at pH lower than PZC. This fact works as the basis for the
separation of target minerals from gangue minerals. Given a pH where the target mineral is
positively charged and the gangue minerals are negatively charged, the separation is able to be
realized by using an anionic collector, taking the advantage of electrostatic force. This interaction
mechanism is generally regarded as physically adsorption. Otherwise if the collector is able to
adsorb on mineral surface with the same sign of charge, chemisorption mechanism can be
confirmed.
Consequently, the zeta potential study of bastnaesite is crucial in figuring out the mechanism of
adsorption by knowing the IEP (isoelectric point), pH and the occurrence of collector ions. The
reported IEP values varied a lot and detailed summarization could be found from works by Jorden
et al. (2014) and Zhang (2014). The differences were mainly believed to be the result of sample
variability (Jorden et al., 2013). An updated result on Mountain Pass bastnaesite was provided by
Pradip et al. (2015), who conducted electrokinetics study on synthesized Ce-bastnaesite surface
and natural bastnaesite from Mountain Pass mine. The PZC of synthesized bastnaesite was
confirmed at pH 7.8, whereas for natural bastnaesite the PZC occurred at pH 9.25 and pCO3 6.
The impact of pH on the hydrolysis of Ce and La cations were displayed in Figure 2.3.1 and Figure
2.3.2 (Data from Kragten, 1978). Ce3+ and La3+ are the major rare earth cations of bastnaesite. It
is obvious that the dominating species are Ce3+ and La3+ throughout the range of pH<7. With the
increasing concentration of OH-, Ce(OH)2+ and La(OH)2+ start to form in aqueous system and
reach both their maximum amount at pH 8. At pH 9, maximum amount of Ce(OH)2+ is obtained,
which became the dominant species over other components. At even higher pH, Ce(OH)3, La(OH)3,
Ce(OH)4- and La(OH)4- are showing up and becoming more important with increasing pH.
To take the advantage of the conclusions above, specific collectors have been applied according
to the components at different pH ranges. Considering the collectors may be also impacted by pH,
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the effective pH ranges of collectors are also quite limited. Qiu et al. (2013) plotted the lgC-pH
diagram and found out at acidic pH<5, fatty acid existed in the form of C17H33COOH (aq) and the
corresponding flotation recovery was poor. This was because Ce3+ was the dominating cation
species and had little interaction with non-dissociated fatty acids. At pH 8.5, which was the
optimum flotation pH agreed by other researchers (Gerdel and Smith, 1988; Pavez et al., 1996; Jia
et al., 2011), C17H33COO－and (C17H33COO)2-2 were the major effective constituents interacting
with RE(OH)2+ and RE(OH)2+ correspondingly. Lan et al. (1983) figured out that for phthalic acid,
the effective components interacting with rare earth cations was C6H4COOHCOO-, which was the
dominating species at pH 3-5. Higher pH will result in the formation of (C6H4COO)22-, and
molecular phthalic acid will be formed at low pH, neither was favorable in interacting with rare
earth cations or hydrolysis products (Ren, 1992). The optimum pH of bastnaesite flotation using
hydroxamic acids has been confirmed by dozens of industry practices (Li et al., 2007) and
fundamental researches (Pavez et al, 1996; Sarvaramini et al., 2016). A weak basic pH (8-9) is
ideal for most applications, and more accurate pH ranges differ from case to case, depending on
the type of hydroxamic acid and the natural of ores. It is highly consistent that pH 9 works best for
bastnaesite flotation using octanohydroxamic acid (Pradip and Fuerstenau, 1991; Pavez et al., 1996;
Rao et al., 2015). Similarly, optimum pH of using H205 was defined at pH 8.5-9.5 both by practice
and theoretical calculation (Che and Wang, 1990; Jia, 1991; Ren, 1992;). Reported optimized pH
of using salicylhydroxamic acid varied from 7.5-8 (Li and Zeng, 1999) to 8.3 (Wang et al., 2014),
and even higher at pH 9 (Jia et al., 2011; Zhao et al., 2012).
Obviously, as the governing rare earth hydrolysis products at pH 8-9, RE(OH)2+ and RE(OH)2+
are more preferably interacting with hydroxamate anions. At higher pH, Ce(OH)3 or Ce(OH)4- are
formed on bastnaesite surface and the number of activation points is reduced. On the other hand,
even though Ce3+ can form chelating compounds with hydroxamate in acidic pH (Liu et al., 1988),
the poor flotation performance indicated that Ce3+ was not favorable in the interaction with
hydroxamate anions. It is also interesting that Ce(OH)2+ and Ce(OH)2+ have higher proportions
than those of La(OH)2+ and La(OH)2+at the same pH. This finding indicated that Ce may have a
larger contribution in the collector adsorption and the flotation of bastnaesite.
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Figure 2.3.1 Distribution of Ce3+ hydrolysis product as a function of pH
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Figure 2.3.2 Distribution of La3+ hydrolysis product as a function of pH

2.4 Summary
Key factors concerning the flotation of bastnaesite have been reviewed from available literature.
It should be recognized that even though with decades of research and industrialization, the
beneficiation of rare earth is still far below satisfactory. The complexities of deposits and their
limited availability constrain the development, accompanied by economic interference and
environmental regulations. With the increasing demand of rare earth from high-tech industry, it is
urgent to improve the efficiency of current processing plants and explore feasible deposit, more
importantly, to deepen the understanding of the flotation mechanism. It is encouraging that many
fundamental studies on bastnaesite and its interaction with collectors have been conducted using
multiple experimental methods. The research methods are various including zeta potential
measurement (Pradip et al., 2014); Fourier transform infrared spectroscopy (FT-IR), Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS)(Cui et al., 2012); scanning electron
microscopy(SEM) (Cui et al., 2012); TOF-SIMS (Chelgani et al., 2013); atomic force microscope
(AFM) (Cui et al., 2016); contact angle test, adsorption density test, sum-frequency vibrational
spectroscopy (SFVS) (Zhang et al., 2014); molecule dynamic simulations(MDS) (Zhang et al.,
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2014) and density functional theory (DFT) simulations (Sarvaramini et al., 2016). These efforts
together with other ongoing flotation practice studies will promote the development of rare earth
beneficiation.

Chapter 3 Surface Chemistry of Mountain Pass Ore Flotation
3.1 Introduction
Rare earth metals, which are very important to modern industry and people's living, are generally
extracted from numerous rare earth minerals. In practice, however, the actual extraction of rare
earth is mainly from bastnaesite, monazite and xenotime. The Mountain Pass mine (USA) is one
of the largest rare earth mine in the world and the only rare earth mine in United States, whose
main rare earth mineral is bastnaesite. By now, froth flotation is the most efficient method to
process bastnaesite and it has been applied to the beneficiation of Mountain Pass ore for years.
Generally, valuable minerals are selectively separated from non-valuable gangues by froth
flotation, which treats the highest throughput and produces the maximum economic outcome of
any surface chemistry process. In practice, the rare earth ore is usually crushed, milled and further
separated from calcite, barite and other gangue minerals by froth flotation, in which the rare earth
oxide-bearing minerals stick to aerated bubbles in the pulp and float to the surface, leaving the
gangue at the bottom of the flotation cell where it is disposed of as mine tailings.
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In spite of the fact that froth flotation has been applied to treat the bastnaesite ore at the Mountain
Pass mine, the rare earth oxide (REO) recovery is still low, especially compared to the one obtained
with sulfide flotation. For example, the typical recovery obtained at the Mountain Pass mine was
only about 60~70%. This may be due to the low selectivity of the collector (fatty acid). In addition,
to enhance the flotation selectivity, the pulp in the mine circuit has to be heated up to 70 to 90°C
and it involves a lot of energy consumption. Last but not the least, a lot of depressants have to be
added to improve the selectivity of flotation process. Consequently, the reagent cost and
complexity of flowsheet are hard to control. Therefore, it is critical to re-examine the existing
flotation process at the Mountain Pass mine and seek any chance of improvement.

The low selectivity of fatty acid collector is believed to be the reason for the low efficiency of
Mountain Pass mine flotation. Thus, the introduction of new collector towards Mountain Pass ore
flotation is important to improve the flotation performance. In flotation practice, collectors are
added into the pulp (mixture of water and fine-grained minerals) in flotation cells to selectively
adsorb onto the target mineral and render its surface with high hydrophobicity, which is generally
beneficial for a strong mineral-bubble attachment and thus a high flotation recovery. Therefore,
the adsorption of collector on the bastnaesite surface is critical for a successful rare earth flotation.
On the other hand, the addition of depressant is also vital to ensure a separation of high selectivity,
by means of adsorbing on gangue mineral surface preferably and making the surface hydrophilic.
The interaction between mineral and reagent (collector and depressant) is generally considered as
a surface chemistry process, which plays the determining role in the froth flotation process.

Therefore, to clarify the impact of collectors and depressants on minerals of Mountain Pass, a
series of surface chemistry studies were conducted in this chapter. Contact angle measurements
were carried out towards mineral surfaces treated with reagents of different types and dosages. The
hydrophobicity can be compared by contact angle values and indicate the floatability of mineral.
Zeta potential measurements were specialized on the electrophoresis behavior of minerals particles
in the solution of reagents. The results can be incorporated with the hydrophobicity of charged
mineral surface; thus, the floatability can be compared. Finally, microflotation tests with single
minerals were conducted aiming at concretizing the difference in hydrophobicity and floatability.
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The efforts were made to achieve a better understanding on the surface chemistry of minerals
concerned in Mountain Pass ore flotation. Moreover, the fundamental study can give out feasible
reagent scheme for the following lab-scale flotation test, which is of much more practical
significance towards industry operation.
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3.2 Materials and methods
3.2.1 Materials
High grade bastnaesite ore samples were obtained from the Mountain Pass mine and provided by
Molycorp Inc., CA. Pure calcite and barite samples were obtained from Wards Natural Science
Establishment (Rochester, NY). Pure samples were cut and finely polished to expose fresh surfaces,
then cleaned by rinsing thoroughly with ethanol and deionized water, finally blown to dry by
nitrogen gas for contact angle measurements. The picture of some prepared mineral samples was
shown as Figure 3.2.1. The high purity mineral samples were also crushed and ground into the size
of 100~150 microns (microflotation samples). All screening works were done by RX-29 Ro-Tap
test sieve shaker with US standard sieves. The deionized water was used in all the experimental
work. The water had a conductivity of 18.2 MΩ at 25°C and a surface tension of 72.5 mN/m at
25°C. The ethanol (100% pure) was prepared by Decon Lab, Inc. The nitrogen gas was prepared
by Cryogenics & Gas Facility, University of Arizona, Tucson, AZ. Sodium octanohydroxamate
hydrate (>98%) and oleic acid (>99%) were obtained from Tokyo Chemical Industry America
(Portland, OR). Salicylhydroxamic acid (>99%) and MIBC were obtained from Alfa Aesar
(Haverhill, MA). Sodium silicate solution (40°-42° Be/Technical) was obtained from Fisher
Chemical (Pittsburgh, PA). Sodium hydroxide (>97%, reagent grade) was purchased from Sigma
Aldrich (St. Louis, MO). Sodium sulfate (>97%) was obtained from VWR International (Radnor,
PA). All the chemicals were used as received without further purification. Solutions were freshly
prepared each time right before the experiment of surface characterization.

Figure 3.2.1 Polished mineral samples for contact angle measurement. From left to right:
bastnaesite, barite and calcite.
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3.2.2 Contact angle tests
Contact angles of water drops on mineral surfaces were measured by a goniometer (KSV CAM101)
at room temperature (25°C+1°C) using the sessile drop method to study the effect of collectors on
the hydrophobicity of mineral surface. A chunk of mineral sample was cut into a pellet using a
high-speed diamond cut-off saw from MTI corporation (Richmond, CA) and further polished until
a very smooth surface was obtained. The polished sample was washed thoroughly by copious
ethanol and consecutively water to remove any potential contaminant. After further dried by
blowing the surface with pure N2 gas, the mineral sample was ready for use. When the contact
angle measurement was carried out, solution of a specific concentration was transferred by a
syringe to fully cover the sample surface. A glass cover was then placed above the sample to
prevent airborne contamination and vaporization of solution. After certain contact time, the cover
was removed and a Kimtech tissue paper was attached to the edge of the sample surface to gently
adsorb most of the solution from the surface. The sample surface was further dried by gently
blowing the surface with pure nitrogen gas, and then got ready for the contact angle experiment.
For each experimental condition, a total of 6 measurements were taken and averaged. The
experimental error associated with the contact angle measurement was usually within ±5 degrees.
3.2.3 Zeta potential tests
For pure mineral samples, i.e., calcite, barite and bastnaesite, the measurements were conducted
after pulverizing the pellets by means of an agate mortar and pestle, isolating the finer particles by
sedimentation (<5 μm). The zeta potential measurements were conducted using a Zeta-Meter
System 4.0 system (Zeta-Meter, Inc., VA) after the fine mineral particles were treated with
different aqueous solutions at different conditions. The ζ-potentials were calculated from the
mobility using the Smoluchowski equation. Reported results represented arithmetic averages of
five measurements.
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3.2.4 Microflotation tests
The design of experimental apparatus was adapted from Feasby (1966) and the setup was shown
in Figure 3.2.2. The samples were mixed evenly before use. The feed weight for each test was 2
grams. The optimum solution volume was determined at 100ml per test. A magnetic stirrer &
heater was placed beneath the tube for heating and mixing. The mineral sample of 100-150 microns
was added in the tube, then a tiny stirrer was put in the tube before the solution was injected. The
tube was filled with solutions and the mixing time for all tests was 5min. 1 drop MIBC was added
as frother. A 0.05 L/min air flow was induced to start the flotation process. The flotation time was
controlled at 2 min.

Figure 3.2.2 Lab setup of Hallimond tube for the microflotation test.
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3.3 Results and discussion
3.3.1 Contact angle results and discussion
In froth flotation, the hydrophobicity of target mineral is the most important factor influencing
flotation performance. Generally, high hydrophobicity is beneficial for a strong mineral-bubble
attachment and thus a high flotation recovery. For example, collector will help increase the
hydrophobicity and therefore the floatability of minerals. In addition, it is very likely that the
depressants may adsorb on mineral surface and render the solid surface hydrophilic. Since the
hydrophobicity of mineral surface is usually quantified by contact angle, one can study the change
of surface hydrophobicity by measuring the contact angle directly using a goniometer. Therefore,
based on the change in contact angle values, one can clarify whether the addition of chemicals, i.e.,
collectors and depressants, have impacts on the surface hydrophobicity and therefore the
floatability of minerals.
The contact angle measurements of three minerals, i.e., bastnaesite, barite and calcite had been
carried out to study the impact of two collectors, i.e., oleic acid (OA) and sodium
octanohydroxamate hydrate (OHA), on the hydrophobicity of the three minerals at different
dosages. The water contact angles on bare mineral surfaces were firstly measured to set the
baseline. Further, three different dosages of collectors were used to treat the samples and studied
the concentration effect on surface hydrophobicity. The experimental results were shown by Figure
3.3.1 and Figure 3.3.2.
The contact angle results at 0g/L collectors showed that the hydrophobicity of bare bastnaesite and
barite were quite similar because of the similar measured contact angles. Comparatively, calcite
was hydrophilic because its contact angle was relatively low. The results suggested that, without
the addition of chemicals, it was difficult to directly separate bastnaesite from barite by froth
flotation.
When oleic acid was used as a collector, the hydrophobicity of the three minerals increased as
shown by the increased contact angles. In the case of bastnaesite, the contact angle increased to
83.8° when the mineral surface was treated with 0.1g/L oleic acid and the value increased to 88.3°
at the chemical dosage of 2g/L. As to barite, the contact angles were respectively 78.7°, 80.3° and
83.2° when oleic acid was added at the dosage of 0.1g/L, 0.5g/L and 2g/L. Even for calcite, which
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was relatively hydrophilic, the contact angle increased sharply with increasing dosage of collector.
The highest contact angle was obtained at the dosage of 2g/L and the value was 79.7°.
When sodium octanohydroxamate hydrate was used as a collector, a similar trend as obtained with
oleic acid could be observed. The addition of OHA increased the contact angles of all the three
minerals and the values increased with the increasing chemical dosage. For bastnaesite, the contact
angle increased to 67.6° when the mineral surface was treated with 0.02g/L OHA, and the value
increased to 87.9° at the chemical dosage of 1g/L. Zhang (2014) thoroughly investigated the
contact angle of bastnaesite surface after adsorption with low dosage of OHA. The contact angle
result obtained at 1×10-4 M (≈0.02g/L) OHA was about 70°, quite close to the results of 67.6°
reported in this study at 0.02g/L OHA. For barite, the contact angles were respectively 70.6°, 76.8°
and 88.0° when OHA was added at the dosage of 0.02g/L, 0.2g/L and 1g/L. For calcite, when the
collector's dosage increased to 0.02g/L, 0.2g/L and 1g/L, the contact angle values correspondingly
increased to 36.7°, 63.4° and 85.9°.
From Figure 3.3.1 and Figure 3.3.2, one can draw the conclusions as the followings. Firstly, the
contact angle results clearly showed that both oleic acid and sodium octanohydroxamate hydrate
can be applied to increase the hydrophobicity of bastnaesite even at a low chemical dosage. The
finding suggested that both these chemicals can be used for the flotation of bastnaesite, which were
confirmed by industrial practices.
Secondly, the contact angle results delineated the chemical dosage for the flotation of bastnaesite.
Figure 3.3.1 showed that when the dosage of oleic acid was 0.1g/L, the contact angle vs. dosage
curve reached the plateau. Further increasing chemical dosage did not increase the contact angle
evidently. Similarly, as shown by Figure 3.3.2, when the dosage of sodium octanohydroxamate
hydrate was 0.2g/L, the contact angle vs. dosage curve reached the plateau. The contact angle did
not increase much with further increasing chemical dosage. Therefore, a suitable chemical dosage
for sodium octanohydroxamate hydrate in the flotation of bastnaesite was about 0.2 g/L.
Thirdly, as mentioned above, even though both collectors can be used to increase the
hydrophobicity of bastnaesite, the addition of either collector increased the contact angles of all
the three minerals indicated that: because of the low selectivity, it was not applicable to use
collector only for the separation of bastnaesite from barite or calcite. In that case, all the three
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minerals will float and finally be collected in concentrate. Therefore, depressants were needed to
improve the selectivity.
The impact of depressants, i.e., sodium silicate (Na2SiO3), on the hydrophobicity of minerals had
been studied by the contact angle measurements and the results were shown in Figure 3.3.3 and
Figure 3.3.4. From Figure 3.3.3, one can see that when oleic acid was used as a collector at the
dosage of 0.1g/L, the contact angles of all the three minerals increased. However, when sodium
silicate was added as a regulating agent with 0.1g/L oleic acid, the contact angles of all the three
minerals decreased. The sharp drop in the contact angles of barite and calcite suggested that sodium
silicate was an efficient depressant for the two minerals, and this finding coincided with the
industrial practice that sodium silicate was usually added as depressant in rare earth flotation. It
was also worthwhile to mention that the contact angle of bastnaesite also decreased a little bit with
the addition of sodium silicate, suggesting a potential depression of bastnaesite.
Figure 3.3.4 showed that the addition of 0.2g/L sodium octanohydroxamate hydrate increased the
contact angles of all the three minerals. However, when sodium silicate was added as depressant
with the addition of 0.2g/L sodium octanohydroxamate hydrate, the hydrophobicity of barite and
calcite decreased. The floatability of gangue minerals will be greatly depressed by the addition of
sodium silicate. On the other hand, the floatability of bastnaesite did not decrease because the
water contact angle of bastnaesite did not change with the addition of sodium silicate. All these
facts suggested that when sodium octanohydroxamate hydrate was used as a collector, sodium
silicate was an efficient depressant for the gangue minerals without depressing bastnaesite.
Therefore, it was very promising to use the sodium octanohydroxamate hydrate/sodium silicate
combination for a better flotation of bastnaesite.
Besides OA and OHA, salicylhydroxamic acid (SHA) has become a promising collector during
the development of bastnaesite flotation. The contact angle results of the 3 chemicals on
bastnaesite, barite and calcite were listed in Table 3.3.1, which showed that technically all the three
chemicals can be used for the flotation of bastnaesite, because the addition of chemicals can
increase the contact angles. However, the contact angle measurement showed that there were some
differences in the properties of the chemicals in changing surface hydrophobicity of minerals. For
oleic acid, the chemical can increase the contact angles of all the three minerals, which was not
good for flotation due to the lack of selectivity. The addition of Na2SiO3 could depress barite and
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calcite by reducing contact angles. However, bastnaesite was also depressed by the addition of
Na2SiO3 and it was not favorable for flotation. In addition, the dosage of oleic acid was as high as
0.2g/L. Considering the low solubility of oleic acid, the chemical was actually not suitable for the
use at such a high concentration. On the other hand, when OHA and SHA were used, they could
increase the contact angle of bastnaesite with little improvement on the contact angles of barite
and calcite. The result showed that compared to oleic acid, hydroxamic acids had much high
selectivity, which was beneficial for flotation performance. The shortcomings associated with
these two chemicals were the relatively high unit price of the chemicals and low collecting power,
when compared to oleic acid in enhancing the contact angles of bastnaesite.
It was therefore promising to use jointly the two types of chemicals, i.e., oleic acid and hydroxamic
acid, and utilize both the strength of oleic acid in enhancing surface hydrophobicity and the high
selectivity of hydroxamic acid. Table 3.3.1 also listed the results obtained using the combined
chemicals scheme. When oleic acid was used together with sodium octanohydroxamate hydrate
(total 0.02g/L) and Na2SiO3, the contact angles of barite and calcite were respectively 43.5° and
41.2°. However, the contact angle of bastnaesite was kept at a high level, i.e., 76.1°. The large
difference between the contact angles of bastnaesite and gangues will no doubt improve the
separation efficiency. It was also worthwhile to mention that the total dosage of the two chemicals
was only 0.02 g/L. The result clearly showed that a composite chemical scheme should be
beneficial for the bastnaesite flotation. Further microflotation tests will help verify the finding.
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Figure 3.3.1 Water contact angle on mineral surfaces with treatment of oleic acid at
different dosages

Figure 3.3.2 Water contact angle on mineral surfaces with treatment of sodium
octanohydroxamate hydrate at different dosages
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Figure 3.3.3 The impact of sodium silicate (0.6 g/L) on the water contact angle of different
minerals with the addition of 0.1g/L oleic acid (OA)

Figure 3.3.4 The impact of sodium silicate (0.6g/L) on the water contact angle of different
minerals with the addition of 0.2g/L sodium octanohydroxamate hydrate (OHA)
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Table 3.3.1 Water contact angle on mineral surfaces with chemicals at different dosages

Conditions

Contact angle (degree)
Conc.(g/L)

Barite

Calcite

Bastnaesite

Bare

0.00

42.6

23.6

57.7

OA

0.02

53.5

45.1

72.9

OA

0.20

63.7

78.7

83.8

OA+Na2SiO3

0.20

47.1

37.3

70.3

OHA

0.02

49.4

40.6

71.3

OHA

0.20

62.6

63.4

80.3

OHA+Na2SiO3

0.20

51.3

53.6

82.3

SHA

0.02

47.4

30.7

70.7

SHA+Na2SiO3

0.02

41.5

31.4

65.0

SHA

0.20

46.3

45.3

76.9

SHA+Na2SiO3

0.20

51.7

41.9

72.6

OA+OHA (1:1)

0.02

50.3

48.6

76.9

0.02

43.5

41.2

76.1

0.20

52.6

63.5

77.7

0.20

45.2

62.8

80.0

0.02

46.6

40.1

74.2

0.02

31.4

20.3

64.1

OA+OHA (1:1) +
Na2SiO3
OA+OHA (1:1)
OA+OHA (1:1) +
Na2SiO3
OA+SHA (1:1)
OA+SHA (1:1) +
Na2SiO3

Note: OA: oleic acid; OHA: sodium octanohydroxamate hydrate; SHA: salicylhydroxamic acid;
OA+OHA (1:1): oleic acid was jointly used with sodium octanohydroxamate hydrate at a 1:1 ratio
(in weight); Na2SiO3 was used at 0.6g/L.
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3.3.2 Zeta potential results and discussion
The surface potential of the mineral surface, which determines the colloidal stability in solution,
is also important for froth flotation, because the mineral-bubble attachment can be treated as a
heterocoagulation process between a mineral particle and a bubble. The zeta potential on rare earth
mineral has been investigated by multiple researches, in which most of the works were focused on
the IEP for fundamental study (Pradip et al., 2014; Jordens et al., 2014). Several studies were also
conducted with collectors or depressants (Smith and Shonard, 1986; Ren et al., 1997). In the
present study, the surface potential of mineral surface has been studied by zeta-potential
measurements with changing water chemistry, such as distilled water, solutions with collectors
and solutions with depressants.
Figure 3.3.5 showed the zeta potentials of minerals particles measured in different solutions
containing oleic acid (OA, 0.02g/L). When oleic acid, an anionic surfactant was added, the zeta
potentials of all the three minerals, i.e., calcite, barite and bastnaesite, were negative. It confirmed
that the surface charging properties of the three minerals were similar and in practice it was almost
impossible to successfully separate the three minerals using ionic surfactant only, which was also
agreed by Gerdel and Smith (1988). Figure 3.3.5 also showed that, with the addition of depressant,
i.e., Na2SiO3, the zeta potentials of all the three minerals become more negative. A measured high
zeta-potential suggested that the mineral surface was hydrophilic, it can be concluded that the
addition of Na2SiO3 depressed not only gangue minerals but also bastnaesite.
Figure 3.3.6 showed the zeta potential measurement results of minerals particles in different
solutions of sodium octanohydroxamate hydrate (OHA, 0.02g/L). Similar to the results shown by
Figure 3.3.6, the zeta potentials of all the three minerals were negative because OHA was also an
anionic surfactant. Increasing the addition of depressant, i.e., Na2SiO3, rendered more negative
zeta potentials for all the three minerals. However, it was interesting to notice that the absolute
value of the zeta potential of bastnaesite was correspondingly much smaller than that obtained
with oleic acid. It suggested that, in OHA solutions, the addition of Na2SiO3 will not render
bastnaesite very hydrophilic and it was beneficial for the flotation of bastnaesite.
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Figure 3.3.7 showed the zeta potentials of minerals particles measured in different solutions of
salicylhydroxamic acid (SHA, 0.02g/L). It can be told that higher dosage of Na2SiO3 rendered
more negative zeta potentials for all the three minerals. In addition, the absolute values of the zeta
potentials of bastnaesite were correspondingly much smaller than those obtained with oleic acid.
It meant that in salicylhydroxamic acid solutions, the addition of Na2SiO3 will not render
bastnaesite very hydrophilic and it could be even better for the flotation of bastnaesite than OHA
by comparing the absolute values of the zeta potentials.
Figure 3.3.8 listed the zeta potentials of minerals particles measured in different solutions of oleic
acid mixed with sodium octanohydroxamate hydrate at 1:1 ratio with a total dosage of 0.02g/L.
Similarly, increasing the amount of Na2SiO3 increased the negative zeta potential in magnitude for
all the three minerals. However, the absolute values of zeta potential of bastnaesite were always
smaller than those of calcite and barite correspondingly. It meant that the addition of Na2SiO3 in
the composite chemical solution rendered the gangue surface hydrophilic without depressing
bastnaesite much. It was no doubt beneficial for the successful separation of bastnaesite from
calcite and barite.
In summary, it can be told from Figure 3.3.5 to Figure 3.3.8 that the all the three minerals were
negatively charged in solution at pH 9. The addition of Na2SiO3 made all the three minerals more
negatively charged and therefore depressed floatability for all the three minerals. The depressing
effect was proportional to the amount of sodium silicates used. However, when a composite
chemical scheme was used, the addition of Na2SiO3 depressed gangue minerals in a much greater
extent than it did to bastnaesite, resulting in higher hydrophilicity of gangue minerals and thus
lower floatability than that of bastnaesite. The zeta potential results and contact angle results both
indicated that a mixed collector of OA and OHA had advantages in enhancing the hydrophobicity
of bastnaesite particles, and it was going to be verified by following microflotation tests. Besides,
SHA was also considered as a promising collector for Mountain Pass ore. Comparison had to be
made within this study since the literature concerning zeta potential in such specific solution
chemistry was not applicable.
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Figure 3.3.5 Zeta potentials of minerals particles measured in different solutions of oleic
acid (OA)

Figure 3.3.6 Zeta potentials of minerals particles measured in different solutions of sodium
octanohydroxamate hydrate (OHA)
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Figure 3.3.7 Zeta potentials of minerals particles measured in different solutions of
salicylhydroxamic acid (SHA)

Figure 3.3.8 Zeta potentials of minerals particles measured in different solutions of oleic
acid mixed with octanohydroxamic acid at 1:1 ratio with a total dosage of 0.02 g/L
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3.3.3 Microflotation results and discussion
Microflotation study has been conducted aiming at figuring out the flotation behaviors of single
minerals, which are usually correlated with contact angle values. In general, a high flotation
recovery usually corresponds to a high adsorption density of collector on mineral surface and a
high value of water contact angle. The flotation conditions obtained from the microflotation tests
can work as good reference for future lab-scale flotation tests using ores. The microflotation study
was initially conducted towards gangue minerals like barite and calcite to find out the optimum
depressing conditions, since the contact angle results had already proven their high hydrophobicity
with the addition of collectors. The bastnaesite microflotation tests were conducted at the
optimized depressing conditions and compared with the results of barite and calcite.
Table 3.3.2 listed the microflotation results obtained with barite. When no chemical was added,
the flotation recovery of barite was only 2.3%. It indicated that barite cannot be floated well
without the addition of collector. When OA or OHA were added, they inevitably floated barite
very well. In addition, the recovery of barite increased with the increasing dosage of collectors.
Therefore, depressants, such as Na2SiO3 and Na2SO4, were used to intentionally decrease the
recoveries of barite and calcite. Table 3.3.2 showed that, when Na2SiO3 and Na2SO4 were used in
combination, the recovery of barite can be successfully reduced below 40% after flotation for 7
minutes. Besides, the microflotation response of barite to SHA was not significant. The low
flotation recovery indicated that SHA did not float barite very well. It was beneficial for the
separation efficiency during flotation.
Table 3.3.3 listed the microflotation results obtained with calcite. When no collector was added,
the flotation recovery of calcite was as low as 10.9%. However, when the collector, i.e., OA, OHA
and SHA were added to float bastnaesite, they inevitably floated calcite as well. In addition, the
recovery of calcite increased with the increasing dosage of collectors. The addition of depressants,
i.e., Na2SiO3 and Na2SO4, can efficiently decrease the recovery of calcite. Table 3.3.3 also showed
that, when Na2SiO3 and Na2SO4 were used in combination, the recovery of calcite could be
successfully reduced to 31% after flotation for 7 minutes.
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Table 3.3.4 listed the microflotation results obtained with bastnaesite. When no collector was
added, the flotation recovery of bastnaesite was only 6.9%. It suggested that collectors had to be
added to improve the flotation of bastnaesite. When OA and OHA were used in combination, the
recovery of bastnaesite could be above 90%. In addition, the recovery increased with the increasing
dosage of collectors. However, as shown by Table 3.3.2 and Table 3.3.3, the recoveries of barite
and calcite were also quite high at the same conditions. Therefore, depressants had to be used to
efficiently decrease the recoveries of calcite and barite without reducing the recovery of bastnaesite
much. Table 3.3.4 showed that, when OA and OHA were used in combination with Na2SiO3 (600
mg/L) and Na2SO4 (43 mg/L) as depressants, the recovery of bastnaesite after a 7-minute flotation
time can be successfully kept as high as 96%, while for barite and calcite the recoveries were only
about 30%.
To study the microflotation kinetics of the three minerals, the flotation results obtained with OA
and OHA being used in combination as collectors, with Na2SiO3 (600 mg/L) and Na2SO4 (43 mg/L)
as depressants, were plotted as Figure 3.3.9. One can see clearly from the figure that the flotation
kinetics of bastnaesite was much faster than that of calcite and barite. The optimum flotation time
was 4~7 mins. During the time frame, the flotation recovery of bastnaesite was above 90%, while
recoveries of barite and calcite were lower than 30%. Therefore, an efficient separation of
bastnaesite from calcite and barite will be achieved. Additionally, the collector dosage required
for complete bastnaesite recovery by microflotation was much lower than that of single collector.
Pavez et al. (1996) used 0.2g/L OHA or 0.06g/L OA to obtain over 90% bastnaesite recovery,
given the particle size was 100%<37um; Pradip (1981) applied 3×10-4 M OHA (0.05g/L) as the
optimum collector dosage in microflotation, while that of Luo and Chen’s work (1985) was set at
9.3×10-4 M OHA (0.17g/L). Even though the results could be impacted by different test parameters,
0.02g/L mixed collector (OA+OHA) was believed to be the lowest dosage of collector that could
float bastnaesite completely by microflotation after comparing with literature above.

Table 3.3.2 Microflotation test results obtained with barite
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Collector

Flotation

Depressant

time

Na2SiO3

Na2SO4

(mg/L)

(mg/L)

Recovery (%)

chemical

(g/L)

minute

bare

0

0

0

2

2.3

OA

0.02

0

0

2

76.0

OA

0.2

0

0

2

98.6

OHA

0.02

0

0

2

42.8

OHA

0.2

0

0

2

98.1

SHA

0.02

0

0

2

3.3

SHA

0.2

0

0

2

1.4

OA

0.02

600

0

2

17.8

OA

0.2

600

0

2

95.5

OHA

0.02

600

0

2

10.6

OHA

0.2

600

0

2

92.6

OA+OHA 1:1

0.02

0

0

2

97.7

OA+OHA 1:1

0.02

600

0

2

4.6

OA+OHA 1:1

0.02

600

0

5

53.5

OA+OHA 1:1

0.02

1200

0

5

26.9

OA+OHA 1:1

0.02

600

43

2

12.1

OA+OHA 1:1

0.02

600

43

5

17.4

OA+OHA 1:1

0.02

600

43

7

35.0

OA+OHA 1:1

0.02

600

43

10

63.0

Note: OA: oleic acid; OHA: sodium octanohydroxamate hydrate; SHA: salicylhydroxamic acid.
OA+OHA (1:1): oleic acid is jointly used with sodium octanohydroxamate hydrate at a 1:1 ratio
(in weight).

Table 3.3.3 Microflotation test results obtained with calcite.
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Collector

Flotation

Depressant

time

Na2SiO3

Na2SO4

(mg/L)

(mg/L)

Recovery (%)

chemical

(g/L)

minute

bare

0

0

0

2

10.9

OA

0.02

0

0

2

34.5

OA

0.2

0

0

2

94.1

OHA

0.02

0

0

2

65.3

OHA

0.2

0

0

2

93.2

SHA

0.02

0

0

2

13.5

SHA

0.2

0

0

2

21.5

OA

0.02

600

0

2

12.6

OA

0.2

600

0

2

87.2

OHA

0.02

600

0

2

19.6

OHA

0.2

600

0

2

88.1

OA+OHA 1:1

0.02

0

0

2

58.7

OA+OHA 1:1

0.02

600

0

2

10.3

OA+OHA 1:1

0.02

600

0

5

45.0

OA+OHA 1:1

0.02

1200

0

5

12.0

OA+OHA 1:1

0.02

600

43

2

10.9

OA+OHA 1:1

0.02

600

43

5

21.2

OA+OHA 1:1

0.02

600

43

7

31.0

OA+OHA 1:1

0.02

600

43

10

50.0

Note: OA: oleic acid; OHA: sodium octanohydroxamate hydrate; SHA: salicylhydroxamic acid.
OA+OHA (1:1): oleic acid is jointly used with sodium octanohydroxamate hydrate at a 1:1 ratio
(in weight).

Table 3.3.4 Microflotation test results obtained with bastnaesite
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Collector

Flotation

Depressant

time

Na2SiO3

Na2SO4

(mg/L)

(mg/L)

Recovery (%)

chemical

(g/L)

minute

bare

0

0

0

2

6.9

OA+OHA 1:1

0.02

0

0

2

85.9

OA+OHA 1:1

0.02

600

0

2

69.9

OA+OHA 1:1

0.02

600

0

5

97.7

OA+OHA 1:1

0.02

1200

0

5

36.8

OA+OHA 1:1

0.02

600

43

2

25.2

OA+OHA 1:1

0.02

600

43

3

72.6

OA+OHA 1:1

0.02

600

43

5

94.6

OA+OHA 1:1

0.02

600

43

7

96.0

OA+OHA 1:1

0.02

600

43

10

97.0

Note: OA: oleic acid; OHA: sodium octanohydroxamate hydrate; SHA: salicylhydroxamic acid.
OA+OHA (1:1): oleic acid is jointly used with sodium octanohydroxamate hydrate at a 1:1 ratio
(in weight).

Figure 3.3.9 The microflotation kinetics of the three minerals when OA and OHA were used
in combination as collectors with Na2SiO3 (600 mg/L) and Na2SO4 (43 mg/L) as depressants
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3.4 Conclusions
A lot of valuable information for the flotation of bastnaesite has been obtained through surface
chemistry studies. The conclusions were listed as followings:
1. Contact angle measurement results showed that the addition of collectors, i.e., oleic acid,
sodium octanohydroxamate hydrate, and salicylhydroxamic acid, increased not only the
contact angle of bastnaesite, but also that of calcite and barite. The addition of depressants
was helpful in selectively depressing gangue minerals. By optimizing the chemicals'
dosage, a big difference between the surface hydrophobicity of rare earth and gangue can
be achieved. The study also suggested that a composite chemical scheme should be
beneficial for rare earth flotation.
2. Zeta potential measurement results showed that the all the three minerals were negatively
charged in solution at pH 9. The addition of Na2SiO3 made all the three minerals more
negatively charged and therefore depressed the froth flotation. However, when a composite
chemical scheme was used, the addition of Na2SiO3 depressed gangue minerals in a much
greater extent than it did to bastnaesite.
3. Microflotation tests showed that the optimum flotation can be achieved when oleic acid
(OA) and sodium octanohydroxamate hydrate (OHA) were used in combination (1:1,
0.02g/L) as collector with Na2SiO3 (600 mg/L) and Na2SO4 (43 mg/L) as depressants. The
optimum flotation time was 4~7 minutes. During the time frame, the flotation recovery of
bastnaesite was above 90%, while those for barite and calcite were lower than 30%.
Therefore, an efficient separation of bastnaesite from calcite and barite will be achieved.
Meanwhile, it was of economic benefits that the dosage required for mixed collector was
much less than that for single collector.

In summary, the microflotation results correlated well with contact angle results and zeta potential
results, proving the effectiveness of mixed collector (OA+OHA) in the flotation of bastnaesite.
The advantages of mixed collector were observed both in flotation recovery and selectivity. Under
the premise of high bastnaesite recovery, it was also worth of notice that the recoveries of gangues
were also high. Thus, 2 efficient depressants were applied to ensure the success of bastnaesite
separation from gangue minerals. All the conclusions and details in this chapter will work as
important guidance for the lab-scale flotation tests in the next chapter.
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Chapter 4 Lab-scale Flotation Study of Mountain Pass Ore
4.1 Introduction
As displayed in Chapter 3, the surface chemistry of minerals in Mountain Pass mine has been
illustrated. This chapter is a continuous work following the fundamental study in Chapter 3, aiming
at developing a novel flotation scheme of Mountain Pass ore, based on the conclusions in previous
chapter. In the present study, ore samples were collected from multi-pit locations in Mountain Pass
mine, then the samples were analyzed and quantified individually by XRD (X-Ray diffraction),
ICP-MS (Inductively coupled plasma mass spectrometry) and SEM/EDS (Scanning Electron
Microscopy-Energy Dispersive X-ray Spectroscopy) analysis to characterize the mineralogy and
elemental grade of these ore samples. Secondly, grinding tests were conducted on Mountain Pass
mine ore samples to study the hardness and grindability of the ore samples. Further, scaled-up
laboratory flotation tests have been carried out to optimize the flotation conditions to achieve a
high rare earth recovery at a relative low temperature and low dosage of reagents, comparing with
the operating conditions of Mountain Pass mine. Finally, flotation kinetics has been simulated and
the influence of collector on flotation process was elaborated.

The lab-scale flotation tests were initially focused on using the composite collectors of oleic acid
and sodium octanohydroxamate hydrate. Later salicylhydroxamic acid was also used as a primary
collector on Mountain Pass ore flotation. Sodium silicate and sodium sulfate were proved to be
efficient depressants in lab-scale flotation tests. The optimum experiments results obtained from
this investigation showed that an 80~90% REE recovery and 20% gangue recovery can be
achieved at 40°C~60°C in a scaled-up laboratory flotation test with salicylhydroxamic acid, which
yielded a rougher concentrate of 30~40% REO. The mixed collector scheme can also obtain 8090% REE recovery at 60°C with a total collector dosage < 0.1g/L, whose results were comparable
with that of 0.2g/L OHA. The knowledge learnt from the present work shed lights on the flotation
of Mountain Pass rare earth ore, and the flotation scheme developed in this study was believed to
be highly efficient towards Mountain Pass ore flotation. It will be used to develop a novel flotation
flowsheet for Mountain Pass mine.
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4.2 Materials and methods
4.2.1 Materials
2 batches of Mountain Pass ore were obtained from Molycorp Inc., CA. The first batch (50lbs)
was used for characterization and preliminary tests, while the second batch (600lbs) was employed
for lab-scale flotation tests. The ore was initially crushed to -10 mesh at SGS, Tucson, AZ. The
crushed samples were well blended and split into 1kg bags for future use. 2 bags of samples were
pulverized to -400 mesh for XRD test and ICP-MS test. All screening works were done by RX-29
Ro-Tap test sieve shaker with US standard sieves. Sodium octanohydroxamate hydrate (>98%)
and oleic acid (>99%) were obtained from Tokyo Chemical Industry America (Portland, OR).
Salicylhydroxamic acid (>99%) and MIBC were obtained from Alfa Aesar (Haverhill, MA).
Sodium silicate solution (40°-42° Be/Technical) was obtained from Fisher Chemical (Pittsburgh,
PA). Sodium hydroxide (>97%, reagent grade) was purchased from Sigma Aldrich (St. Louis,
MO). Neutral oil was an industry collector. Sodium sulfate (>97%) was obtained from VWR
International (Radnor, PA). All the chemicals were used as received without further purification.
4.2.2 X-Ray diffraction (XRD) tests
Pulverized rare earth ore samples were used for XRD test. Measurements were made using a
PANalytical X’pert Pro MPD Instrument equipped with a programmable incident beam slit with
the slit fixed at 1°, and an X’Celerator Detector. The X-ray radiation used was Ni-filtered Cu Kα,
λ = 1.5418 Å. Measurements were made in the bisecting geometry. Diffraction patterns were
analyzed using the Panalytical High Score software and compared with patterns deposited in the
ICDD database (Faber and Fawcett, 2002).
4.2.3 Inductively coupled plasma mass spectrometry (ICP-MS) tests
Pulverized rare earth containing samples (feeds, concentrates and tails) were well blended and
0.500g representative sample was measured using analytical balance. 50ml PTFE jars were
obtained from VWR International (Radnor, PA) and employed as digestion tanks. 25ml aqua regia
(HCl: HNO3=3:1) was prepared for digesting the sample. The jar containing aqua regia and sample
was sealed and placed in oven. The temperature was set at 170°C. After 5 hours’ digestion, all
stuff in the jar were transferred to a beaker on hot pad. Extra 10ml HCl and 15ml deionized water
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were added to dissolve any undissolved RE ion. The solution was heated to boil and kept for 10min.
A 100ml volumetric flask was filled up with the boiled solution and deionized water. The
supernatant was extracted and used for ICP-MS analysis. ICP-MS analysis of flotation product
was conducted on Perkin Elmer ELAN DRC II, Arizona Laboratory for Emerging Contaminants
(ALEC), Tucson, AZ. Elemental analysis of feed was initially conducted by SGS, Tucson, AZ.
4.2.4 Scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) tests
Hitachi S-3400N VP-SEM equipped with X-Max Silicon Drift Detector or UltraDryTM EDS
detector was used for quantitative analysis of rare earth content and spectra imaging of determining
the elemental phase in mineral samples. The SEM was operated with BSE detector at a variable
pressure mode. Voltage was set at 30kV and aperture was adjusted at 2. The probe current was set
around 60%-80%. The working distance was determined around 10mm, where the best magnitude
for analytical accuracy was 50X. For spectra imaging the magnitude was not fixed due to the
different particle size of interest. EDS maps were processed by Noran System 6 (NSS) from
Thermo Fisher Scientific.

Figure 4.2.1 SEM-EDS setup at University Spectroscopy and Imaging Facilities (USIF)
4.2.5 Lab-scale flotation tests
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Lab-scale flotation tests of rare earth (bastnaesite) ore as obtained from Mountain Pass mine have
been carried out. Mountain Pass ore samples were crushed down to 100% passing 10 mesh. 500
grams crushed ore sample was transferred into a ball mill filled with tap water at room temperature
or preheated at an elevated temperature when needed, and ground for a specific time, which was
determined beforehand through a grinding test to make an 80-85% (in weight) finer than the target
particle size. At the beginning of the flotation study, the grinding time was set at 15mins. After
reviewing the SEM-EDS results of flotation products, either a longer primary grinding time
(25mins) or regrinding process (5min) was applied, in order to increase the liberation of rare earth
mineral from gangue minerals. After grinding, the pulp was transferred to a 1.5L Denver D-12 lab
flotation cell. Depressants and conditioners were added to mix with pulp for 5 minutes. Collectors
were added after then. Preparation time was set as 5mins with impeller stirring after a specific
amount of frother was added into the flotation cell, which was soaked in a water bath. The pH was
kept at 9 constantly. The air valve was then turned on and flotation began. Flotation time in present
study was set at 6 minutes at the beginning. Later, a longer flotation time, such as 10 minutes or
14 minutes, was also applied to obtain the maximum flotation recovery of REE. Hot water with
pH of the pulp was used for supplemental and rinsing purposes. After flotation, the concentrates
and tails were collected, filtered, and dried in 110°C oven overnight. Products were further
analyzed by SEM/EDS for the quantification of metal weight percentage. The experiment error
associated with the flotation tests was usually less than ± 2% in recovery.
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4.3 Characterization study of Mountain Pass ore
4.3.1 XRD results
Two sets of ore samples have been collected from Mountain Pass mine and they were prepared by
crushing, grinding and pulverizing for mineralogy and elemental analysis. The XRD results were
displayed in Figure 4.3.1 for comparison.

Figure 4.3.1 Overlay of diffraction patterns for Mountain Pass ore sample 1 and sample 2
Fig 4.3.1 showed that the received two sets of Mountain Pass mine ore samples were similar in
mineralogy because the XRD diffraction patterns of the two samples were almost identical. Figure
4.3.2a showed the positions of diffraction peaks (red bars at the top of the graph), and the
substances giving rise to each diffraction peak. A few very small reflections were identified. The
color coding on the lines denoting peak positions was identical with that of the legend in Figure
4.3.2b. Figure 4.3.2b showed the experimental diffraction pattern (top) and reference patterns at
stick diagrams with the length of the stick showing the expected intensity of each reflection.
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Figure 4.3.2 Automated search of the ICDD data base produced the proposed components
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From the XRD mineralogy analysis results as shown by Figure 4.3.1 and Figure 4.3.2, one can see
that the rare earth mineral was bastnaesite, which was associated with hydroxyl to some extent;
and can also be partially found as parisite-Nd (Ca(Nd,La)2(CO3)3F2). The main gangue minerals
in Mountain Pass ore were barite (BaSO4), calcite (CaCO3), dolomite (CaMg(CO3)2) and
silica(SiO2)/silicate. The result agreed well with Olson (1954) and Pradip (1981). Thus the
improvement of the grade and recovery of bastnaesite in Mountain Pass ore will be achieved by
removing the impurity minerals such as barite (BaSO4), calcite (CaCO3)/dolomite (CaMg(CO3)2)
and silica/silicate (SiO2) through an improved flotation.
4.3.2 ICP-MS results
The two sets of ore samples as studied in the above XRD analysis were also used for the ICP-MS
analysis to quantify the elemental weight percentage in ore samples. The information will be used
for the calculation of flotation recovery and assessment of flotation performance. The ICP-MS
analysis results of two sets of Mountain Pass ore samples were listed in Table 4.3.1 and Table
4.3.2. The different number of elements tested was due to the extra ICP standard sets selected for
sample 2, which had more complete information than sample 1.
Table 4.3.1 ICP-MS analysis results of the sample 1 of Mountain Pass mine ore

Ce

La

Nd

Pr

Sm

Y

Th

ppm

ppm

ppm

ppm

ppm

ppm

ppm

32640

22180

7102

6842

778

68

237

Ba

Ca

Fe

K

Mg

Si

ppm

ppm

ppm

ppm

ppm

ppm

83000

107000

26100

9820

27200

79000
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Table 4.3.2 ICP-MS analysis results of the sample 2 of Mountain Pass mine ore

Ce

La

Nd

Pr

Sm

Y

Th

ppm

ppm

ppm

ppm

ppm

ppm

ppm

31567

21032

6388

7392

703

14

177

Sr

Al

As

Ba

Na

Ca

Fe

ppm

ppm

ppm

ppm

ppm

ppm

ppm

15067

5695

1158

83257

24

121167

23283

K

Mg

Mn

P

Pb

ppm

ppm

ppm

ppm

ppm

2103

33433

3255

1702

657

From the above ICP-MS analysis results as shown by Table 3.7.1 and Table 3.7.2, one can add it
up and obtain that the grade (in weight ratio) of rare earth element (REE) of Mountain Pass ore
was about 6.7%. Therefore the total grade of REO (rare earth oxide) was about 7.8%. The high
concentrations of Ba and Ca verified the major components of gangue minerals, such as barite and
calcite. There were also some silicates and iron containing minerals as revealed by Si and Fe
concentrations. Sr, which was usually associated with Ba, existed in the crystal lattice of barite
and replaced Ba due to their similarities. Other elements with low grade were also given out as
references. The ICP analysis results as obtained in the present study were in line with previously
reported elemental analysis of Mountain Pass ore (Pradip, 1981). The obtained information will
be used for the calculation of flotation recovery and assessment of flotation performance in labscale flotation study.
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4.3.3 SEM-EDS results
The Mountain Pass ore samples were also characterized by SEM/EDS analysis. In present work,
the received Mountain Pass ore samples were crushed down to 100% passing 10 mesh (1.65 mm)
and further ground for 15 minutes using an 8" × 8" lab ball mill. After grinding the products were
collected and screened using a lab sieve shaker. Various meshes of ASTM screens were used in
the present work and they were respectively 70mesh (212µm), 100mesh (150µm), 140mesh
(106µm), 200mesh (74µm) and 325mesh (44µm). The samples collected after screening were
altogether six products, and their size distribution were respectively +70mesh, 70-100mesh, 100140mesh, 140-200mesh, 200-325mesh and -325mesh. The six products were used for the
SEM/EDS analysis to show the ore properties changing with particle sizes. For each screening
product, scanning was performed at two different positions, i.e., A and B, to better show REE
distribution in ore samples and the results were listed as Figure 4.3.3 to Figure 4.3.8 from the
coarse particles to fine particles. In the legends of all the figures, blue = Si, representing SiO2 or
silicates; green = Ca, representing CaCO3 (calcite) or CaMg(CO3)2 (dolomite); purple = Ba,
representing BaSO4 (barite); yellow = Ce, representing bastnaesite ((Ce, La)CO3F) and brown =
La, also representing bastnaesite ((Ce, La)CO3F).
From Figure 4.3.3, one can see that green and purple occupied a large portion of the scanned area,
which suggested that CaCO3/CaMg(CO3)2 and BaSO4 were the main components of Mountain
Pass ore. The finding correlated well to the XRD and ICP-MS analysis results as described in the
above sections. Figure 4.3.3 also showed that yellow and brown (bastnaesite) were generally
combined with green and purple, which suggested that REE was locked by the gangue minerals,
i.e., calcite, dolomite and barite, when the particle size of feed was larger than 70mesh.
Figure 4.3.4 displayed the particles between 70-100mesh. It was obviously that no bastnaesite
particle was free from association with barite, silicate and calcium bearing minerals. Figure 4.3.5
and Figure 4.3.6 showed the particles between 100-140mesh and 140-200mesh. The number of
particles were increasing with reducing particle size. At the same time, free rare earth particles
started to show up, but not too much.
Figure 4.3.7 displayed the particles between 200-325mesh. It can be observed that more and more
free bastnaesite particles were confirmed in the picture, however, several big particles were still
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consisting of multiple minerals. Figure 4.3.8 contained the particles of the finest category of 325mesh. It was obvious that most of the rare earth particles were free from combination with
gangue minerals, meanwhile the gangue minerals were also liberated well in this range of particle
size.
Figure 4.3.3 to Fig 4.3.8 clearly showed that when particle size was large, for example, larger than
74µm, most REE particles were combined with gangue minerals. Flotation of REE mineral above
this size range will not be efficient because of the failure of REE mineral being physically liberated
from gangue minerals. In general, a good flotation can only be achieved at a good liberation of the
target mineral from gangue. Therefore, as shown by Figure 4.3.3 to Figure 4.3.8, one can see that
a grinding process should at least reduce particle size down to -200mesh (74µm) for a good
liberation of REE from gangue minerals. It will be even better to reduce the particle size to 325mesh, given the extra energy cost was economically feasible. In this way, the flotation process
can be both improved in recovery and grade. Particle size identification of flotation feed was
necessary to rare earth flotation, and many reported particle size distributions verified the
conclusion above. The Mountain Pass mine has already reduced the P80 of the grinding product
from 100 mesh (1988 Aplan) to 325 mesh (Anderson, 2015). The particle size distribution of
Maoniuping mine, Sichuan was 80% < 200 mesh (Xiao et al., 1989; Li et al., 2002), and could be
even smaller like 95% < 200 mesh (Tian, 1997). Also, the rare earth particle in Bayan Obo mine
should be liberated to 80% or 95% < 200 mesh for flotation purpose (Zhang, 1980; Yu et al., 1984;
Ren, 1990). It is critical to ensure a good liberation of bastnaesite from gangue minerals in the
following grinding study and flotation tests.
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Figure 4.3.3 SEM/EDS analysis of Mountain Pass ore (+70mesh)
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Figure 4.3.4 SEM/EDS analysis of Mountain Pass ore (70-100mesh)
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Figure 4.3.5 SEM/EDS analysis of Mountain Pass ore (100-140mesh)
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Figure 4.3.6 SEM/EDS analysis of Mountain Pass ore (140-200mesh)
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Figure 4.3.7 SEM/EDS analysis of Mountain Pass ore (200-325mesh)
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Figure 4.3.8 SEM/EDS analysis of Mountain Pass ore (-325mesh)
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4.4 Grinding study of Mountain Pass ore
The hardness and grindability of ore samples have huge impacts on the size distribution of flotation
feed after grinding; consequently, the recovery of consecutive flotation process. It is critical to
produce a particle size distribution suitable for high extraction efficiency in the froth flotation
process. Grinding tests were carried out in present work and the available results were listed in
Figure 4.4.1. All the grinding test results were obtained under the same grinding conditions, i.e.,
grinding mill, solid content and feed weight during grinding. The grinding tests were conducted at
10 mins, 12 mins, 15 mins, 20 mins and 25 mins to figure out particle size distributions at different
energy inputs. The optimum grinding time for flotation will be determined upon different P80
requirements.
During the study of the present work, from the gradually obtained flotation test results, we noticed
that a good liberation of REE from gangue minerals was beneficial for achieving a high recovery
and a high concentrate grade. A sample of above 80% finer than 100mesh (150µm), which was
usually applied for the flotation of copper ore, was not good enough for the flotation of Mountain
Pass mine ore. It was mainly because the REE grade of Mountain Pass ore was high and the
floatability of REE mineral was very close to that of gangue. An incomplete liberation usually
resulted in low recovery and grade of REE concentrate. Also, the SEM-EDS analysis on Mountain
Pass ore suggested that a good liberation happened at particle size under 200 mesh. Therefore,
grinding time was set from 10 minutes to 12, 15, 20, 25 minutes to study the cumulative size
distributions of the grinding products of Mountain Pass ore. It can be told from Figure 4.4.1 that
the P80 of the grinding product after 10 mins grinding time was 88um; the P80 of feed after 12 mins
grinding time was 78um; the P80 of feed after 15 mins grinding time was 70um, the P80 of feed
after 20 mins grinding time was 50um and the P80 of feed after 25 mins grinding time was 42um.
Based on the discussion above, it was reasonable to set the grinding time at 15 mins to obtain the
flotation feed with a suitable size distribution for flotation. In fact, in further flotation study, we
confirmed that it was critical to have a flotation feed with 80% finer than 74µm to achieve a good
flotation of Mountain Pass mine ore. The flotation was conducted at 15 mins primary grinding
time for most of the flotation tests, whereas partial flotation tests were also carried out with 25
mins primary grinding time.
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Figure 4.4.1 Grinding test of Mountain Pass ore samples, showing the cumulative size
distribution of particles after grinding for a specific time as a function of particle size
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4.5 Lab-scale flotation tests results and discussion
4.5.1 Results of flotation tests using mixed collectors of OA and OHA
Oleic acid (OA) or fatty acid has been applied as collector at Mountain Pass Operations for years.
Previously, most research efforts were made on using octanohydroxamic acid (OHA) as primary
collectors to replace fatty acid (Pradip and Fuerstenau, 1991; Anderson, 2015; Schriner, 2016).
Taking the advantages of mixed collectors and their successful applications on other flotation
practice into consideration, it is of great research interest and significance to evaluate the flotation
performance of mixed collectors on Mountain Pass ore. In this section, the flotation tests were
initially conducted with single collector of OHA, finding out the optimum flotation scheme with
OHA and working as reference for comparison. Then mixed collector consisting of OA and OHA
was applied towards lab-scale flotation tests. The total dosage and mixing ratio were adjusted for
optimization purpose. The flotation reagent scheme was derived from the surface chemistry study
in Chapter 3. Grinding time was 15mins and pH was controlled at 9 with sodium hydroxide.
0.01g/L MIBC was added as frother. Flotation test with single collector of OA was not of much
interest since it has been already optimized by industry practice.

Figure 4.5.1 showed the flotation results obtained when using 0.1g/L OHA as collector, 0.5g/L
Na2SiO3 and 5g/L Na2SO4 as depressants at 60°C. It can be told that after 6mins flotation, the
recovery of Ce was 60%, meanwhile the recovery of Ca was 29% and the recovery of Ba was 20%.
Figure 4.5.2 showed the flotation results obtained when using 0.2g/L OHA as collector, 0.5g/L
Na2SiO3 and 5g/L Na2SO4 as depressants at 60°C. After 6mins flotation, the recovery of Ce was
90%, meanwhile the recovery of Ca was 38% and the recovery of Ba was 30%.

The results above indicated that in the case of using OHA as Mountain Pass ore collector, the
optimum dosage should be around 0.2g/L. Figure 4.5.1 proved that 0.1g/L OHA was insufficient
to get a satisfactory REE recovery. This conclusion was very close to previously reported results.
Pradip (1981) used 0.75lbs/ton (0.25g/L) OHA and Anderson (2015) used 1.5×10-3 M OHA
(0.27g/L) as the optimum dosage of collectors in rare earth flotation.
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As discussed above, the flotation responses of using OHA as Mountain Pass ore collectors were
quite similar, even though the depressants were different (ammonium lignin sulfonate for Pradip,
1981; Anderson, 2015). There was no doubt that OHA was an effective collector based on the
results above. However, the relative high price of hydroxamate was an important issue. Thus, the
components of collector can still be improved, for example, reducing the collector dosage
meanwhile keeping the recovery and grade. This was the motivation to use the combination of OA
and OHA as mixed collectors.

Figure 4.5.3 was the flotation test results using 0.02 g/L OA+0.06 g/L OHA as collector, 1 g/L
Na2SiO3 and 5 g/L Na2SO4 as depressants at 60°C. OA was introduced as part of the collector,
whose selectivity was low and thus extra 0.5 g/L sodium silicate was added for better depressing.
The total dosage of collector was 0.08 g/L and the ratio of OA to OHA was 1:3. The final Ce
recovery was 85%, meanwhile Ca recovery was 42% and Ba recovery was 38%. Figure 4.5.4 was
the flotation test results using 0.01 g/L OA+0.07 g/L OHA as collector, 1 g/L Na2SiO3 and 5 g/L
Na2SO4 as depressants at 60°C. The total dosage of collector was also 0.08 g/L and the ratio of
OA to OHA was 1:7. The final Ce recovery was 80%, meanwhile Ca recovery was 40% and Ba
recovery was 27%.

As can be told from Figure 4.5.3 and 4.5.4, the flotation recovery was relatively high, considering
the total collector dosage of 0.08 g/L. The rare earth recovery was about 80-85%, which was much
higher than 60% recovery in Figure 4.5.1 using 0.1 g/L OHA. It was also very close to the 90%
recovery in Figure 4.5.2 using 0.2 g/L OHA. On the other hand, the recoveries of gangue minerals
were also high. In average 40% Ca and Ba were recovered (Figure 4.5.3) and thus the grade of
concentrate will be lower. In Figure 4.5.4, the average recovery of gangue minerals was reducing
from 40% to 33%, because of increasing OHA percentage and reducing OA percentage in mixed
collector. It was obvious that oleic acid was detrimental to the selectivity of whole flotation process
if the dosage was higher than 0.02g/L. Therefore, further improvement was focused on the
enhancement of rare earth recovery by means of increasing the dosage of OHA rather than oleic
acid.
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Figure 4.5.5 was the flotation test results using 0.02 g/L OA+0.08 g/L OHA as collector, 1 g/L
Na2SiO3 and 5 g/L Na2SO4 as depressants at 60°C. The total dosage of collector was increased to
0.1 g/L and the ratio of OA to OHA was 1:4. The final Ce recovery was 90%, meanwhile Ca
recovery was 54% and Ba recovery was 55%. Figure 4.5.6 was the flotation test results using 0.01
g/L OA+0.09 g/L OHA as collector, 1 g/L Na2SiO3 and 5 g/L Na2SO4 as depressants at 60°C. The
total dosage of collector was also 0.1 g/L and the ratio of OA to OHA was 1:9. The final Ce
recovery was 82%, meanwhile Ca recovery was 41% and Ba recovery was 42%. In Figure 4.5.5
extra 0.02g/L OHA was added compared with Figure 4.5.3, and such is the case for Figure 4.5.6
comparing with Figure 4.5.4. As can be told from Figure 4.5.5, the Ce recovery was improved
from 85% to 90%, meanwhile the gangue recovery also increased 15%. In Figure 4.5.6 the Ce
recovery increased 2% and the gangue recovery also increased 11%.

In summary, the results displayed from Figure 4.5.1 to Figure 4.5.6 can be concluded as followings:

1. OA (oleic acid) itself was not an optimum collector with a high selectivity. OA not only
adsorbed on the target REE mineral, i.e., bastnaesite, but also the gangue minerals. A small
amount of OA can increase the recovery of bastnaesite (mainly Ce), but it also greatly
increased the recovery of gangue (Ca and Ba). Therefore, the addition amount of OA in
mixed collector should not be higher than 0.02 g/L. Otherwise; it will be extremely hard to
obtain a qualified concentrate with a high enough REO grade.
2. OHA had a much higher selectivity for rare earth mineral compared to OA. Given the same
total dosage, increasing the portion of OHA in mixed collector will have a more positive
impact on the flotation of bastnaesite than gangue. However, the total dosage of mixed
collectors had to be controlled below 0.1g/L, otherwise the grade of REE concentrate
cannot be guaranteed.
3. The dosage of the collectors used in the lab-scale flotation tests was higher than what had
been use in the microflotation tests as studied in Chapter 3. The reason was that the amount
of ore samples in pulp (33% solid content) as used in present work was much larger than
what had been studied in previous microflotation tests (2% solid content). Therefore, more
collectors had to be added to adsorb on bastnaesite surface, increasing its hydrophobicity
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and therefore flotation recovery. The ratio of OA to OHA was also adjusted in lab-scale
flotation tests since the selectivity of OA was low, even at 60°C used in this study, which
was lower than its optimum operation temperature around 70-80°C.
4. When OA and OHA were used in combination at the condition of 0.01~0.02 g/L OA,

0.06~0.09g/L OHA, 0.5~1g/L Na2SiO3 and 5g/L Na2SO4 @ 60°C, the rare earth recovery
of 80-90% can be achieved. The flotation temperature was reduced from about 80-90°C as
used at Mountain Pass mine to 60°C applied in this study. Sodium fluorosilicate and
ammonium lignin sulfonate were replaced by sodium silicate and sodium sulphate. The
total dosage of collectors (<0.1g/L) was less than half of the OHA dosage (>0.2g/L) that
was used for Mountain Pass ore flotation previously.
5. The impact of mixed collector (OA+OHA) on rare earth flotation was multifold. On the

one hand, the enhancement of surface hydrophobicity was one reason for certain, since the
contact angle results in Chapter 3 showed a higher value when using mixed collector than
using single collector, which was also confirmed by microflotation results. On the other
hand, the synergistic effect of OA and OHA did not only impact the surface property of
minerals, but also change the properties of pulp, such as frothing ability. It was clearly
observed that there was excess froth generated during the flotation using mixed collectors.
The froth can be even observed during the preparation of collector solution. It has been
known that oleic acid and hydroxamic acid were of great frothing ability individually
(Atrafi et al., 2012; Willis et al., 1999). Kumar et al. (1986) observed a significant
synergistic effect of mixed frothers, which was attributed to a more stable froth associated
with rapid change of surface tension. In this work the froth was stable and can enhance the
mass pull during flotation, and the flotation recovery was thus improved. The reasons
above both contributed to the high recovery of Mountain Pass ore with low dosage of
collectors. It was also worth of notice that the flotation speed of bastnaesite was fast, which
can be told from the fact that the majority of rare earth elements were recovered at first
2mins. A more detailed flotation kinetics study will be presented later in this chapter.
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Figure 4.5.1 Lab flotation test result of Mountain Pass ore at a specific condition (0.1 g/L
OHA, 0.5 g/L Na2SiO3 and 5 g/L Na2SO4 @ 60°C)

Figure 4.5.2 Lab flotation test result of Mountain Pass ore at a specific condition (0.2 g/L
OHA, 0.5 g/L Na2SiO3 and 5 g/L Na2SO4 @ 60°C)
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Figure 4.5.3 Lab flotation test result of Mountain Pass ore at a specific condition (0.02 g/L
OA+0.06 g/L OHA, 1 g/L Na2SiO3 and 5 g/L Na2SO4 @ 60°C)

Figure 4.5.4 Lab flotation test result of Mountain Pass ore at a specific condition (0.01 g/L
OA+0.07 g/L OHA, 1 g/L Na2SiO3 and 5 g/L Na2SO4 @ 60°C)
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Figure 4.5.5 Lab flotation test result of Mountain Pass ore at a specific condition (0.02 g/L
OA+0.08 g/L OHA, 1 g/L Na2SiO3 and 5 g/L Na2SO4 @ 60°C)

Figure 4.5. 6 Lab flotation test result of Mountain Pass ore at a specific condition (0.01 g/L
OA+0.09 g/L OHA, 1 g/L Na2SiO3 and 5 g/L Na2SO4 @ 60°C)
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4.5.2 Results of flotation tests using SHA as primary collector
The flotation tests using mixed collector of OHA and OA had already shown its advantage of high
rare earth recovery at low collector dosage. However, it was also true that the recoveries of gangue
minerals were also high and thus the concentrate grade was hard to control. Besides, the flotation
temperature was cooled down from 70-90°C to 60°C. There was still some room for reduction
compared with flotation practice conducted at normal temperature. In Chapter 3 the surface
chemistry study using salicylhydroxamic acid indicated a strong selectivity towards bastnaesite,
and had little impact on gangue minerals such as calcite and barite. Also, there were several
industry practices using salicylhydroxamic acid (SHA) in Chinese rare earth mines (Zeng and Li,
1991; Li et al., 2002). There was no previous effort of applying salicylhydroxamic acid towards
Mountain Pass ore flotation. Thus it is of high research and practical significance to evaluate the
performance of salicylhydroxamic acid as rare earth collector for Mountain Pass ore. In the
beginning of this section, flotation tests were conducted with various dosages of SHA. Later
auxiliary reagents were added to improve the overall flotation performance. Grinding time was set
at 15mins and pH was controlled at 9. 0.05g/L MIBC was added to keep a good froth. The flotation
temperature was kept at 40°C as a result of literature review and preliminary tests.

Figure 4.5.7 showed the flotation results obtained when using 0.4g/L SHA as collector, 0.5g/L
Na2SiO3 at 40°C. It can be told that after 6mins flotation, the recovery of Ce was 66%, meanwhile
the recovery of Ca was 12% and the recovery of Ba was 10%. The flotation speed of Ce was fast,
which had 58% recovery at 2 min and reached the plateau at 4 min with 64% recovery. Figure
4.5.8 showed the flotation results obtained when using 0.8g/L SHA as collector, 0.5g/L Na2SiO3
at 40°C. It can be told that after 6min flotation, the recovery of Ce was 74%, meanwhile the
recovery of Ca was 17% and the recovery of Ba was 10%. The flotation recovery of Ce was 64%
at 2 min and reached the plateau at 4 min with 71% recovery. Figure 4.5.9 showed the flotation
results obtained when using 1.2 g/L SHA as collector, 0.5g/L Na2SiO3 at 40°C. It can be told that
after 6mins flotation, the recovery of Ce was 75%, meanwhile the recovery of Ca was 21% and
the recovery of Ba was 11%. The flotation recovery of rare earth was 58% at 2 min and reached
the plateau at 4 min with 71% recovery.
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The flotation tests results using SHA were significantly different from that of OHA and OA. First
of all, the dosage requirements of collectors were not the same. In order to get a sound flotation
recovery (80%-90%) only 0.1g/L mixed collector was needed. However, 0.4g/L SHA was need to
obtain Ce recovery of 66%; 0.8g/L was needed for Ce recovery of 74%, and further 1.2g/L SHA
resulted in 75% Ce recovery. Flotation tests using SHA lower than 0.4g/L could narrowly yield an
acceptable flotation recovery. The good point was that low REE recovery was accompanied by
low recoveries of gangue minerals, which was beneficial for the grade of concentrate. Secondly,
the depressant did not contain sodium sulphate as a depressant for barite, since the flotation
recovery of barite was essentially low when SHA was used as collector. Thirdly, the concentration
effect of SHA on flotation can be illustrated when Figure 4.5.7 to Figure 4.5.9 were analyzed
together. There was 8% rise of REE recovery when SHA dosage was increased from 0.4g/L to
0.8g/L, and higher concentration than 0.8g/L did not promote the REE recovery. Additionally,
higher dosage of SHA had little impact on the recovery of Ba. In contrast, the Ca recovery
increased proportionally with the increasing SHA dosage.

The relative low flotation recovery with SHA can be derived from the low hydrophobicity as
observed in surface chemistry results. Also SHA was not a surfactant of good frothing ability like
OA and OHA. Extra frother (0.05g/L) was added for tests with SHA, whereas for tests with OHA
and OA only a small amount of MIBC (0.01g/L) was needed. The discussion above on
concentration effect indicated that excessive amount of SHA had little help in improving the
flotation recovery by itself, and it was also not economically feasible to use SHA at such high
dosage (1.2g/L). As mentioned in the literature review, mixed collectors often came up with
considerable beneficiation on flotation process, and the addition of secondary collector should be
a promising solution.

As a response to the low hydrophobicity of mineral surface adsorbed with SHA, a secondary
collector which was of strong hydrophobicity and selectivity towards target mineral had to be
applied. A commercialized neutral oil was taken into consideration, which was consisting of
hydrocarbons and dispersive surfactants. The addition of oil as a secondary collector was widely
applied in industry practice of flotation, which could improve surface hydrophobicity of mineral
particles. Moreover, it had the tendency of better adsorption on particles that had already been
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hydrophobized, which in this study was most likely referring to bastnaesite adsorbed with SHA.
Therefore, 0.05g/L oil was introduced as an auxiliary collector for flotation tests using SHA.

Figure 4.5.10 showed the flotation results obtained when using 0.4g/L SHA as primary collector,
0.05g/L oil as secondary collector and 0.5g/L Na2SiO3 as depressant at 40°C. It can be told that
the final recovery of Ce was 70%, meanwhile the recovery of Ca was 11% and the recovery of Ba
was 7%. The rare earth recovery increased 4% by adding 0.05g/L oil when SHA dosage was 0.4g/L.
Figure 4.5.11 showed the flotation results obtained when using 0.8g/L SHA as primary collector,
0.05g/L oil as secondary collector and 0.5g/L Na2SiO3 as depressant at 40°C. It can be told that
the final recovery of Ce was 81%, meanwhile the recovery of Ca was 19% and the recovery of Ba
was 8%. The rare earth recovery increased 7% by adding 0.05g/L oil when SHA dosage was 0.8g/L.
Figure 4.5.12 showed the flotation results obtained when using 1.2 g/L SHA as primary collector,
0.05g/L oil as secondary collector and 0.5g/L Na2SiO3 as depressant at 40°C. The final recovery
of Ce was also 81%, meanwhile the recovery of Ca was 20% and the recovery of Ba was 11%.
The rare earth recovery increased 6% by adding 0.05g/L oil when SHA dosage was 1.2g/L.

It can be concluded that the neutral oil applied in this work improved the performance of flotation
tests. REE recovery was increased by 4%-7% because of the addition of 0.05g/L oil, which was a
relative low amount compared with SHA dosage. At the same time, it was also encouraging to see
that the grade of concentrate was not hampered by neutral oil (low gangue recovery), which
confirmed the hypothesis that hydrocarbon was more likely to be adsorbed on hydrophobized
surface of bastnaesite. The rare earth particles with enhanced hydrophobicity can float faster than
other gangue particles, resulting in a higher recovery without the expense of lowering the grade.
The effectiveness of neutral oil as a secondary collector was recognized and it will be continuously
applied in the following tests together with SHA.

Even though the flotation recovery of REE was enhanced to 80% and the recovery of Ca and Ba
was controlled below 20%, there was still 1/5 rare earth elements trapped in tails. Further efforts
had to be made to achieve a sound recovery target of 90%. According to the results of mixed
collectors, introducing carboxylic acid in hydroxamate flotation scheme was another helpful
method to improve the flotation recovery other than using hydrocarbon oils.
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Figure 4.5.13 showed the flotation results obtained when using 0.4g/L SHA as primary collector,
0.05g/L oil, 0.01g/L OA as secondary collectors and 0.5g/L Na2SiO3 as depressant at 40°C. It can
be told that the final recovery of Ce was 81%, meanwhile the recovery of Ca was 23% and the
recovery of Ba was 20%. The rare earth recovery increased 11% by adding 0.01g/L OA when SHA
dosage was 0.4g/L and oil dosage was 0.05g/L. Figure 4.5.14 showed the flotation results obtained
when using 0.8g/L SHA as primary collector, 0.05g/L oil, 0.01g/L OA as secondary collectors and
0.5g/L Na2SiO3 as depressant at 40°C. It can be told that the final recovery of Ce was 90%,
meanwhile the recovery of Ca was 30% and the recovery of Ba was 17%. The rare earth recovery
increased 9% by adding 0.01g/L OA when SHA dosage was 0.8g/L and oil dosage was 0.05g/L.

It can be told from Figure 4.5.13 and Figure 4.5.14 that the addition of oleic acid had an obvious
beneficial effect on the recovery of rare earth. In average 10% REE recovery can be obtained with
the help of only 0.01g/L OA. This result in turn showed the huge difference in collecting power
between OA and SHA. On the other hand, their difference in selectivity was also apparent. The Ca
recovery was increased from 11% to 23% after adding 0.01g/L OA, given SHA was 0.4g/L and
oil was 0.05g/L; while the recovery of Ba increased from 7% to 20%. The Ca recovery was
increased from 19% to 30% after adding 0.01g/L OA, given SHA was 0.8g/L and oil was 0.05g/L;
while the recovery of Ba also increased from 8% to 17%. Such a low dosage of oleic acid can
double the recoveries of gangue minerals, which was detrimental to the grade of concentrate. Thus
the dosage of oleic acid has to be no more than 0.01g/L to meet the recovery target at 90%, and
the recovery of gangue minerals can be controlled below 30%.

In summary, the following conclusions can be made based on the results displayed above:

1. Flotation of Mountain Pass rare earth ore using SHA had to be conducted with higher
collector dosages to obtain a satisfactory REE recovery compared with OA and OHA.
Besides, axillary collectors such as neutral oil and oleic acid were also very vital for a high
rare earth flotation recovery. With the help of neutral oil and oleic acid, increasing the
dosage of SHA (salicylhydroxamic acid) from 0.4 g/L to 1.2 g/L, one can increase the
recovery of Ce from 66% to 90%; while the recovery also increased to 30% for Ca and 20%
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for Ba. Therefore, the optimum condition should be SHA 0.8~1.2 g/L (0.4-0.8g/L with
0.01g/L oleic acid), 0.05 g/L oil, 0.5g/L Na2SiO3 at 40°C, resulting with 80-90% rare earth
recovery, < 30% Ca recovery and <20% Ba recovery. Lower collector dosage leaded to a
low rare earth recovery; while higher dosages leaded to a low rare earth grade, i.e., too
much gangue (Ca and Ba) in concentrate.

2. Comparatively, there was a big difference between the powerfulness of the two collectors,
i.e., OA and SHA. OA was too powerful to be used directly in the flotation of Mountain
Pass ore without the addition of large amount of other auxiliary reagents, because of its
low selectivity. On the other hand, although SHA was less powerful than OA, it had a much
higher selectivity than OA, which made SHA directly applicable at a low flotation
temperature with minimum auxiliary reagents.

3. Rare earth flotation of Mountain Pass ore can be carried out at a much lower temperature,
i.e., 40 °C, which was much lower than 70-90°C, as applied in the present Mountain Pass
mine flotation sheet. Further flotation tests conducted at different temperatures will prove
the appropriateness of flotation temperature applied in this work.

4. The reagent scheme as developed using SHA was much simplified and the total amount
was much less. For example, the total amount of chemicals, as used in Figure 4.5.14 was
about 2.7 kg/t, which was much lower than 5.4 kg/t as used in the present Mountain Pass
mine flotation flowsheet.

5. The above flotation results showed that the flotation of Mountain Pass mine ore was a
relatively fast process. Most of the concentrate was harvested in the first 4 minutes. This
point was in good agreement with Li et al. (2002). In future, a slower flotation process will
be practiced to decrease gangue entrainment and further increase the grade of the flotation
concentrate without decreasing the final recovery of rare earth elements.
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Figure 4.5.7 Lab flotation test result of Mountain Pass ore at a specific condition (0.4g/L
SHA, 0.5 g/L Na2SiO3 @ 40°C)

Figure 4.5.8 Lab flotation test result of Mountain Pass ore at a specific condition (0.8 g/L
SHA, 0.5 g/L Na2SiO3 @ 40°C)
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Figure 4.5.9 Lab flotation test result of Mountain Pass ore at a specific condition (1.2 g/L
SHA, 0.5 g/L Na2SiO3 @ 40°C)

Figure 4.5.10 Lab flotation test result of Mountain Pass ore at a specific condition (0.4 g/L
SHA, 0.05g/L oil, 0.5 g/L Na2SiO3 @ 40°C)
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Figure 4.5.11 Lab flotation test result of Mountain Pass ore at a specific condition (0.8 g/L
SHA, 0.05 g/L oil, 0.5 g/L Na2SiO3 @ 40°C)

Figure 4.5.12 Lab flotation test result of Mountain Pass ore at a specific condition (1.2 g/L
SHA, 0.05 g/L oil, 0.5 g/L Na2SiO3 @ 40°C)
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Figure 4.5.13 Lab flotation test result of Mountain Pass ore at a specific condition (0.4 g/L
SHA, 0.05 g/L oil, OA 0.01 g/L 0.5 g/L Na2SiO3 @ 40°C)

Figure 4.5.14 Lab flotation test result of Mountain Pass ore at a specific condition (0.8 g/L
SHA, 0.05 g/L oil, OA 0.01 g/L 0.5 g/L Na2SiO3 @ 40°C)
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4.5.3 SEM/EDS analysis of Mountain Pass ore flotation products
In the present work, there were 4 different flotation products that have been studied. They included
three flotation concentrate products of Figure 4.5.11, which were collected after a flotation test
had been carried out respectively for 2 minutes, 6 minutes and 10 minutes, and one tailing product,
which was collected after the 10 minutes’ flotation. Each flotation product was scanned with 2
spots and analyzed using the SEM/EDS elements mapping analysis function. The SEM/EDS
analysis results were listed as Figure 4.5.15-4.5.18. In the legend of the figure, blue = Si,
representing SiO2 or silicates; green = Ca, representing CaCO3(calcite) or CaMg(CO3)2 (dolomite);
purple = Ba, representing BaSO4 (barite); yellow = Ce, representing bastnaesite ((Ce, La)CO3F)
and brown = La, also representing bastnaesite ((Ce, La)CO3F). The obtained SEM/EDS elements
mapping analysis results will help us understand the ore properties, such as particle size and the
binding of REE minerals with gangue, of the flotation products collected at a different flotation
time and further optimize the flotation conditions to improve flotation performance.
Figure 4.5.15 showed that in the first 2 minutes’ flotation concentrate, yellow (Ce) and brown (La)
occupied most of the total scanned area, which suggested that for the first 2 minutes’ flotation,
concentrate was mainly composed of REE mineral with minor gangue being trapped in the
concentrate. It confirmed with the previously reported flotation results in the above section, which
showed that REEs floated much faster than gangues (Ca and Ba), because of the high efficiency
of SHA as a collector, which resulted in a big difference in the floatability of REEs and gangue.
In addition, a close examination of the first 2 minutes’ flotation concentrate showed that the REEs
particles were generally pure/free REEs mineral, without being combined with gangue minerals.
The finding suggested that pure/free REEs particles always floated the fastest, resulting in a high
REEs recovery at the first 2 minutes’ flotation.
Figure 4.5.16 showed the SEM/EDS elements mapping analysis of the 2-6 minutes’ flotation
concentrate. By comparing Figure 4.5.16 with Figure 4.5.15, one can see that yellow (Ce) and
brown (La) occupied much less of the total scanned area, which suggested that for the 2-6 minutes’
flotation, the concentrate contained less REEs particles with more gangue being trapped in the
concentrate. This finding was true because, as shown by the lab-scale flotation test results, after 2
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minutes’ flotation almost 50% REEs have been recovered in the concentrate and only less than 30%
REEs particles were recovered during the 2-6 minutes’ flotation time.
Figure 4.5.17 showed the SEM/EDS elements mapping analysis of the 6-10 minutes’ flotation
concentrate. By comparing the figure to Figure 4.5.16 and Figure 4.5.15, one can see that yellow
(Ce) and brown (La) occupied only a small portion of the total scanned area, which suggested that
the 6-10 minutes’ flotation recover much less REEs particles in the concentrate. As shown by
Figure 4.5.11, the flotation of 6-10 minutes only recovered less than 4% of REEs. A close
examination of the 6-10 minutes’ flotation concentrate showed that, very different from those as
shown by Figure 4.5.15, these REEs particles were generally quite large. In addition, these REEs
particles were clearly not pure/free particles, because yellow (Ce) and brown (La) were usually
co-existing with green (Ca) and purple (Ba) on a same particle, suggesting that they were
composite particles which were consisting of multiple minerals, i.e., REEs mineral and gangue.

Figure 4.5.18 showed the SEM/EDS elements mapping analysis of the tailing product after a 10
minutes’ flotation. One can see from the figure that green(Ca) and purple(Ba) occupied a large
portion of the scanned area, suggesting that CaCO3/CaMg(CO3)2 and BaSO4 were the main
components of the tailing product. However, one can observe that some REEs particles, with
yellow (Ce) and brown (La) in color, still existed in the tailing product. Any loss of REEs particles
in tailings will decrease the total flotation recovery. Therefore, in order to increase the total REEs
recovery, it was critical to recover this type of “lost REEs particles”. As clearly shown in Figure
4.5.18A, the REEs particle in the center of the figure was quite large. In addition, the fact that
yellow (Ce) and brown (La) were co-existing with green (Ca) and purple (Ba) on the same particle
suggested that the “lost” REEs particle was also a composite particle.

In summary, as shown by Figure 4.5.15-4.5.18, the SEM/EDS elements mapping analysis of the
four flotation products revealed the flotation rates of various REEs particles during a flotation
process. Pure/free REE particles, which were well liberated from gangue minerals, had the highest
flotation rate and they were always collected in the first several minutes. This portion of flotation
concentrate can be treated as a rough product because it generally had a 30-40% REO grade.
Comparatively, some large composite REEs particles floated much slower. In order to efficiently
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recover this portion of REEs particles, further liberation was needed by either extending the
primary grinding time or introduce a regrinding process after concentrate was collected. In addition,
because the grade of the 2nd and 3rd flotation concentrates were usually low, a regrinding process
of these REEs concentrates is also needed for a consecutive cleaner flotation to further improve
the grade of these REEs particles. The above analysis was very important for the design of a
flotation flowsheet of Mountain Pass ore.
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Figure 4.5.15 SEM/EDS mapping analysis of the flotation concentrate collected after the
first 2 minutes’ flotation
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Figure 4.5.16 SEM/EDS mapping analysis of the flotation concentrate collected during the
2-6 minutes’ flotation time
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Figure 4.5.17 SEM/EDS mapping analysis of the flotation concentrate collected during the
6-10 minutes’ flotation time
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Figure 4.5.18 SEM/EDS mapping analysis of the flotation tailing collected after a 10
minutes’ flotation time
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4.5.4 Results of flotation tests using SHA with extended grinding time
The SEM-EDS analysis of flotation products indicated that insufficient liberation was the main
reason why REE flotation recovery was below target. The unliberated REE particles associated
with gangue minerals was either of a slow flotation speed or remaining unfloated in the tails. The
previous grinding time was set at 15mins and the P80 was 70um, which was just below 200mesh
(74um). According to the SEM-EDS analysis on grinding products of feed, it was also suggested
that a more complete liberation happened at particle size below 325 mesh. Thus, flotation tests
with extra grinding time were conducted to study how finer particle size distribution impacted the
flotation process. In this section, there were 2 ways of enhancing the liberation of Mountain Pass
ore. One was that the primary grinding time was extended to 25mins, at which the P80 was 42um
(just below 325 mesh); another choice was to keep 15mins grinding time and flotation for 10mins,
then the tails containing rest of the rare earth was ground in the mill again for 5mins. Another
4mins flotation was conducted after the regrinding process. The motive came from the fact that
the rare earth particles in tails were not well liberated. Extra grinding time was only applied
towards the tails after 1st stage flotation process and the grinding time (15min+5min) can be
reduced compared with a total of 25mins primary grinding time. The energy cost was lower and
overgrinding impact towards hydrophobic particle in 1st stage concentrate can be avoided. Finally,
results of flotation tests conducted at different temperatures were displayed and compared.

Figure 4.5.19 showed the flotation results obtained when using 0.4g/L SHA as collector, 0.05g/L
oil, 0.5g/L Na2SiO3 at 40°C with 25mins primary grinding time. It can be told that after 10 mins’
flotation, the recovery of Ce was 75%, meanwhile the recovery of Ca was 15% and the recovery
of Ba was 11%. In comparison with Figure 4.5.10, the flotation recovery of Ce improved 5% by
extending grinding time from 15mins to 25mins. Figure 4.5.20 showed the flotation results
obtained when using 0.8g/L SHA as collector, 0.05g/L oil, 0.5g/L Na2SiO3 at 40°C with 25mins
primary grinding time. It can be told that after 10 mins’ flotation, the recovery of Ce was 85%,
meanwhile the recovery of Ca was 19% and the recovery of Ba was 9%. In comparison with Figure
4.5.11, the flotation recovery of Ce improved 4% by extending grinding time from 15mins to
25mins. Figure 4.5.21 showed the flotation results obtained when using 1.2 g/L SHA as collector,
0.05 g/L oil, 0.5 g/L Na2SiO3 at 40°C with 25mins primary grinding time. It can be told that after
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10 mins’ flotation, the recovery of Ce was 90%, meanwhile the recovery of Ca was 29% and the
recovery of Ba was 11%. In comparison with Figure 4.5.12, the flotation recovery of Ce improved
9% by extending grinding time from 15mins to 25mins.

From Figure 4.5.19 to Figure 4.5.21, one can see that the extended grinding time further liberated
the rare earth mineral from gangue minerals, which resulted in a beneficial effect for rare earth
recovery. Previously, highest rare earth recovery was around 80%, given only SHA and oil was
used as collectors with 15mins grinding time. In the case of 25mins grinding time, the highest rare
earth recovery had been improved to 90% at 1.2 g/L SHA. Also in this series of flotation tests,
there was an apparent difference in rare earth recovery between 0.8 g/L SHA and 1.2 g/L SHA.
Previous results obtained with 15mins grinding time showed that there was no difference in rare
earth recovery between 0.8 g/L SHA and 1.2 g/L SHA, indicating that the dosage of collector was
excessive above 0.8 g/L. Longer grinding time reduced the particle size, meanwhile exposing more
surface area than shorter grinding time. Therefore, 1.2g/L SHA, which was regarded over dosage
in flotation tests with 15mins grinding, can be further adsorbed onto surfaces of target mineral in
flotation tests with 25 mins grinding, and thus enhanced the rare earth recovery.

The recovery change of gangue mineral was also of research interest. It was normally considered
that as the particle size of flotation feeds became finer, there will be more hydrophilic gangue
minerals carried out through entrainment in froth instead of attaching on bubbles (Trahar, 1981).
Thus, it was not surprising to observe a notable increase in the recovery of gangue. However, in
this study it can be found that the recovery of Ba was kept at a low level given only SHA and
neutral oil was used as collectors. It can be told from Figure 4.5.19 to Figure 4.5.21, and Figure
4.5.10 to Figure 4.5.12 that the recovery of Ba was always around 10%, regardless of SHA dosage
and particle size distribution. On the other hand, the Ca recovery was impacted by collector
concentration and grinding time both. A positive relationship can be found between SHA dosage
and Ca recovery, and an increasing trend of Ca recovery can be observed when the extra grinding
time was applied. The difference can be clarified by reviewing the SEM-EDS images of flotation
concentrate. Under the Back Scatter Electron (BSE) mode, the mineral particles containing Ba
(high atom number) were brighter than mineral particles containing Ca (low atom number). With
EDS identification, it was easy to tell that the particle size of Ba containing mineral was larger
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than that of Ca bearing minerals. The size of Ba bearing particle was not hard to measure. However,
the particles of Ca bearing particles were so fine and one could hardly distinguish the boundaries
among them. The reason behind this observation was that the hardness and specific gravity of
barite were both higher than calcite. During grinding process, the calcite was easier to be broke
into pieces than barite. Therefore, the size of calcite was much finer than that of barite. In the end,
the flotation response was influenced by the difference in size distribution. It was also possible
that the adsorption process of SHA on calcite and barite surfaces were not the same, which resulted
in different response to various concentrations of SHA.

Figure 4.5.22 showed the flotation results obtained when using 0.8g/L SHA as collector, 0.05g/L
oil, 0.5g/L Na2SiO3 at 40°C with 15mins primary grinding time and floated for 10mins. Later the
tails were reground for another 5mins, conditioning with extra 0.4g/L SHA and floated for another
4mins at 40°C. The total SHA dosage was 1.2g/L. It can be told that after 14 mins’ flotation, the
recovery of Ce was 90%, meanwhile the recovery of Ca was 26% and the recovery of Ba was 13%.
In comparison with Figure 4.5.12, the flotation recovery of Ce had improved 9% by regrinding
process. In detail, the regrinding process with extra 0.4g/L SHA improved the rare earth recovery
from 81% to 90%. Figure 4.5.23 showed the flotation results obtained when using 0.4g/L SHA as
collector, 0.05g/L oil, 0.5g/L Na2SiO3 at 40°C with 15mins primary grinding time and floated for
10mins. Later the tails were reground for another 5mins, conditioning with extra 0.4g/L SHA and
floated for another 4mins at 40°C. The total SHA dosage was 0.8g/L. It can be told that after 14
mins’ flotation, the recovery of Ce was 90%, meanwhile the recovery of Ca was 24% and the
recovery of Ba was 17%. In comparison with Figure 4.5.11, the flotation recovery of Ce improved
8% by regrinding process. In detail, the regrinding process with extra 0.4g/L SHA improved the
rare earth recovery from 70% to 90%.

From Figure 4.5.22 to Figure 4.5.23, and their comparison with previous flotation results without
regrinding process, some advantages of regrinding process can be figured out. Firstly, the flotation
recovery was 9%-10% higher than that of flotation tests with only 15 min primary grinding tests,
given the chemical dosages were the same. The improvement in recovery can be attributed to a
better liberation realized by regrinding. Secondly, assuming total SHA dosage was 0.8g/L, the
REE recovery of flotation tests with 25mins primary grinding time was 85%, which was lower
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than 90% obtained with regrinding process. Assuming total SHA dosage was 1.2g/L, the REE
recovery of flotation tests with 25 mins primary grinding time was 90%, which was the same with
regrinding process. The results showed that flotation tests with regrinding process had an overall
better performance than those with longer primary grinding time. This was because the extra
grinding energy was selectively imposed onto the unfloated particles after the flotation of high
floatability particles, whereas in the flotation tests with 25mins primary grind time, all particles
were further liberated without preference, resulting in a lower energy efficiency and possible
overgrinding of fine rare earth minerals. Last but not the least, the rare earth flotation recovery
(90%) of Figure 4.5.23 (SHA 0.4g/L + 0.4g/L) was comparable with that (90%) of Figure 4.5.22
(SHA 0.8g/L + 0.4g/L). The results clearly showed that 1.2g/L SHA was not necessary to obtain
a sound flotation recovery in the flotation test with regrinding process. A total of 0.8 g/L SHA can
also meet the target recovery. Taking previous flotation tests using SHA into consideration,
flotation test with 0.8g/L SHA and regrinding process as described in Figure 4.5.23 seemed to be
the optimum one, in terms of rare earth recovery, chemical dosages and concentrate grade.

A series of flotation tests aiming at illustrating the temperature effect on Mountain Pass ore were
conducted based on Figure 4.5.23, which was believed to be of the optimum conditions with SHA.
Temperature was the only variable and tests were conducted at 3 temperature gradients, i.e. 20 °C,
40 °C and 60 °C. Figure 4.5.24 showed the flotation results obtained when using 0.4g/L SHA as
collector, 0.05g/L oil, 0.5g/L Na2SiO3 at 20°C with 15mins primary grinding time and floated for
10mins. Later the tails were reground for another 5mins, conditioning with extra 0.4g/L SHA and
floated for another 4mins at 20°C. The total SHA dosage was 0.8g/L. It can be told that after 14
mins’ flotation, the recovery of Ce was 87%, meanwhile the recovery of Ca was 24% and the
recovery of Ba was 19%. Figure 4.5.25 showed the flotation results obtained when using 0.4g/L
SHA as collector, 0.05g/L oil, 0.5g/L Na2SiO3 at 60°C with 15mins primary grinding time and
floated for 10mins. Later the tails were reground for another 5mins, conditioning with extra 0.4g/L
SHA and floated for another 4min at 60°C. The total SHA dosage was 0.8g/L. It can be told that
after 14 mins’ flotation, the recovery of Ce was 81%, meanwhile the recovery of Ca was 11% and
the recovery of Ba was 6%. Besides, a recovery-grade diagram (Figure 4.5.26) was given in terms
of the most abundant REE in this ore (Ce). The difference in the flotation tests conducted at
multiple temperatures could be clarified.
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Several conclusions can be made by comparing Figure 4.5.23 to Figure 4.5.26, in which all the
parameters were the same except for temperature. Firstly, the flotation recovery was impacted by
different temperatures. At room temperature the REE flotation recovery was 87%, 3% lower than
that of flotation test conducted at 40°C (90%). A similar trend between recovery and temperature
was also observed by Li and Zeng (1999), who also applied SHA in bastnaesite flotation at Sichuan
deposits. As the temperature increased to 60°C, the REEs flotation recovery dropped significantly
down to 81%. On the other hand, the flotation recovery of Ca decreased from 24% to 11% as
temperature was elevated from 20°C to 60°C, and such was the case for Ba, which also had a
gradually reducing recovery from 19% to 6% with the same temperature variations. Such changes
in recoveries could have impact on concentrate grades, which was displayed in Figure 4.5.26. It
was obvious that the concentrate grades of the 3 flotation tests were distinct from each other. The
flotation test conducted at 60°C had the highest concentrate grade and the lowest recovery; the
flotation test conducted at 20°C showed the lowest grade and a moderate recovery; the flotation
test conducted at 40°C held the highest recovery and a moderate concentrate grade. The same
trends both in recovery and grade were reported in the flotation of rare earth from Baotou Steel
rare earth tailings, in which the flotation collector was H205 and LD (fatty acid). The recovery
initially increased with elevated temperature but further dropped with higher temperature, whereas
the grade kept rising with elevated temperatures (Zhang et al., 2016).

High flotation recovery and concentrate grade were beneficial in terms of economics. Elevated
temperature (40°C) improved the overall flotation performance of Mountain Pass ore using SHA
as collector. Too high temperature (>60°C) was not cost efficient and the recovery will be damaged.
In consideration of all aspects above, it was beneficial to keep the flotation of Mountain Pass ore
at a moderate temperature between 40°C~60°C, given SHA was the primary collector, to obtain a
high rare earth recovery (80%-90%) and high concentrate grade (30%-40% REO) simultaneously.

Mountain Pass ore flotation was always conducted at elevated temperature. The reason was that
the selectivity can be improved at high temperature; at low temperature, the collector can adsorb
on many other minerals with low preference to rare earth, and the separation efficiency was
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hampered. This conclusion was applicable to both fatty acid collectors and hydroxamic acid
collectors, since similar trends were observed in flotation tests.

The enhanced flotation selectivity can be illustrated by the dissociation of semi-soluble salts and
SHA adsorption on rare earth minerals. The dissociation of semi-soluble salts was generally
enhanced at elevated temperatures. The ionic strength was increased and there were more RE
containing cations exposed on the surface of minerals such as bastnaesite. On the other hand,
Pradip and Fuerstenau (1985) had already proved that the adsorption reactions of hydroxamate on
bastnaesite, barite and calcite were all endothermic. However, the heat of adsorption value was
187 kJ/mol, 20 kJ/mol and 45 kJ/mol, respectively. The huge difference in heat of adsorption value
was the basis of disproportionately higher adsorption of hydroxamate on bastnaesite than other
gangue minerals. Therefore, the interaction between bastnaesite surface and hydroxamate ions was
thus enhanced by elevated temperature, since there are more active sites for collector adsorption
on rare earth mineral surface, meanwhile the adsorption reaction was thermodynamically favorable
towards bastnaesite surface instead of gangue mineral surface at high temperature.
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Figure 4.5.19 Lab flotation test result of Mountain Pass ore at a specific condition
(Grinding time 25 mins, 0.4 g/L SHA, 0.05 g/L oil, 0.5 g/L Na2SiO3 @ 40°C)

Figure 4.5.20 Lab flotation test result of Mountain Pass ore at a specific condition
(Grinding time 25 mins, 0.8 g/L SHA, 0.05 g/L oil, 0.5 g/L Na2SiO3 @ 40°C)
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Figure 4.5.21 Lab flotation test result of Mountain Pass ore at a specific condition
(Grinding time 25 mins, 1.2 g/L SHA, 0.05 g/L oil, 0.5 g/L Na2SiO3 @ 40°C)

Figure 4.5.22 Lab flotation test result. (0.8 g/L SHA, 0.05 g/L oil, 0.5 g/L Na2SiO3, flotation
10 mins, regrinding for 5 mins, adding 0.4 g/L SHA, flotation 4 mins @ 40°C)
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Figure 4.5.23 Lab flotation test result (0.4 g/L SHA, 0.05 g/L oil, 0.5 g/L Na2SiO3, flotation
10 mins, regrinding for 5 mins, adding 0.4 g/L SHA, flotation 4 mins @ 40°C)

Figure 4.5.24 Lab flotation test result (0.4 g/L SHA, 0.05 g/L oil, 0.5 g/L Na2SiO3, flotation
10 mins, regrinding for 5 mins, adding 0.4 g/L SHA, flotation 4 mins @ 20°C)
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Figure 4.5.25 Lab flotation test result (0.4 g/L SHA, 0.05 g/L oil, 0.5 g/L Na2SiO3, flotation
10 mins, regrinding for 5 mins, adding 0.4 g/L SHA, flotation 4 mins @ 20°C)

Figure 4.5.26 Effect of temperature on flotation shown by Recovery-Grade curves
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4.5.5 Flotation kinetics study of Mountain Pass ore
The flotation results were examined by flotation kinetics study by fitting the recovery-time curves
of rare earth element, in order to setup a flotation model associated with different factors that can
influence the flotation process. It was widely accepted that first order kinetics was suitable for
most flotation process (Arbiter et al., 1962), which was based on the assumption that the bubbleparticle collision process was first ordered (Polat and Chander, 2000), deriving from the concept
in chemical engineering. A common first order flotation kinetics model can be found as the
following equations:
R = 𝑅∞ (1 − e−Kt )

(Eq. 4.1)

Where
t = the time of flotation process;
𝑅∞ = the maximum recovery that can be obtained when flotation time is infinite;
R = recovery at given flotation time;
K= the rate of flotation process.
With flotation time t and corresponding recovery R known, the value of K and 𝑅∞ can be obtained
by fitting the recovery-time curve. As a result, the influence of experimental variables on K and
𝑅∞ can be observed, and empirical equations can be provided based on the data from lab scale
tests.
Table 4.5.1 Results of fitting flotation kinetics curves of flotation tests with OA and OHA

Case No.

OA dosage
(g/L)

OHA dosage
(g/L)

𝑅∞
(%)

K
(constant)

1(Figure 4.5.1)

0

0.1

67.7

0.58

2(Figure 4.5.2)

0

0.2

90.2

1.05

3(Figure 4.5.3)

0.02

0.06

85.2

0.98

4(Figure 4.5.4)

0.01

0.07

80.8

0.98

5(Figure 4.5.5)

0.02

0.08

90.2

1.06

6(Figure 4.5.6)

0.01

0.09

81.9

1.02
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Table 4.5.1 summarized the first order kinetics parameters of flotation tests conducted with OA
and OHA from Figure 4.5.1 to Figure 4.5.6. It can be told that when only 0.1 g/L OHA was used
as collectors, 𝑅∞ was only 67.7% and K was 0.58, much lower than that of OHA 0.2 g/L, i.e.
𝑅∞ was 90.2% and K was 1.05. Higher collector dosage was beneficial to the maximum rare earth
recovery, and the flotation rate constant K was almost doubled when 2 times dosage of OHA
applied. The addition of OA could potentially decrease the total amount of collectors needed, as
can be told from Case 5 of 0.02g/L OA+0.08g/L OHA, whose 𝑅∞ and K were almost identical
with Case 2 of 0.2g/L OHA. The combination of OA with OHA can keep the same flotation rate
and theoretical maximum recovery with those of OHA 0.2g/L, with only half of the dosage(0.1g/L).
In Case 3 of 0.02g/L OA +0.06g/L OHA, the 𝑅∞ and K were slightly lower than those of Case 5,
since the OHA dosage was reduce by 0.02g/L. However, the value of 𝑅∞ and K were still high
due to the existence of 0.02g/L OA.

The influence of OA dosage was more significant than the impact of OHA dosage. Case 6 showed
that given the same total collector dosage, reducing OA from 0.02g/L to 0.01g/L, meanwhile
increasing OHA dosage from 0.08g/L to 0.09g/L resulted in 8.3% loss in REE recovery, and a
slightly drop in flotation rate. Such was the same observation in Case 4 and Case 3, in which
reducing OA dosage from 0.02g/L to 0.01g/L, meanwhile increasing OHA dosage from 0.06g/L
to 0.07g/L resulted in a relative low REE recovery of 80.8%, and a slightly drop in flotation rate.
Regression analysis has been made on the relationship among 𝑅∞ , K, OA and OHA dosages. The
equations were determined as below:

𝑅∞ = 5.39×[OA]+1.316×√[𝑂𝐴]+ 2.2×[OHA]+ 0.445 R-square = 96.5% (Eq. 4.2)

K = 0.14×[OA]+5.27×√[𝑂𝐴]+5.1×[OHA]+ 0.066

R-square = 90.8% (Eq. 4.3)

Where [OA] was the concentration of oleic acid, [OHA] was the concentration of OHA.

An empirical first order kinetics model was proposed base on the results above, assuming all the
parameters were the same as used in present study except for collector dosages. A 3D-surface plot
was provided as Figure 4.5.27 based on the equation below when flotation time was infinite.
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R= (0.445+5.39×[OA]+1.316×√[𝑂𝐴]+ 2.2×[OHA]) × (1-𝑒 −(0.066+0.14×[OA]+5.27×√[𝑂𝐴]+5.1×[OHA])𝑡 ) (Eq.4.4)

Figure 4.5.27 3D-surface plot of REE flotation recovery as function of mixed collector
(OA+OHA) dosage
Obviously, the magnitude of OA concentration was much smaller than that of OHA in the
equations above, indicating stronger influence of OA on flotation. Even though OA dosage was
the dominant component in terms of flotation, the fraction of OA in mixed collector had to be low.
The reason was owing to the difference in molecule structure of OA and OHA. The hydrocarbon
of OA was C18, whereas OHA only possessed C8 hydrocarbons, meaning a dramatic gap in
hydrophobicity and consequently the floatability. Besides, the lower selectivity of OA compared
to OHA also limited the amount of OA allowed as a protection for concentrate grade.

In sum, it was of great importance to quantify the synergic effect of mixed collectors on flotation
by comparing the parameters of flotation kinetics. The mixed collector scheme resulted in a much
higher flotation recovery and flotation rate than OHA itself at the same dosage, which was
economically beneficial and cost efficient.
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Table 4.5.2 Results of fitting flotation kinetics curves of flotation tests using SHA

Case No.

SHA dosage
(g/L)

𝑅∞
(%)

K
(constant)

7(Figure 4.5.19)

0.4

75.1

0.384

8(Figure 4.5.20)

0.8

86.7

0.415

9(Figure 4.5.21)

1.2

90.7

0.449

Table.4.5.2 summarized the first order kinetics parameters of flotation tests conducted with SHA
from Figure 4.5.19 to Figure 4.5.21. The only variable in these 3 tests was the dosage of SHA. It
can be told from Case 7 to Case 9 that the SHA dosage had a significant effect on the maximum
flotation recovery (𝑅∞ ). The 𝑅∞ was improved from 75.1% to 86.7% as the SHA concentration
was increased from 0.4g/L to 0.8g/L, and the improvement from 0.8g/L to 1.2g/L SHA was about
4%, which was much lower than 11.6% improvement from 0.4g/L to 0.8g/L. The flotation rate
constant K also had a positive relationship with SHA concentration, since the value of K rose
steadily from 0.384 to 0.449 as the SHA concentration was increased from 0.4g/L to 1.2g/L. It was
apparent that increasing collector dosage will facilitate the adsorption process, which can result in
higher hydrophobicity and floatability for specific particles. It was not surprising to see the
particles that should be floating late was collected in the first several minutes, or the particles that
should be remaining unfloated was finally recovered in the concentrate, because of high collector
concentration. High collector concentration will promote the flotation process by enhancing the
final recovery, which was in line with conclusion of flotation practice using other types of ores
(Klimpel, 1999; Nuri et al., 2014). The flotation rate data indicated that the flotation speed of rare
earth particles kept accelerating with higher SHA dosage, due to the extra adsorption of collector
ions on bastnaesite surface.
Regression analysis has been made on the relationship among 𝑅∞ , K and SHA dosages. The
equations were determined as below:
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𝑅∞ = 14.473×ln[SHA]+88.784 R-square = 98.5% (Eq. 4.6)
K = 0.0812 × [SHA] +0.351

R-square = 99.9% (Eq. 4.7)

Where [SHA] was dosage of SHA. Thus, an empirical first order kinetics model (Eq.4.8) was
proposed base on the results above, assuming all parameters were the same as used in present study
except for collector dosages. A simulated flotation recovery-SHA dosage curve was plotted based
on Eq.4.8.
R= (14.473×ln[SHA]+88.784) × (1- 𝑒 −(0.0812 × [SHA] +0.351)𝑡 ) (Eq.4.8)

Figure 4.5.28 Simulated flotation recovery - SHA dosage curve based on regression analysis
Both the first order kinetics model and simulated curve showed that high SHA dosage was
beneficial for the final recovery of rare earth elements. On the other hand, the effect of SHA dosage
on the projected recovery became less pronounced as the SHA dosage was above 1.2g/L. Therefore,
the reagent cost has to be taken into consideration when determining the optimum reagent scheme
for flotation.
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4.6 Conclusion
In summary, the following conclusions can be obtained towards froth flotation of Mountain Pass
rare earth ores.

1. Characterization of Mountain Pass ore figured out that the main rare earth mineral was
bastnaesite, and the grade (in weight ratio) of rare earth element (REE) of Mountain
Pass ore was about 6.7%. Therefore, the total grade of REO (rare earth oxide) was
about 7.8%. The main gangue minerals in Mountain Pass ore were barite (BaSO4),
calcite (CaCO3)/dolomite (CaMg(CO3)2) and silica(SiO2)/silicate.

2. Liberation analysis by SEM-EDS and grinding study both suggested that the
appropriate particle size distribution of flotation feed had to be at least 80% < 200 mesh,
which required 15min grinding time in this study, and more complete liberation was
achieved at 80% < 325 mesh, and can be converted to 25mins grinding in this work.
3. When OA and OHA were used in combination at the condition of 0.01~0.02 g/L OA,
0.06~0.09g/L OHA, 0.5~1g/L Na2SiO3 and 5g/L Na2SO4 @ 60°C, the rare earth
recovery of 80-90% can be achieved. The flotation temperature was reduced from about
70-90°C as used at Mountain Pass mine to 60°C in this study. The total amount of
collectors (<0.1g/L) was less than half of the OHA dosage (>0.2g/L) that has been used
for Mountain Pass ore flotation previously.
4. Flotation of Mountain Pass rare earth ore using SHA had to be conducted with higher
collector dosages to obtain a satisfactory REE recovery compared with OA and OHA.
Given P80<200mesh, with the help of 0.05g/L neutral oil and 0.5g/L Na2SiO3, the
dosage of SHA should be in the range of 0.8~1.2 g/L (0.4-0.8 g/L with 0.01 g/L oleic
acid), resulting in 80-90% REE recovery, < 30% Ca recovery and <20% Ba recovery.
The flotation can be carried out at 40 °C, which was much lower than 80-90°C as
applied in the present Mountain Pass mine flotation sheet.
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5. Flotation tests with SHA were further studied with higher degree of liberation. The
flotation recovery was improved, and the experiments results obtained from this
investigation showed that 80-90% REE recovery, <20% gangue recovery can be
achieved at 40°C~60°C in a scaled-up laboratory flotation test, which yielded a rougher
concentrate of 30%~40% REO. The optimum reagent scheme was using 0.4g/L SHA
as collector, 0.05g/L oil, 0.5g/L Na2SiO3 with 15mins primary grinding time (P80 <
200mesh) and floated for 10mins, then the tails were reground for another 5mins,
conditioning with extra 0.4g/L SHA and floated for another 4mins. The total dosage of
chemicals was about 2.7 kg/t, which was much lower than the 5.4 kg/t as used in the
present for Mountain Pass mine flotation flowsheet.

6. Flotation kinetics study proved that mixed collector of OA and OHA was comparable
with 2 times dosage of OHA both in recovery and flotation rate. OA played the
dominant role in mixed collector scheme and it was not an optimum collector of high
selectivity. OA not only adsorbed on the target mineral, i.e., bastnaesite, but also the
gangue, i.e., calcite and barite. It was also the reason why a lot of depressant and a high
flotation temperature had to be applied in the present Mountain Pass mine flotation
sheet, which increased the operation cost. Flotation kinetics study on the tests with
SHA was elaborated by SHA dosage. Regression analysis based on lab test data
suggested that high dosage of SHA was strongly associated with high flotation recovery
and fast flotation kinetics.
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Chapter 5 Adsorption Mechanism Study of Collectors on
Bastnaesite Surface
5.1 Introduction
The surface chemistry study and lab-scale flotation tests above have improved the flotation
Mountain Pass ore successfully in terms of recovery, reagent scheme and temperature. It is of
research interest and integrity to explore the underlying mechanism of the process such as the
collector adsorption mechanism on bastnaesite surface. In the present study, we have applied FTIR (Fourier transform infrared spectroscopy) and AFM (atomic force microscope) to study the
adsorption behavior of collectors on bastnaesite surface, from which the adsorption mechanisms
of these collectors on mineral surface can be clarified. The information is critical to build the
adsorption model for the proposed work.

Firstly, FT-IR spectra of bare bastnaesite surface and pure chemicals were obtained and
characteristic peaks were confirmed as references. Secondly, FT-IR spectra of bastnaesite surface
were collected after contacting with oleic acid (OA), sodium octanohydroxamate hydrate (OHA)
and OA+OHA solutions. The structure of surface adsorption species can be inferred. Thirdly, FTIR spectra of bastnaesite surface were collected after contacting with salicylhydroxamic acid
(SHA) and sodium benzohydroxamate hydrate (BHA) solutions, in order to find out the possible
structures of chelating compounds.

The AFM images were also obtained on bare bastnaesite surface for baseline purpose. The study
was focused on bastnaesite surface contacting with oleic acid (OA) and salicylhydroxamic acid
(SHA), which represented carboxylic acid collector and hydroxamic acid collector respectively.
The differences in adsorption mechanisms can be visualized by AFM images. The AFM study was
also partially conducted on calcite surface after reacting with OA and SHA, aiming at explaining
the selectivity of collectors towards different minerals. Besides, temperature effect was elaborated
by comparing AFM images collected at room temperature and elevated temperature. Incorporating
all the knowledge learnt from this study, an interactive process model has been produced
concluding with a final validated model.
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5.2 Materials and methods
5.2.1 Materials
High grade bastnaesite ore samples were obtained from the Mountain Pass mine and provided by
Molycorp Inc., CA. Pure mineral of calcite was obtained from Wards Natural Science
Establishment (Rochester, NY). Pure samples were cut and finely polished to expose fresh surfaces,
then cleaned by rinsing thoroughly with ethanol and deionized water, finally blown to dry by
nitrogen gas for AFM and FT-IR measurements. The deionized water was used in all the
experimental work. The water had a conductivity of 18.2MΩ at 25°C and a surface tension of 72.5
mN/m at 25°C. The ethanol (100% pure) was prepared by Decon Lab, Inc. The liquid nitrogen and
nitrogen gas were prepared by Cryogenics & Gas Facility, University of Arizona, Tucson, AZ.
Sodium octanohydroxamate hydrate (>98%), sodium benzohydroxamate hydrate (>98%) and oleic
acid (>99%) were obtained from Tokyo Chemical Industry America (Portland, OR).
Salicylhydroxamic acid (>99%) was obtained from Alfa Aesar (Haverhill, MA). Sodium
hydroxide (>97%, reagent grade) was purchased from Sigma Aldrich (St. Louis, MO). All the
chemicals were used as received without further purification. Solutions were freshly prepared each
time right before the experiment of surface characterization.
5.2.2 Fourier transform infrared spectroscopy (FT-IR) tests
A Nicolet 6700 Fourier transform infrared spectrometer equipped with the Smart iTR accessory
was used to collect mid-infrared spectra. The system was equipped with a liquid-nitrogen cooled
DTGS KBr detector and a diamond ATR crystal with an angle of incidence of 45°. Fresh mineral
surface was pressed and fastened towards the ATR crystal to collect background spectra. Sample
spectra was collected after soaking in collector solutions of different concentrations and
temperatures for specific time. The intensities in the FT-IR spectra were shown in a relative
absorbance under the same scale for the sake of complexity of reflection spectroscopy. All spectra
were collected at room temperature and no further treatment was made towards spectra except
baseline correction.
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5.2.3 Atomic force microscope (AFM) tests
Surface image measurements were carried out in contact mode by a Digital Instrument Nanoscope
IIId AFM at room temperature (25±1°C). Silicon nitride Np-20 cantilevers with nominal spring
constant of 0.12-0.58N/m were obtained from Veeco, CA. A 1.2 cm × 1.2 cm mineral sample was
used for measurement. For the study of mineral surface in water, surface image measurements
were conducted right after the nanopure water was injected into an AFM fluid cell. After the
surface image data was collected, a 10ml solution of a specific concentration was flushed through
the liquid cell and the AFM measurement was commenced after the exposure of the mineral plate
to the solution for a specific time. No image modification other than flattened were conducted
towards the image. For temperature study an AFM high-temperature heater/cooler was installed.
The package included a liquid cooled scanner with a 125×125×5 micron range (XYZ), a plug-in
heater element (-35 to 100 °C), a pump with damper and reservoir, and a TAC heater controller.
The heating element directly heated up the mineral sample and the solution of collector right above
it. A high-volume pump with pulse-removing liquid damper could stabilize the scanner
temperature and coolant flow. When measurement in water was needed, the temperature could be
changed from 0°C to 70°C due to the 'freezing point' of water and the 'bubbling effect' of water
under higher temperature, both of which made the AFM measurement in water impossible beyond
this temperature range. In this research, the AFM imaging study of collector’s adsorption on
mineral surface had been carried out at 25°C and 60°C, which were within the measurement range
of the AFM high-temperature heater/cooler setup. The variance in temperature was within ±1°C.

Figure 5.2.1 An AFM temperature control system with heater/cooler modulus
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5.3 FT-IR results
FT-IR (Fourier transform infrared spectroscopy) spectra was applied to study the adsorption of
collectors on bastnaesite surface. The obtained results will help understand the adsorption
mechanism and adsorption products of various collectors. All information will clarify the impact
of collector on the adsorption on bastnaesite in a micro-scale aspect, which was critical for building
up adsorption models of these chemicals.
Figure 5.3.1 was the FT-IR spectra of a clean and smooth bastnaesite surface. As a fluorocarbonate
mineral, the bastnaesite infrared spectra was no doubt displaying characteristic peaks of carbonate
mineral. It was typically considered that carbonate structure was identified in infrared spectra by
4 sets of vibration peaks between 1500 cm-1 and 700 cm-1 (Socrates, 2001). In the spectra of
bastnaesite, the peaks were corresponding to the antisymmetric stretching vibration of CO32- at
1447 cm-1; symmetric stretching vibration of CO32- at 1086 cm-1; out-of-plane bending vibration
CO32- at 868 cm-1; in-plane bending vibration CO32- at 750 and 727 cm-1 (Xue and Yuan, 2004;
Wang et al., 2014). However, as can be told from Figure 5.3.1, the number of vibration peaks
related to CO32- was different from typical carbonate spectra, also the wavenumbers of peaks
varied. Figure 5.3.1 displayed 6 peaks in the carbonate range, namely a strong and wide peak at
1339 cm-1 with a strong peak at 1477 cm-1 on its shoulder; one strong peak at 1085 cm-1 and another
strong peak at 861 cm-1, finally a doublet at 746 cm-1 and 717 cm-1.
Obviously, there were some discrepancies existing between the infrared spectra of Mountain Pass
bastnaesite ore in this study and previous results by others using Maoniuping ore (Wang et al.,
2014). The number and wavenumbers of the peaks were different from each other between 1500
cm-1 and 700 cm-1. However, there were still some points in common such as the peak at 3579 cm1

and the week hump at 3400 cm-1. Peaks with such high wavenumber were no doubt due to the

vibration of hydrogen bond, and it was in good agreement that the peaks were associated with
hydroxyl group (Jia et al., 2011; Wang et al., 2014). During the formation of natural bastnaesite,
it was very likely that the F- ion can be replaced by OH- ion in the crystal structural of natural
bastnaesite, which was named as hydroxyl-bastnaesite. The existence of hydroxyl-bastnaesite had
already been proved in Mountain Pass mine (Figure 4.3.2) and Maoniuping mine (Shi and Yi,
1993). In fact, it was highly possible that most natural bastnaesite ores were more or less affected
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by the hydroxyl group, since the substitution happened very easily as long as there was any water
in the air or soil.
The impact of hydroxyl group on the infrared spectra of bastnaesite was obvious. Shivaramaiah et
al. (2016) conducted FT-IR test on synthesized CeCO3F and CeCO3OH. The results indicated that
the -OH group was able to impacted the infrared spectra of bastnaesite and promoted the split of
vibration peaks. Socrates (2001) also defined the spectra of OH-CO32- as that of coordinate
carbonate ion, which matched well with the infrared spectra in this study. Given hydroxylbastnaesite as part of the mineral tested, the pattern of infrared spectra should be highly similar
with Figure 5.3.1. The inconsistency observed in other study was probably a cumulative results of
sample variation and different infrared testing methods, which applied KBr pellet (using powder
sample) instead of ATR technique (using a piece of mineral).
Figure 5.3.2 showed the FT-IR spectra of collectors tested in this study. The spectra were collected
from 4000 cm-1 to 600 cm-1. All the pure chemicals were tested in the raw status as received
without purification. The oleic acid was measured in liquid form, while the other 3 chemicals were
measured in solid state, whose patterns of spectra were highly similar between 1800 cm-1 and 600
cm-1, since their major function groups were all hydroxamic acids. The standard infrared spectra
of the reagents above could be found in the infrared data base (e.g. Spectral Database for Organic
Compounds, SDBS). The spectra in Figure 5.3.2 had little deviation from standard references,
owing to the high purity (>98%) of reagents applied. For example, the spectra of oleic acid had
strong peaks at 2922 cm-1 and 2853 cm-1, representing the C-H vibration in the hydrocarbon chain,
also the C=O vibration peak can be observed at 1708 cm-1. The results proved the reliability of
reagents used in this study and can work as references in the following infrared study.
Figure 5.3.3 showed the FT-IR spectra of bastnaesite surface after treated with 0.2 g/L oleic acid,
0.2 g/L sodium octanohydroxamate hydrate and 0.2 g/L oleic acid mixed with sodium
octanohydroxamate hydrate in 1:1 ratio. The bastnaesite background (1500-700 cm-1) was also
included in the spectra. In Figure 5.3.3A, the infrared spectra showed a strong doublet at 2922 cm1

and 2853 cm-1, a strong peak at 1715 cm-1 and a medium peak at 1541 cm-1. Besides, there was

a valley existing between 1477 cm-1 and 1339 cm-1 in the spectra of bare bastnaesite surface (Figure
5.3.1), but not observed in the spectra after adsorption (Figure 5.3.3A). Thus, it can be inferred
that there should be an additional peak emerged around 1450 cm-1 after adsorption.
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The strong doublets at 2922 cm-1 and 2853 cm-1 represented the C-H stretching vibration of
aliphatic group in the hydrocarbon chain of oleic acid. One previous study was also focused on the
absorbance peak at 3000 cm-1 to 3010 cm-1, indicating the existence of =CH (Hu et al., 1986),
which existed in the middle of carbon chain and thus made it an unsaturated carboxylic acid. The
peak at 1715 cm-1 can be also observed in the oleic acid reference spectra, which was the result of
C=O vibration of carboxylic acid. The medium strong peak at 1541 cm-1 was a new peak generated
by the adsorption reaction, and did not exist in reference spectra of oleic acid. In fact, the major
functioning components in basic solution was oleate ions after dissociation, which was
characterized by C-O vibration at 1560 cm-1. The adsorbed oleate on semi-soluble mineral surface
were very-well studied (Free and Miller, 1996; Young et al., 2000; Peck, 1964; Antti and Forssberg,
1988; Lanzon et al., 2010). It was for sure that the peaks around 1560 cm-1 were associated with
asymmetric stretching vibration of C-O. On the other hand, the symmetric stretching vibration of
C-O should be observed between 1450 cm-1 to 1407 cm-1, which confirmed the assumption of peak
at 1450 cm-1. Similar infrared spectra of rare earth carboxylates were also obtained by Pavez et al.
(1996), whose results showed slightly higher wavenumbers at 1585 cm-1 and 1466 cm-1. He et al.
(2013) reported peak at 1564 cm-1 as the asymmetric stretching vibration of C-O. The variance of
C-O peak can be possibly explained by the different resources of oleate, either from oleic acid or
sodium oleate. It was in good agreement (Pavez et al., 1996; Wang et al., 2013) that the significant
existence of C=O vibration suggested the presence of physically adsorbed oleate on bastnaesite
surface.
In Figure 5.3.3B the infrared spectra showed similar doublets at 2922 cm-1 and 2853 cm-1 with that
of Figure 5.3.3A. This was because that sodium octanohydroxamate hydrate was also consisting
of hydrocarbon chain. However, the relative absorbance responding to the aliphatic group in the
carbon chain were much lower than that of Figure 5.3.3A, which could be explained plausibly by
the difference of chain length (C18 for oleic acid and C8 for OHA). Another significant
characteristic peak was observed at 1646 cm-1, which was reported as the characteristic peak of
the C=O vibration at 1621 cm-1 by Pavez et al. (1996). The discrepancy in C=O peak wavenumber
was due to the type of octanohydroxamic acid used in the studies above. The original C=O
vibration peak in OHA reference spectra (Figure 5.3.3B) was at 1635 cm-1 for sodium hydrated
salt (Higgins et al, 2006), which was higher than 1626 cm-1 for potassium hydroxamate used by
Pavez et al. (1996). There were also some other associated works identifying the position of C=O
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peak, such as 1640 cm-1 (Sarvaramini et al., 2016) and 1630 cm-1 (He et al., 2016). The shifting
behavior of carbonyl peak can be regarded as the result of chemisorption.
In Figure 5.3.3C the infrared spectra of bastnaesite surface was collected after adsorption with
mixed oleic acid and sodium octanohydroxamate hydrate. The spectra displayed the features of
both adsorbed collectors, including asymmetric stretching vibration of C-O in carboxylate at 1541
cm-1, C=O vibration of carboxylic acid at 1716 cm-1, C=O vibration of adsorbed hydroxamate at
1646 cm-1 and C-H vibration of -CH2-CH3 at 2922 cm-1 and 2853 cm-1. In addition, the C-H
vibration peaks of aliphatic group can be regarded as the cumulative results of both chemicals. He
et al. (2016) also conducted infrared test on bastnaesite surface after treated with a mixture of C5C22 fatty acid and C5-C9 hydroxamic acid. Only C-H vibration peaks at 2925 cm-1 and 2856 cm-1;
C=O vibration of adsorbed hydroxamate at 1630 cm-1 were detected. The undetected C-O and C=O
peaks of oleate may be attributed to the relative low fraction (only 20%) of fatty acid in the mixed
collector. In contrast, the OA: OHA ratio in present FT-IR test was 1:1, thus adsorption products
of both collectors can be successfully identified. The facts above clarified the adsorption
mechanism in the mixed collector scheme of OA and OHA, namely the surface adsorbed species
contained composed products of oleate adsorption and hydroxamate adsorption. All of surface
adsorption species can contribute to improve the hydrophobicity (by hydrocarbon chain) and
beneficiate the flotation process.
Figure 5.3.4 showed the FT-IR spectra of bastnaesite surface after treated with salicylhydroxamic
acid and sodium benzohydroxamate hydrate solutions. The collector concentrations were all 0.4
g/L and the contact time was controlled at 15 mins. In this test series, the interference of bastnaesite
background was fully diminished and the characteristic peaks between 1500 cm-1 to 700 cm-1 can
be observed together with peaks between 4000 cm-1 and 1500 cm-1. It was obvious that both the
infrared spectra in Figure 5.3.4 had the same characteristic peaks. The spectra included a strong
and wide peak at 3300 cm-1; two medium strong peaks at 1454 cm-1 and 890 cm-1; a very strong
peak at 1640 cm-1 and a shoulder-like peak at 1560 cm-1.
The peaks in Figure 5.3.4 can be identified reasonably based on literature and bonding information.
There was no doubt that the strong peak at 1640 cm-1 was the vibration of C=O bond (amide I) as
discussed above. Similar peak was obtained at 1639 cm-1 by Wang et al. (2014). The vibration of
C-N-H (amide II) can be reflected in 2 forms: the trans and the cis. The trans C-N-H vibration was
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observed between 1570-1510 cm-1; whereas the cis C-N-H vibration was confirmed at 1490-1440
cm-1 (Higgins et al., 2006). Thus, the medium strong peak observed at 1454 cm-1 was considered
as the response of cis C-N-H vibration. The strong and wide peak around 3300 cm-1 was the
reflection of hydrogen bond vibration in the polar group of hydroxamic acid instead of C-H
vibration of benzene, which was usually found at 3080-3010 cm-1, 1275-960 cm-1 and 900-650
cm-1 (Socrates, 2001). Therefore, in the case of BHA, the peak around 3300 cm-1 was the result of
N-H vibration, whereas for SHA the peak around 3300 cm-1 was possibly consisting of N-H
vibration and O-H vibration. The medium strong peak at 890 cm-1 was the result of N-O stretching
vibration for certain, as described by Hadzi and Prevosek (1957). Different voice claimed that the
N-O vibration peak was observed at 1053 cm-1 and 1091 cm-1 (Wang et al., 2014). More detailed
information can be found in Table 5.3.1, which summarized infrared results of bastnaesite surface
after adsorption with various collectors.
Detailed bonding information has been given by infrared study on the bastnaesite surface
adsorption species after contacting with collectors. The infrared study results, together with the
knowledge from literature review in Chapter 2, can be integrated and the molecule structures of
adsorption products were illustrated (Figure 5.3.5 and Figure 5.3.6). Figure 5.3.5 displayed the
rare earth complex structures after contacting with OA and OHA, which both were consisting of
hydrocarbon chains. There was only one function group for each collector, thus the interaction
with bastnaesite surface was straightforward. The presented structure of OHA-RE complex was in
good agreement with Pradip and Fuerstenau (1983), Che et al. (2014) and Rao et al. (2015).
According to Figure 5.3.6, it was obvious that the adsorption products of the 2 aromatichydroxamic acids had the same chelating structures, as reveal by infrared spectra. Besides, the
results above confirmed that the extra hydroxyl group of SHA did not directly impact the chelating
reaction by joining in the chelating ring of rare earth hydroxamate complex. Otherwise the peaks
of SHA spectra should differ significantly from that of BHA spectra. The structure of SHA-RE
complex was in line with Wang et al. (2014).
Table 5.3.1 Infrared results of surface adsorption species on bastnaesite surface
Author

Reagent

Results (cm-1)

Methods

Luo and Chen
(1984)

C5-C9 HA

1610 C=O vibration

KBr pellet
Salt-plate

Note
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Liu et al. (1988)

SHA

3500 O-H vibration
1620 C=O vibration

Sodium oleate

2924 and 2854 C-H axial
deformation vibrations
1585 and 1466 C-O axial
stretching vibrations

Pavez et al.
(1996)

N/A

KBr pellet

Potassium
OHA

1621 and 1467 C=O
stretching vibrations

OHA

1603 C=O vibration
1288 C=N vibration
996 N-O vibrations

N/A

He et al. (2013)

Sodium oleate

2920 and 2852 C-H
stretching vibration
1564 C-O asymmetric
stretching vibration

N/A

Wang et al.
(2014)

SHA

1639 C=O asymmetric
stretching vibration
1053 and 1091 N-O

KBr pellet

OHA

2954.41 and 2925.48
C-H stretching vibration
1126 C-O stretching
1674 C=N stretching

N/A

Sarvaramini et
al. (2016)

OHA

2850–2960 C-H
stretching vibration
1640 C=O stretching

MCT
detector
Powder
sample

He et al. (2016)

C5-C22 fatty
acid +C5-C9
hydroxamic
acid

2926 and 2856 C-H
stretching vibration
1630 C=N stretching

KBr pellet

Cui et al. (2012)

Rao et al. (2015)

Artificial Cehydroxamate

Artificial Cehydroxamate

C=O instead of
C=N

C=O instead of
C=N
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Figure 5.3.1 FT-IR spectra of clean bastnaesite surface in this study

Figure 5.3.2 FT-IR spectra of pure collectors A) Oleic acid; B) Sodium octanohydroxamate
hydrate; C) sodium benzohydroxamate hydrate; D) Salicylhydroxamic acid
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Figure 5.3.3 FT-IR spectra of bastnaesite surface after treated with 0.2g/L collectors for
15mins A) Oleic acid; B) Sodium octanohydroxamate hydrate; C) Oleic acid mix with sodium
octanohydroxamate hydrate
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Figure 5.3.4 FT-IR spectra of bastnaesite surface after treated with sodium
benzohydroxamate hydrate (BHA) and salicylhydroxamic acid (SHA) of 0.4g/L for 15mins

Figure 5.3.5 Structure of rare earth complex of collectors with alkyl chain
A) RE-OA; B) RE-OHA

Figure 5.3.6 Structure of rare earth complex of collectors with aromatic ring
A) RE-BHA; B) RE-SHA
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5.4 AFM results
The AFM imaging technique has been widely applied in the surface characterization of various
materials. It was employed in this investigation to obtain the surface morphology of mineral
surfaces. By comparing the obtained images before and after the addition of chemicals, one can
know not only the change of morphology, but also possibly the reaction products on solid surface.
Figure 5.4.1 showed the AFM images of bastnaesite soaking in water for 30 minutes. Figure 5.4.1A
was the 5 µm × 5 µm height image with a data scale of 5 nm. One can see from the image that the
bastnaesite surface was quite smooth, with only some scratch lines due to surface polishing being
observed. The obtained images confirmed that the mineral surface was smooth enough for an AFM
surface image analysis. Figure 5.4.1B was the 3-D image; Figure 5.4.1C was the section analysis
and Figure 5.4.1D was the deflection image with a data scale of 5 nm.
Figure 5.4.2 showed the AFM images of bastnaesite soaked in oleic acid solutions. Figure 5.4.2A
was the AFM image of bare bastnaesite surface soaked in water, and the polished mineral surface
was quite smooth despite some scratches. Usually a highly smooth surface was beneficial for the
study of chemicals on minerals because the influence from the background surface was negligible.
Figure 5.4.2B was the AFM image obtained after the sample was soaked in 0.02 g/L oleic acid for
20 minutes. By comparing Figure 5.4.2A with Figure 5.4.2B, one can see that the surface
morphology of rare earth had changed a lot with the scratches being covered by some adsorbates
and becoming much 'blur'.
Figure 5.4.3 showed the AFM images of calcite soaked in oleic acid solutions. Figure 5.4.3A, the
AFM deflection image of bare calcite surface soaked in water, showed that the polished mineral
surface was also quite smooth, with only some scratches or cracks being observed. Figure 5.4.3B
is the AFM image obtained after the sample had been soaked in 0.02 g/L oleic acid for 20 minutes.
By comparing Figure 5.4.3A with Figure 5.4.3B, one can see that the surface morphology of calcite
had changed a lot after the mineral surface contacted solution for 20 minutes. The result showed
that oleic acid can adsorb on calcite surface efficiently, forming precipitates on mineral surface.
Figure 5.4.3C was a 5 µm × 5 µm image to clearly show the precipitates on calcite surface. Figure
5.4.3D was the image obtained after the mineral surface contacted oleic acid solution for 60
minutes. The precipitates were quite stable in solution with the mineral surface being fully covered.
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In summary, Figure 5.4.2 and Figure 5.4.3 showed that oleic acid adsorbed on both calcite and
bastnaesite surfaces. However, the morphology of adsorbate on bastnaesite surface was totally
different from that obtained with calcite. The adsorbate on bastnaesite was not in the form of
precipitate as that on calcite. Instead, it was very likely that the bastnaesite surface was covered by
an oily film, which made the scratches 'blur'. The difference in morphology of the adsorbate, as
shown by the AFM images, suggested that oleic acid adsorbed on calcite and bastnaesite by
different mechanisms. For calcite, insoluble precipitate was the main product on mineral surface;
however, oleic acid adsorbed on bastnaesite mainly in a form of oily film.
Figure 5.4.4 showed the AFM images of bastnaesite soaked in salicylhydroxamic acid solutions.
Figure 5.4.4A was the AFM image of bare bastnaesite surface soaked in water. Figure 5.4.4B was
the image obtained after the sample had been soaked in 0.02 g/L salicylhydroxamic acid for 10
minutes. By comparing Figure 5.4.4A and Figure 5.4.4B, one can clearly see that some adsorbates
appeared on bastnaesite surface. Figure 5.4.4C was the image obtained after the sample had been
soaked in 0.2 g/L salicylhydroxamic acid for 20 minutes. By comparing Figure 5.4.4C, Figure
5.4.4A and Figure 5.4.4B, one can clearly see that there were a lot of adsorbates appearing on
bastnaesite surface. Similarly, in order to verify the adsorption, a 5 µm × 5 µm area was scanned
for one time with a much larger scan force being applied to remove the adsorbates. Further, the
surface was imaged again in a 10 µm × 10 µm area and the result was shown as Figure 5.4.4D. A
blank 'window' was also shown in the center of the image because of the removal of the adsorbates
from mineral surface under the applied large scan force. The 'window' in the center was the bare
bastnaesite surface and the surrounding area was the mineral surface covered by adsorbates.
Figure 5.4.5 showed the AFM images of calcite soaked in salicylhydroxamic acid solutions. Figure
5.4.5A was the AFM image of bare calcite surface soaked in water. Figure 5.4.5B was the AFM
image obtained after the sample had been soaked in 0.02 g/L salicylhydroxamic acid for 20
minutes. The fact that no change was observed between Figure 5.4.5A and Figure 5.4.5B suggested
that salicylhydroxamic acid had little affinity for calcite. By comparing Figure 5.4.4B and Figure
5.4.5B in detail, it can be told that salicylhydroxamic acid adsorbed on bastnaesite surface much
more than on calcite surface at the same collector dosage of 0.02g/L.
In summary, Figure 5.4.4 and Figure 5.4.5 showed that salicylhydroxamic acid adsorbed with
preference on bastnaesite, and the adsorbates were more significant at high collector concentration.
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On the other hand, this collector had little affinity for calcite compared with bastnaesite. The
finding also suggested that salicylhydroxamic acid had a higher selectivity than oleic acid.
Figure 5.4.6 showed the AFM images of bastnaesite soaked in oleic acid solutions at elevated
temperature. Figure 5.4.6A, the image obtained in air, showed that the polished mineral surface
was quite smooth with only some scratches being observed due to surface polishing. Figure 5.4.6B
was the AFM image of bare bastnaesite surface soaked in water for 20 minutes. By comparing
Figure 5.4.6A and Figure 5.4.6B, one can see that the mineral surface remained the same with
almost no change in surface morphology being observed. Figure 5.4.6C was the AFM image
obtained after the sample had been soaked in 0.02 g/L oleic acid for 20 minutes at 60°C and further
cooled down to room temperature. Figure 5.4.6C clearly showed that there were many patches
appearing on bastnaesite surface. The patches were very likely of an 'oily' substance, because the
patches, in general, had smooth and round boundaries, of which the morphology was totally
different from that of precipitates. Figure 5.4.6D was a 5 µm × 5 µm image to show the smooth
and round boundaries of the patches.
Figure 5.4.7 showed the AFM images of calcite soaked in oleic acid solutions at elevated
temperatures. Figure 5.4.7A, the AFM deflection image of bare calcite surface in air, showed that
the polished mineral surface was quite smooth, with only some scratches or cracks being observed.
Figure 5.4.7B was the AFM image obtained after the sample had been soaked in water for 30
minutes. When compared to Figure 5.4.7A, Figure 5.4.7B showed that calcite became a little bit
rougher due to the reaction of mineral surface with water. Figure 5.4.7C was the image obtained
after the sample had been soaked in 0.02 g/L oleic acid for 10 minutes at 60 °C. By comparing
Figure 5.4.7C with Figure 5.4.7B, one can see that the surface morphology of calcite had changed
a lot even only after the mineral surface contacted solution for 10 minutes. The result showed that
oleic acid adsorbed strongly on calcite surface at an elevated temperature by forming metal soap
on mineral surface. Figure 5.4.7D was a 5 µm × 5 µm image and Figure 5.4.7E was a 1 µm × 1
µm image. Both images clearly showed in a smaller scale of the adsorbates on calcite surface.
Figure 5.4.7F was the image obtained after a 5 µm × 5 µm area was scanned with a very large scan
force. By comparing Figure 5.4.7C and Figure 5.4.7F, one can see that neither the mineral surface
changed nor a bare 'window' shows up in the image. It suggested that the adsorbed oleic acid on
calcite surface adhered strongly on mineral surface and even a strong force couldn’t remove it
from the mineral surface.
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In summary, Figure 5.4.6 and Figure 5.4.7 showed the temperature effect on the adsorption of
oleic acid on both minerals. As shown by the AFM images in the Figure 5.4.2 and Figure 5.4.3,
the adsorbates of oleic acid adsorbing on calcite and bastnaesite surfaces had different
morphologies. For calcite metal soap was the main product on mineral surface; however, oleic acid
adsorbed on bastnaesite mainly in a physical adsorption form of oily film. In addition, as shown
by Figure 5.4.6 and 5.4.7, increasing temperature resulted in a much faster and stronger adsorption
of oleic acid on the surface. It therefore brought up a dilemma for the flotation of bastnaesite at
elevated temperature. As shown by Figure 5.4.6, increasing temperature helped increase the
solubility of oleic acid in water and the absorption of oleic acid on bastnaesite surface. On the
other hand, as shown by Fig 5.4.7 increasing temperature also increased the adsorption of oleic
acid on the gangue minerals. Inevitably it will increase the flotation recovery of gangue minerals
and result in a reduced flotation selectivity. Therefore, a large amount of depressants had to be
used to depress gangue and the outcome may not be satisfying.
The AFM study on bastnaesite interaction with rare earth collectors was scarce, especially by
means of AFM imaging. The only related work was conducted by Cui and Hope (2016), who
obtained an AFM image of cerium carbonate thin film on calcite, however no more image of
collector adsorption was provided. Thus, the AFM images in this work did not only give out
information of adsorption mechanism, buy also worked as original references for any future AFM
study concerning interaction between bastnaesite and rare earth collectors.
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Figure 5.4.1 AFM images of bastnaesite surface soaked in water for 30 minutes A) the 5 µm
× 5 µm height image with a data scale of 5 nm; B) the 3-D image; C) the section analysis; D)
the deflection image with a data scale of 5 nm
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Figure 5.4.2 AFM images of bastnaesite soaked in oleic acid solutions A) bare surface
soaked in water; B) bare surface soaked in 0.02 g/L oleic acid for 20 minutes
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Figure 5.4.3 AFM images of calcite soaked in oleic acid solutions A) bare surface soaked in
water; B) bare surface soaked in 0.02 g/L oleic acid for 20 minutes; C) 5 µm × 5 µm image of
B; D) bare surface soaked in 0.02 g/L oleic acid for 60 minutes
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Figure 5.4.4 AFM images of bastnaesite soaked in salicylhydroxamic acid solutions A) bare
surface soaked in water; B) bare surface soaked in 0.02 g/L salicylhydroxamic acid for 10
minutes; C) bare surface soaked in 0.2 g/L salicylhydroxamic acid for 20 minutes; D) scanned
with larger force after adsorption
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Figure 5.4.5 AFM images of calcite soaked in salicylhydroxamic acid solutions A) bare
surface soaked in water; B) soaked in 0.02 g/L salicylhydroxamic acid for 20 minutes
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Figure 5.4.6 AFM images of bastnaesite soaked in oleic acid solutions at different
temperatures A) bare surface in air; B) bare surface soaked in water for 30 minutes; C) bare
surface soaked in 0.02 g/L oleic acid for 20 minutes at 60°C and cooled down to room T° D)
5 µm × 5 µm image of C
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Figure 5.4.7 AFM images of calcite soaked in oleic acid solutions at different temperatures
A) bare surface in air; B) bare surface soaked in water for 30 minutes; C) bare surface
soaked in 0.02 g/L oleic acid for 10 minutes at 60 °C; D) 5 µm × 5 µm image of C; E) 1 µm ×
1 µm image of C; F) scanned with larger force after adsorption
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5.5 Adsorption model of reagents on mineral surfaces
Previously, this work has successfully studied and proposed the adsorbed molecule structures of
flotation collectors, i.e., oleic acid (OA), sodium octanohydroxamate hydrate (OHA) and
salicylhydroxamic acid (SHA), for the flotation of bastnaesite. In present section, the interactive
adsorption models of these chemicals on mineral surface, which were critical for a successful REE
flotation, have been described based on the micro-scale study by FT-IR spectra and AFM images.
Figure 5.5.1 to Figure 5.5.4 showed the interactive adsorption models of the collectors, i.e., (OA,
OHA and SHA) as used in the present investigation on bastnaesite, a semi-soluble mineral. The
dominant rare earth element in Mountain Pass bastnaesite was cerium, thus the active sites for
adsorption on bastnaesite surface were labeled by Ce. According to Figure 2.4.1 (distribution of
Ce3+ hydrolysis product as a function of pH), the most abundant hydrolysis product at pH 9 (pH
applied for flotation) was Ce(OH)2+, followed by Ce(OH)3 and Ce(OH)2+. The fractions of Ce3+
and Ce(OH)4 were so low that they can be neglected during the adsorption process. To perform as
active sites for anionic collector adsorption, the spots on bastnaesite surface should be positive
charged. Therefore, Ce(OH)2+ and Ce(OH)2+ were the two principle hydrolysis products to be
considered in the adsorption model.
Figure 5.5.1 showed the adsorption model of oleic acid on bastnaesite. The functional group of
ionized oleic acid was –COO-, which can combine with cationic hydrolysis products of dissolved
multivalent cations, making OA being adsorbed on bastnaesite. It was possible that -COO- reacted
with Ce(OH)2+ and Ce(OH)2+ forming chelating complex. However, since the potential chelation
product can only have a 4-member ring structure, the product was not stable. It was very likely
that OA physically adsorbed on semi-soluble minerals. This conclusion was proved by the
existence of C=O vibration peak in infrared spectra, indicating the existence of physical adsorption
product. Comparatively, OHA and SHA both contained the functional group –CO-NH-OH, i.e.,
the ligand, which can complex with cationic hydrolysis products of dissolved multivalent cations,
forming a very stable chelation product of a five-member chelating ring structure. Therefore, OHA
and SHA generally adsorbed on bastnaesite through a chelation reaction forming stable chelation
products on mineral surface, as shown in Figure 5.5.2 and Figure 5.5.3. In this manner, collector
(OA, OHA and SHA) adsorbed on bastnaesite surface with hydrocarbon tail protruding into water
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phase, improving the hydrophobicity of the target mineral, i.e., bastnaesite, and therefore its
floatability.
Figure 5.5.4 showed the adsorption model of mixed collector (OA+OHA) on bastnaesite. As can
be told from corresponding infrared study, the spectra displayed the features of adsorption species
of both collectors, thus it was inferred that these 2 chemicals co-adsorbed on bastnaesite surface,
assuming in their own mechanisms correspondingly. The synergistic effect of combined collectors,
which was beneficial for flotation recovery, could be proposed as the followings: the uneven
hydrocarbon chain length of different collectors could possibly form a composite adsorption layer,
which had a higher adsorption density than that of single collectors. Collectors with different chain
length, e.g. C8 hydroxamic acid, can be smoothly inserted between adsorbed C18 oleate, whereas a
free C18 oleate ions was usually excluded by repulsion force between 2 hydrocarbon chains.
The adsorption models elaborated the interactions between bastnaesite and flotation collectors,
which was vital to obtain a sound REE flotation recovery. Additionally, it was also of great
significance to understand the interaction mechanism of depressant on gangue mineral, which was
beneficial for the concentrate grade. Therefore, interactive models were proposed for the
adsorption of depressants on gangue mineral surfaces. The models were schematically described
as Figure 5.5.5 and Figure 5.5.6. The depressants applied in this work, i.e. Na2SiO3 and Na2SO4,
were associated with calcite and barite in the model. The model was generally concluded as the
interaction of barite and calcite with anionic collectors, and oleic acid was presented as an example
of anionic collector.
As shown by Figure 5.5.5A, oleic acid adsorbed on the positive charged sites of calcite, mainly
Ca2+ and Ca2+-OH, through the charge-charge interaction, and formed metal soap with
hydrocarbon tail protruding towards the water phase. This adsorption behavior, which will increase
the hydrophobicity and therefore the flotation recovery of calcite, was not beneficial for the
flotation of bastnaesite due to the high recovery of gangue. When Na2SiO3 and Na2SO4 were in
use, as shown by Figure 5.5.5B and Figure 5.5.5C, the depressants will compete with oleic acid
and prevent it from adsorbing onto the positively charged sites of calcite. Zeta potential results
also showed that the mineral surface became strongly negatively charged with increasing dosage
of depressants. Therefore, the hydrophobicity and the floatability of calcite will not be enhanced.
It was beneficial for the separation of bastnaesite from calcite.
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Similar to the case of calcite, as shown by Figure 5.5.6, oleic acid adsorbed on the positive charged
sites of barite, mainly Ba2+ and Ba2+-OH through the charge-charge interaction, and form metal
soap with hydrocarbon tail protruding towards the water phase. The model showed that depressant
had to be added, because the adsorption of oleic acid will increase the hydrophobicity and therefore
the flotation recovery of barite. The addition of Na2SiO3 and Na2SO4 will form precipitates on
barite and cover the positive sites, preventing it from being adsorbed by anionic collectors.
Besides, both microflotation and lab-scale flotation study showed that Na2SO4 was highly efficient
towards the depression of barite. The mechanism lay in the fact that as a semi-soluble salt mineral,
barite can be slightly dissociated into Ba2+ and SO42-, in which sulphate ions was the dominating
anion that impact the solubility of barite. Additional sulphate anions, which were introduced by
the addition of Na2SO4, could dramatically increase the concentration of SO42-, which in turn
prohibited the dissociation of barite. The number of active sites of Ba2+ was thus smaller and the
possibility of adsorption with collectors was reduced. Consequently, the hydrophobicity and
floatability were decreased and barite was successfully depressed with the help of Na2SO4.
The adsorption models above showed that different collectors could adsorb on bastnaesite surface
and thus improve the surface hydrophobicity. However, according to the observations in previous
chapters, it was also concluded that these collectors differed significantly in selectivity towards
bastnaesite, and the sequence was proved to be SHA>OHA>OA. The reason was usually attributed
to the stability of adsorption product, namely metal-hydroxamate chelate compound for SHA and
OHA, and rare earth-carboxylate for oleic acid. Obviously, the stability of rare earth-carboxylate
was not comparable with metal-hydroxamate chelate compound, as can be told from the chemical
structure. Besides, metal-hydroxamate chelate compound of benzohydroxamic acid (BHA) was
also included in the following discussion, aiming at a thoroughly understanding of using
hydroxamic acids as rare earth collectors.
Generally, a chelation reaction can be described by Eq. (5.1) shown as follows:
𝑀 + 𝐿 ↔ 𝑀𝐿

(𝐸𝑞. 5.1)

where M stands for the metal cation (Ce, La, Ba, Ca) and L stands for the ligand (OHA and SHA
in this case).
The first stability constant of the reaction is expressed by Eq. (5.2) as follows:
𝐾1 =

𝑀𝐿
[𝑀]×[𝐿]

(𝐸𝑞. 5.2)
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where M and ML are the same as described in Eq. (5.1), [M] is the concentration of the metal
cation (Ce and La in this case) and [L] is the concentration of the ligand (OHA, BHA and SHA in
this case). In general, a large K1 value suggests that product of chelating reaction as expressed by
Eq. (5.1) is more stable and therefore the collector will adsorb on mineral surface preferably in the
case of flotation.
Table 5.5.1 listed the K1 values (in log scale) of OHA, BHA and SHA complex with various
multivalent cations, such as Ce, La, Ca and Ba. As shown by Table 5.5.1, Log(K1) was 5.45 for
the case of OHA-Ce and 5.16 for the case of OHA-La. Comparatively, Log(K1) was 2.40 for the
case of OHA-Ca and 2.28 for the case of OHA-Ba. It suggested that OHA adsorbed on Ce and La
in preference to Ca and Ba. The finding clearly explained the fact that OHA can be used as a
collector for Ce and La containing mineral because of its selectivity over Ca and Ba (gangue
mineral). Similarly, Log(K1) was 10.14 for the case of SHA-Ce and 9.79 for the case of SHA-La.
On the other hand, Log(K1) was 3.24 for the case of SHA-Ca and 3.20 for the case of SHA-Ba. It
suggested that SHA adsorbed on Ce and La in preference to Ca and Ba, suggesting that SHA can
be used as an effective collector for bastnaesite flotation as well. The Log(K1) was 8.44 for the
case of BHA-Ce and 8.15 for the case of BHA-La, whereas the Log(K1) was 2.14 for the case of
BHA-Ca and 3.62 for the case of BHA-Ba. The similar stability constant data of BHA and SHA
indicated that BHA was also a promising collector for rare earth flotation.
Additionally, re-examination of the data listed in Table 5.5.1 showed that the difference in the ratio
of Log(K1) for the case of SHA-Ce: SHA-La: SHA-Ca: SHA-Ba (5.45: 5.16: 2.4: 2.28) was much
larger than that for the case of OHA-Ce: OHA-La: OHA-Ca: OHA-Ba (10.14: 9.79: 3.24: 3.2).
The Log(K1) value of SHA-Ce (10.14) was 2 times of the Log(K1) value of OHA-Ce (5.45). The
facts above suggested that SHA had a higher selectivity than OHA. Therefore, SHA showed a
better separation efficiency over OHA in the flotation of Mountain Pass mine ore.
A comprehensive evaluation of hydroxamic acid collectors (OHA, BHA, SHA) towards
bastnaesite flotation (Mountain Pass case) can be obtained by integrating the results of surface
chemistry study, lab-scale flotation tests and adsorption models. The selectivity and collectivity of
collectors were the 2 determining factors.
Firstly, the selectivity of hydroxamic acid collectors towards rare earth minerals can be compared
by stability constant of metal-hydroxamate complex. The selectivity was illustrated by a high
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stability constant of RE-hydroxamate, meanwhile a low stability constant of non-RE metalhydroxamate, such as Ca and Ba. Therefore, all the 3 hydroxamic acid collectors, as shown in
Table 5.5.1, can be applied as flotation collectors with selectivity towards rare earth minerals.
Secondly, the selectivity of various hydroxamic acids can be different. The disparity in selectivity
can be told from the stability constant value of RE-hydroxamate. The higher the stability constant,
the higher the selectivity of hydroxamic acid as rare earth collector. Thus, the selectivity of
hydroxamic acids can be ranked as followings:
SHA>BHA>OHA
Thirdly, the outstanding selectivity of salicylhydroxamic acid in Mountain Pass ore flotation can
also be attributed to the -OH group on its benzene ring. The stability constant of SHA-RE complex
was compared with that of BHA-RE complex, showing a slightly higher SHA-RE stability
constant than that of BHA-rare earth complex, meanwhile the stability constant associated with
gangue mineral cations were roughly the same. The difference in stability constant was the result
of extra hydroxyl group. Li and Liu (1987) suggested that the -OH group generally had an
induction effect with a tendency to accept electrons; on the other hand, the -OH group on benzene
ring had a conjugate effect, which tended to give out electrons. In this case the conjugate effect
was stronger than induction effect, indicating salicylhydroxamic acid was more willing to accept
H (proton) than benzohydroxamic acid. Thus, the acidity of salicylhydroxamic acid was lower.
The stability of chelating compound was affected by the abilities of accepting protons. The easier
that hydroxamic acid accepted protons, the harder the dissociation of hydroxamic acid did, which
in turns meant that the chelation with metal ions was easier and stable. Thus, the stability constant
of salicylhydroxamic acid was higher than that of benzohydroxamic acid (Liu et al., 1989). Similar
to the discussion above, the stability constant of benzohydroxamic acid was no doubt higher than
that of octanohydroxamic acid, because the acidity of BHA was lower than that of OHA.
There were 2 factors that can contribute to the collectivity of hydroxamic acids. First, the
hydrophobicity of the nonpolar group was vital to the overall collecting power of collector. The
nonpolar group of OHA was C8-hydrocarbon chain, while the hydrophobic group of
benzohydroxamic acid was a benzene ring, which was comparable with C3-C4 hydrocarbon chain
in terms of hydrophobicity (Chi and Wang, 1996). Therefore, the collectivity of OHA was higher
than that of BHA. Secondly, additional polar group will be detrimental to the collectivity of
hydroxamic acids, since polar group was hydrophilic in natural. There was an extra -OH group on
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benzene in SHA compared to BHA. The collectivity of BHA should be higher than that of SHA.
Thus, the collectivity of hydroxamic acids can be ranked as followings:
OHA>BHA>SHA
In terms of flotation performance, the OHA can obtain high rare earth recovery at a relative low
dosage (e.g. 0.2g/L). Unpublished flotation results using BHA as collector also supported the rank
above. The rare earth recovery and gangue recovery using BHA were both higher than that
obtained with SHA, given the dosages of collectors were the same. In order to obtain a high enough
rare earth recovery, the dosage of SHA must be higher than that of other collectors with stronger
collectivity. On the other hand, the advantage of high selectivity using SHA was also obvious: the
hydrophobicity of gangue mineral surface was low and the amount of depressants needed was very
small. Temperature over 60°C was not necessary to improve the selectivity of flotation. In the case
of Mountain Pass rare earth flotation, whose separation efficiency was impeded by similar flotation
behavior of semi-soluble salts, it was highly recommended that collectors of high selectivity
(SHA) should be applied in industry practice. The lack of collectivity can be compensated only by
increasing the dosage of collector. Otherwise large amount of depressant and high flotation
temperature must be applied together to mitigate the impact of collectors with low selectivity,
which was not cost-efficient and complicated the flowsheet.

Table 5.5.1 Stability constants (Log K1) of metal hydroxamate complexes (Pradip, 1981;
Khalil, 2000; Liu et al., 1989; Farkas et al., 2000)

Octanohydroxamic
acid
Benzohydroxamic
acid
Salicylhydroxamic
acid

Ce3+

La3+

Ca2+

Ba2+

5.45

5.16

2.40

2.28

8.44

8.15

2.14

3.62

10.14

9.79

3.24

3.20
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Figure 5.5.1 Interactive adsorption models of oleic acid (OA) on bastnaesite
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Figure 5.5.2 Interactive adsorption models of sodium hydroxamate hydrate (OHA) on
bastnaesite

Figure 5.5.3 Interactive adsorption models of salicylhydroxamic acid (SHA) on bastnaesite
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Figure 5.5.4 Interactive adsorption models of mixed collectors (oleic acid (OA)+sodium
hydroxamate hydrate (OHA)) on bastnaesite
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Figure 5.5.5 The adsorption models of chemicals on calcite in the flotation of bastnaesite
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Figure 5.5.6 The adsorption mechanism of chemicals on barite in the flotation of bastnaesite
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5.6 Conclusions
In summary, the following conclusions can be made towards the adsorption mechanism study:
1) The infrared study on bare bastnaesite surface clarified the discrepancy induced by
hydroxyl bastnaesite, meanwhile the infrared spectra of natural bastnaesite was determined,
which was more or less affected by hydroxyl group during its formation.
2) Physically adsorbed oleate was observed in the interaction of oleic acid and bastnaesite

surface; whereas for OHA and SHA, chelating reaction happened between hydroxamate
ligands and hydrolysis products of rare earth metals. A five-member chelating ring was
proposed for SHA-RE complex by integrating the bonding information from infrared
spectra, and the extra hydroxyl group was not contained in the chelating ring. The mixed
collector can co-adsorb on bastnaesite, since characteristic peaks of both chemicals
emerged in the same infrared spectra.
3) The AFM study concluded that the adsorption product of oleic acid on bastnaesite surface
was different from that of calcite in morphology. The image of calcite surface after
adsorption clearly showed the existence of insoluble precipitates, whereas the bastnaesite
surface was likely cover by an oily film and made the image blur. Besides, high temperature
will promote the adsorption process as can be told from the density of adsorbates in images.
4) The AFM study also showed that salicylhydroxamic acid had a preference of adsorbing on
bastnaesite surface, instead of adsorbing on calcite surface. In contrast, oleic acid adsorbed
on bastnaesite and calcite surfaces without obvious priority. It can be concluded that
salicylhydroxamic acid was a more selective collector than oleic acid, in terms of
bastnaesite flotation.
5) Interactive adsorption models were built up including interaction of collectors with
bastnaesite surface, and how depressants worked towards gangue minerals. Finally, the
different selectivity of collectors (SHA>OHA>OA), was elaborated by stability constants,
a high value of which indicated high selectivity. Hydroxamic acids collectors were
evaluated by selectivity and collectivity. In terms of selectivity, SHA>BHA>OHA;
however, in terms of collectivity, OHA>BHA>SHA. SHA was recommended as rare earth
collector for Mountain Pass mine due to the advantages in flotation.
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Part II Improved Flotation of Resolution Copper Chalcopyrite Ore
Chapter 6 Literature Review of Temperature Effect on Flotation
6.1 Introduction
The effect of temperature has been observed for a long time during the development of froth
flotation. Initially, the influence of temperature was noticed in industry practice, after which
further studies promoted the application of temperature and helped improve flotation performance.
Compared to other well defined flotation parameters (pH, collector, frother), temperature is still
lack of systemic and comprehensive study. Although temperature is a normal parameter in daily
life, it is not a parameter that can be controlled with convenience in flotation system. The
temperature variation can be reflected in electrochemistry, surface chemistry, solution chemistry,
etc. Most of the previous studies were focused on the observation of single case, by which was
difficult to figure out the underlying mechanism without enough work and research. Unfortunately,
the number of literature concerning temperature effect on froth flotation is quite limited, which is
even less when the scope is refined within chalcopyrite flotation. Therefore, this review also
includes other types of ores, of which the flotations were conducted at different temperatures.
Despite the complexity presented, this chapter can still give out a summary of temperature effect
on froth flotation through a detailed review on previous works. The impact of temperature during
flotation process can be illustrated in the following sections.

6.2 Literature review of temperature effect on froth flotation
6.2.1 Temperature effect on flotation performance
Cooke et al. (1960) conducted research exploring the effect of elevated temperature on the flotation
of iron ore, which was consisting of oxides such as hematite, quartz and limonite. The results of
lab flotation tests indicated that the recovery of iron ore was dramatically improved by high pulp
temperature. The conclusion was applicable to multiple fatty acids used in the tests. Hallimond
tube test using stearic fatty acid illustrated the beneficial effect of high temperature: 10% recovery
at room temperature was enhanced to 97.5% at 50°C and even 100% at 70°C. On the other hand,
the gangue mineral (quartz) was found to be slightly depressed by elevated temperature. Thus, the
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concentrate grade was also improved. The beneficial factors of the flotation practice included the
high ion mobility, enhanced solubility and less induction time.
Fuerstenau et al. (1970) compared the flotation behavior of iron oxide with hydroxamate and fatty
acid. At room temperature, the hydroxamate-iron oxide flotation started at pH 4 and reached
maximum recovery at pH 9.5. The elevated temperature up to 50°C improved the flotation
recovery and widened the effective pH range for flotation. Parkins and Shergold (1976)
investigated the effect of temperature on the flotation of ilmenite. The increase both in the
conditioning temperature and flotation temperature would result in highest recovery at highest
temperature applied (75°C), at the expense of lowest concentrate grade. One step further, flotation
tests with different conditioning temperatures suggested that flotation response was not affected
by conditioning temperature.
Miller and Ackerman (1980) conducted bench scale flotation of alunite using oleic acid. Alunite
was regarded as salt type minerals which was characterized by formula of KAl3(SO4)2(OH)6. The
temperature effect reported in this study was revealed by the recovery and grade of bench flotation.
There seemed to be no obvious temperature effect shown on the grade-recovery curve when the
particle size was below 400 mesh. However, once the recovery was related to collector
concentration, it was evident that temperature at 50°C would significantly increase the flotation
recovery of alunite. Temperature higher than 50°C had little improvement on the final recovery,
while the flotation behavior was rather poor at temperature lower than 35°C.
Lin (1989) summarized the impact of seasonal variation of temperature on flotation process in
South Africa. Annually the low temperature (12°C) impeded the floatability, while at ambient
temperature (28°C) the metal recovery was higher than that of winter. Improvement actions like
reducing feeds, preheating pulp and increasing comminution energy could help prevent the
efficiency from going down with temperature. O’Connor and Mills (1990) studied the kinetics of
pyrite flotation by changing the temperature from 3°C to 44°C. It was clearly observed that the
recovery of pyrite increased from 60% to 95% with elevated temperature. Another finding was
that the grade could be also improved by elevated temperature.
Pradip and Fuerstenau (1991) intensively studied the role of temperature in the flotation of
Mountain Pass rare earth ores. Temperature was the key factor in the flotation of Mountain Pass
ore. The mechanism could be cleaning the surfaces of minerals to improve selectivity at high pulp
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temperature. But the most important point of a successful flotation process was the selective
adsorption of collectors at high pulp temperature. Heating without collector did not performed well
in selectivity. For the 2 collectors discussed in this study, oleic acid had its best performance at
temperature around 70°C-75°C, and hydroxamate was more selective than oleic acid at lower
temperature. Moreover, the selectivity of hydroxamate was higher at elevated temperature since
the free energy of adsorption on bastnaesite was two times larger than that of gangue minerals in
absolute value, which indicated chemical adsorption with more affinity. The adsorption reaction
was highly endothermic and this could be one reason why elevated temperature was beneficial.
Ejtemaei et al. (2011, 2014) reviewed important factors in the flotation process of low grade zinc
oxide minerals. The influence of temperature was addressed. Fa et al. (2005) designed the
flowsheet of sulfidization flotation for recovery of lead and zinc from oxide–sulfide ores. The
effect of temperature was mainly discussed during the process of sulfidization. Since the flotation
process was converted to sulfides-xanthate-amine system, the efficiency of sulfidization was an
important index to the final recovery. The optimum sulfidization temperature of smithsonite was
40°C, while higher or lower temperature would be unfavorable for the efficiency.
Apparently, the observations summarized above concerning temperature effect on flotation were
discrete. A universal conclusion cannot be made based on the literature currently available.
However, the discussions and conclusions can be used as reference and inspire the following
studies, i.e. chalcopyrite flotation at high temperature. Many observations claimed a beneficial
effect on flotation recoveries as temperature increased, and the underlying mechanism was to be
summarized by temperature effect on surface properties of minerals and temperature effect on
properties of pulp.
6.2.2 Temperature effect on the surface properties of minerals in froth flotation
Beneficial effect of temperature on flotation reported in the literature might be related with
dissociation constants, solubility and the activation energy of flotation reagents, removal of ultrafines (desliming) from the surfaces of the mineral particles in the pulp, dehydration of the surface
of the mineral and reagents molecules, etc. These factors can often induce increased adsorption of
the surfactant on certain mineral surface or oxidation of some mineral surface such as pyrite and
sphalerite (Lazarove et al., 1994). The following literature were mainly focused on the chemical
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adsorption on mineral surface at different temperatures. Additionally, other interfacial properties
such as surface potential and induction time were also included.
Parkins and Shergold (1976) conducted a detailed study on contact angle and adsorption density
of ilmenite surface. Generally, the contact angle of ilmenite-water surface increased with elevated
temperature, also determined by pH and collector concentration. It was believed that at low oleate
concentration, exothermic chemisorption happened on ilmenite surface, while physically
endothermic adsorption was predominant at high concentration of collector.
Ramachandran and Somasundran (1986) gave out a specific statement about the effect of
temperature on interfacial properties of quartz. The zeta potential of quartz was decreasing towards
negative value as the temperature went up. However, the surface potential did not rise back to the
value at room temperature after cooling down. It was proved by ultrasonic treatment that the
hysteresis effect was induced by disturbed amorphous surface, which accelerated the dissolution
of silicic acid on surface. Yoon and Yordan (1991) conducted a detailed study on the quartz-amine
flotation system by means of induction time. Induction time was the minimum time required for
the rupture of wetting film between bubble and mineral surface. It was observed that the induction
time was a function of collector concentration and temperature at given flotation pH. Induction
time decreased with high collector concentration and elevated temperature both. Also, the
significance of temperature effect became much less when collector dosage was high enough.
Hu et al. (1986a, 1986b) investigated the effect of temperature through adsorption density and FTIR studies, aiming at the oleate adsorption on fluorite surface. The adsorption isotherm was divided
into 3 stages according to the concentration of oleate. Region I was characterized by monolayer
and bilayer of chemisorbed oleate species, and high temperature was beneficial to the adsorption
behavior because of the endothermic reaction in nature. Region II had the reverse temperature
effect due to the variation of adsorption mechanism. As the concentration of oleate rose, more
calcium dioleate would emerge in solution and precipitated on fluorite surface. The solubility of
calcium dioleate increased with elevated temperature, thus the surface adsorption density of
precipitation will be lower when the temperature was high. Besides, the overall thermodynamics
indicated an exothermic adsorption behavior, and this finding was in line with the mechanism of
physical adsorption of calcium dioleate. Region III exhibited reduction in adsorption density with
even higher oleate concentration. Two possible reasons were responsible including slow
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precipitation of calcium dioleate and formation of stable micelles at high concentrations. High
temperature was also detrimental to the adsorption of oleate in this region. FT-IR spectra were
applied to identify the surface species and confirmed the temperature effect discussed above. The
considerable decrease in C=C double bonds was observed at high temperature, and it was proved
that the reaction was unique to the chemisorbed oleate on fluorite surface without any concern of
calcium dioleate. The product of reaction was determined by the new peak of 1090 cm-1 appeared
at high temperature, which was regarded as the peak of C-O-C bond. Thus, a hypothesis was
proposed that a polymer compound was formed at the expense of C=C bond at high temperature.
Lazarove et al. (1994) illustrated the effect of temperature on flotation by means of three phase
contact parameters (TPC) such as dynamic angle and life time of thin film (time of TPC expansion).
Improved recovery of small particle (90-160 um) quartz was reported when temperature was high.
TPC parameters showed significant dependence on temperature and decreased as the temperature
increased. A shorter life of the thin film indicated less induction time, thus the adsorption rate of
flotation was enhanced. These variations of TPC parameters were consistent with the flotation
results.
Ofor (1995) studied the oleate adsorption behavior on hematite surface with concern of
temperature. The adsorption density increased with elevated temperature and reached to maximum
at 60°C, further decreased as the temperature went up to 80°C. The explanation was based on the
fact that chemisorption was high-temperature favored and physical adsorption was impeded by
elevated temperature. If temperature ranged from room temperature to 60°C, the activation of
surface and the solubility of oleate species were the dominant factors of chemisorption. However,
when the temperature was up to 80°C, the main adsorption behavior was the micellization of oleate
aggregates, which was regarded as physical adsorption process.
Young and Miller (2000) reviewed FT-IR studies of temperature effect on oleate adsorption at
calcite surface. Comparison of adsorption density at 20°C and 60°C indicated that the reaction was
endothermic when the collector dosage was low, thus chemisorption was the dominant mechanism
at lower oleate concentration. At high concentration of oleate, the growth in adsorption density
was mainly due to the precipitation of calcium oleate, whereas this adsorption behavior was
exothermic and adsorption density decreased with elevated temperature. Ex-situ FT-IR confirmed
the conclusion at low concentration. The peaks of chemisorbed oleate was characterized by 1551
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cm-1, which was more pronounced at 60°C than that of 20°C. Meanwhile the doublet of calcium
dioleate at 1569 cm-1 and 1532 cm-1 became less significant at higher temperature. These IR results
were in line with results obtained from other semi-soluble minerals such as fluorite and apatite.
Mustafa et al. (2004) studied the adsorption of xanthate on chalcopyrite surface at different
temperatures. A meaningful study on the stability of xanthate at ambient temperature proved that
the xanthate was stable under the given adsorption conditions (2.58% decomposition per day). The
amount of absorbed xanthate was gradually increasing with elevated temperature for all the pH
tested, and the rise was attributed to the surface activation and enhanced solubility of xanthate. To
support the claims above, FT-IR study was applied towards the surface of chalcopyrite. The
existence of copper xanthate was confirmed at low temperature, whereas dixanthogen emerged at
elevated temperature. The conclusion claimed that copper xanthate was converted to dixanthogen
at high temperature.
Strong et al. (2005) conducted research on the property of xanthate in sulfides flotation at elevated
temperatures. The research was carried out through detecting xanthate concentration in pulp after
flotation and on sulfides surface in concentrate. It was observed that at elevated temperature, the
concentration of residual amyl xanthate in solution after flotation was lower than that of room
temperature. Correspondingly, the diamyl dixanthogen and copper xanthate concentration on
sulfides surface increased significantly with elevated temperature. These facts supported the claim
that at high temperature, the extra consumption of xanthate was due to the accelerated formation
of dixanthogen and enhanced decomposition into carbon sulfide & copper xanthate. Consequently,
the recovery of copper was improved by elevated temperature, at which the concentration of
hydrophobic species was high.
He et al. (2008) reported on the impact of high pulp temperature on sphalerite flotation. It was
found that the metal recovery was much lower at 60°C than that of room temperature. The
proposed mechanism was described as followings: the precipitation of calcium sulfate (hydrophilic)
was promoted by elevated temperature because of low solubility. The precipitated hydrophilic
layers, together with accelerated oxidation rate at high temperature and high pH, would
significantly reduce the amount of activating copper ions on sphalerite surface. Another
mechanism suggested that the metal xanthate (hydrophobic) was decomposed into ions, thus the
hydrophobicity of minerals was reduced. The pH of this flotation practice was above 11 and the
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high alkalinity could result in the formation of heavy metal hydroxide, e.g. Zn(OH)2. Such
hydrophilic coating could be detrimental to the floatability of target minerals. A feasible solution
was to reduce the pH to 10.8 and double the activator’s (copper sulfate) concentration at the same
time. Otherwise the pulp had to be cooled down below 45°C.
Burdukova et al. (2010a, 2010b) and O’shea et al. (2010) studied the flotation of quartz with Poly
(N-isopropylacrylamide). It was proved that this collector was temperature sensitive, which was
characterized by transiting from hydrophilic chemical to hydrophobic reagent as the temperature
increased. The comparison was made among contact angle, AFM, zeta potential and induction
time results at both 25°C and 50°C. Contact angle results suggested that the silica glass surface
was still hydrophilic at room temperature even with treatment of collector at room temperature,
whereas the hydrophobicity of the surface was dramatically increased by elevated temperature
above the transition point (32°C). The corresponding AFM results showed strong adhesion forces
with polymers at high temperature. A reduction of surface charge was detected when the
temperature was increasing. This reducing trend was continued even with the addition of collectors,
and it could be used to explain the AFM results in another way: The decrease of electrical double
layer interaction by elevated temperature was reflected in the AFM results, in which the repulsion
was weakened and Van de Waals force became dominant at certain range.
6.2.3 Temperature effect on the properties of pulp in froth flotation
Besides surface properties of minerals, the properties of pulp were another series of factors that
were vital to the success of flotation practice. The associated pulp properties affected by
temperature could be viscosity of water, fines content, dissolved oxygen, froth properties, ionic
strength and surface tension.
O’Connor and Mills (1990) illustrated a beneficial effect of elevated temperature by the reduction
of viscosity, which would weaken the association between gangue particles and the medium. Thus,
the gangue particles had more possibility to fall in the pulp. As temperature increased, a reduction
of bubble size (namely larger surface area) was observed due to lower viscosity. The improved
flotation recovery could also be partially ascribed to the enlarged surface area for attachment.
Kulkarni and Somasundaran (1980) conducted comprehensive investigation on the flotation
system of hematite-oleate. Four factors including temperature, oleate concentration, pH and ionic
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strength were discussed. Among these interactive factors, the effect of temperature was depending
on other parameters. The flotation recovery of hematite increased with high conditioning
temperature when the ionic strength was low, whereas under the condition of high electrolytes
concentration, the temperature effect was reversed. The high ionic strength could enhance the
adsorption of oleate. Given the same flotation recovery, the required adsorption density was much
lower when the temperature was high enough, and vice versa. The influence of temperature and
ionic strength on surface tension was significant below pH 8 (decreasing). In contrast, the surface
tension would increase with temperature in basic environment. The flotation behavior correlated
well with the trend of surface tension decay, and maximum recovery was obtained around pH 8.
De Castro and Borrego (1995) investigated the surface tension modified by sodium oleate with
respect to temperature and pH during flotation. A minimum surface tension value at given oleate
concentration, temperature and pH indicated the optimum condition for flotation. It was clearly
shown that the surface tension reached its lowest limit at pH 9 for most temperatures and
concentration tested. pH 9 was also the most widely applicable pH value for semi-soluble salts
flotation. A negative linear relationship of temperature and surface tension was consistent with
common properties of surfactants. As the concentration of collector increased, the effect of
temperature was not as noticeable as it was when the collector concentration was low.
Hernainz and Galvez (1996) summarized their work on the flotation practice of salt-type mineral,
which was focused on selective flotation of celesite from calcite with sodium oleate (collector)
and quebracho (depressant). It was found that high temperature was beneficial for celesite flotation
at any oleate concentration, while temperature effect was only observed in calcite flotation with
1.4×10-5 M or more sodium oleate. The flotation recovery was closely associated with surface
tension by inversely proportional relationship. An uncommon founding about temperature effect
was that the elevated temperature would weaken the depressive effect of depressant in this study.
Su et al. (1998) conducted a series of flotation studies aiming at the influence of temperature on
apatite flotation. The temperature was controlled between 10°C and 40°C for flotation practice. In
this temperature range the recovery of apatite was increasing with elevated temperature. However,
there was more magnetite floated into concentrate. The results of flotation kinetics study showed
that at temperature lower than 30°C, the flotation rate (1st order) increased proportionally with
temperature. While for temperature between 30°C and 40°C, the rate was reducing with increased
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temperature. The interpretation was that the reduced viscosity at high temperature promoted the
wash back of gangue minerals into pulp. Besides particle size also interacted with temperature
and flotation rate.
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Chapter 7 Flotation Study of Chalcopyrite at High Temperature
7.1 Introduction
The Resolution Copper ore is mined from a deep, hot, underground mine. The temperature of ROM
(run of mine ore) is much higher than that of the ore usually processed in a typical open-pit copper
mine. In addition, the fact that a large stockpile for the storage of ROM ore is generally not
available at the mine suggests that the time is not enough for hot ROM ore to cool down before it
is sent to the concentrator. During transportation, crushing and grinding process, the ore
temperature may decrease a little bit in ambient conditions. However, the ore temperature will still
be quite high when the ore is processed in conventional flotation cells in a concentrator. Because
temperature does impact flotation recoveries, as shown by the literature review, it is therefore
critical to carry out a systemic study on the flotation of Resolution Copper ore at elevated
temperatures and clarify the mechanism of temperature effect on flotation.
Flotation has been widely studied as one of the most efficient separation technique in copper
extraction industry. A typical chalcopyrite flotation scheme is complete as the chalcopyrite is
floated with the help of collector such as xanthate. With the addition of lime, pyrite is prohibited
from coating with xanthate and rejected to tailing dams with silicates. A deep understanding on
the flotation behavior is needed to further improve metal recovery and concentrate grade. Many
researches have been done to understand chalcopyrite flotation mechanism. It has been well known
that xanthate was the most efficient collector for froth flotation of sulfides (Finkelstein and Allison,
1976). Oxidation of xanthate into dixanthogen on mineral surface was the specific and most
recognized mechanism of chalcopyrite flotation with xanthate (Poling, 1963).
A plenty of test methods have been applied to figure out the impact of specific parameters on
chalcopyrite flotation. Guo and Yen (2005) conducted a series studies on the hydrophobicity of
chalcopyrite surface controlled by surface oxidation potential. Contact angle measurement was
applied together with electrochemical control. Chalcopyrite can be hydrophobic only within a
certain range of oxidation potential. Proper treatment with xanthate would enlarge the hydrophobic
potential range. Leppinen (1990) investigated xanthate adsorption on sulfides by FT-IR and microflotation tests under different pH and xanthate concentrations. It was reported that metal xanthate
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and dixanthogen were observed and the difference in absorption densities can be told through
comparison of peak heights.
Zhang et al. (2009; 2010; 2011; 2012) recently employed AFM imaging test as a method to get
visual data of chemical adsorption on mineral surface, which was based on the atomic force
measurement theory. With the help of an AFM fluid cell, one can study in-situ adsorption of the
chemicals on mineral surface in the solution. As the most responsible adsorption species for
surface hydrophobicity, dixanthogen was usually oily liquid at room temperature and atmosphere.
Some techniques (XPS) which needed high vacuum could hardly detect such a chemical due to
evaporation of organics. It was also difficult to detect the chemicals without cooling the measuring
system to a low temperature (Kartio et al., 1996).
Although many efforts have been done on the factors (concentration, pH, oxidation potential, etc.)
that could affect chalcopyrite flotation process, one can seldom see a multi-scale work which
clarified the temperature effect on chalcopyrite froth flotation. Temperature is a common factor to
be noticed and mentioned during the research, but it is usually neglected and regarded as constant
like room temperature. However, industry practice of flotation is not the same case and the impacts
of temperature were widely observed in plant operations. Therefore, the main task in this chapter
was to evaluate the effect of elevated temperature on the flotation performance of Resolution
Copper chalcopyrite ore through lab-scale flotation tests, accompanied by surface chemistry
characterizations on chalcopyrite such as contact angle tests, Hallimond tube microflotation tests,
FT-IR tests and AFM tests. In addition to the study on chalcopyrite surface, contact angle tests and
infrared tests were also conducted towards pyrite surface, which was associated with chalcopyrite
in Resolution Copper ore. The comparison between chalcopyrite and pyrite will give out a better
understanding on the interaction between xanthate and sulfides minerals.

7.2 Materials and methods
7.2.1 Materials
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Samples of high purity chalcopyrite and pyrite were obtained from Wards Natural Science
Establishment (Rochester, NY). Samples were finely polished to expose fresh surfaces, then
cleaned by rinsing thoroughly with ethanol and deionized water, finally blown to dry by nitrogen
gas for further surface characterization for AFM, FT-IR and contact angle measurements. The high
purity chalcopyrite samples (microflotation samples) were also crushed and ground into the size
of 100% passing 100 mesh. The ground samples were then screened by RX-29 Ro-Tap test sieve
shaker with US standard sieves. For lab-scale flotation the samples were obtained from Superior,
AZ, a chalcopyrite ore deposit belongs to Resolution Copper. The drill hole samples were mixed
and crushed to -10 mesh at SGS, Tucson, AZ. The deionized water was used in all the experimental
work except bench flotation tests, which had a conductivity of 18.2MΩ at 25°C and a surface
tension of 72.5 mN/m at 25°C. The ethanol (100% pure) was prepared by Decon Lab, Inc. The
liquid nitrogen and nitrogen gas were prepared by Cryogenics & Gas Facility, University of
Arizona, Tucson, AZ. Potassium amyl xanthate (PAX) > (98%) was obtained from Cytec as the
collector used in this study. Ca(OH)2 (>98%) was obtained through Alfa Aesar and used without
further purification. For each test xanthate solution was freshly made before experimental
measurement.
7.2.2 Contact angle measurement
Sessile drop experiments were carried out by a KSV CAM 101 goniometer to determine water
contact angles on mineral surface. Samples of chalcopyrite and pyrite were prepared into 3 cm ×
3 cm tablets before further treatment. The fresh surface was soaked in xanthate solution of different
concentrations and temperatures for specific time after polishing, rinsing and blowing. Solution
was removed after soaking, which involved in solution adsorption by tissue paper and dried by
gentle nitrogen gas flow. A drop of deionized water was dripped from needle to sample surface
and ready to be taken a picture. CAM 2008 calculated the contact angles within 1min of dripping.
In total six contact angle values were recorded and averaged for each data point.
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7.2.3 FT-IR tests
A Nicolet 6700 Fourier transform infrared spectrometer equipped with the Smart iTR accessory
was used to collect mid-infrared spectra. The system was equipped with a liquid-nitrogen cooled
DTGS KBr detector and a diamond ATR crystal with an angle of incidence of 45° to ensure the
signals detected. Fresh mineral surface was pressed and fastened towards the ATR crystal to collect
background spectra. Sample spectra was collected after soaking in xanthate solutions of different
concentrations and temperatures for specific time. The intensities in the FT-IR spectra were shown
in a relative value under the same scale for the sake of complexity of reflection spectroscopy. All
spectra were collected at room temperature and no further treatment was made towards spectra
except baseline correction.
7.2.4 AFM tests

Surface image measurements were carried out in contact mode by a Digital Instrument Nanoscope
IIId AFM. Silicon nitride Np-20 cantilevers with nominal spring constant of 0.12-0.58N/m were
obtained from Veeco, CA. A 1.2 cm × 1.2 cm mineral sample was used for measurement. For the
study of mineral surface in water, surface image measurements were conducted right after the
nanopure water was injected into an AFM fluid cell. After the surface image data was collected,
a 10ml solution of a specific xanthate concentration was flushed through the liquid cell and the
AFM measurement was commenced after the exposure of the mineral plate to the xanthate solution
for a specific time. No image modification other than flatten was conducted towards the image.
An AFM high-temperature heater/cooler was installed. The package included a liquid cooled
scanner with a 125×125×5micron range (XYZ), a plug-in heater element (-35 to 100°C), a pump
with damper and reservoir, and a TAC heater controller. Temperature can be changed from 0°C to
70°C.
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7.2.5 Hallimond tube microflotation tests
The particle size of microflotation sample was between -100mesh and +400mesh. The samples
were mixed evenly before use. The feed weight for each test was 1 gram. According to the design
of Hallimond tube, the optimum solution volume was determined at 100 ml per test. A magnetic
stirrer& heater was placed beneath the Hallimond tube for heating and stirring. The mineral sample
was added in the tube, then a tiny stirrer was put in the tube before the solution was injected. The
mixing time was 5min. A 0.02 L/min air flow was induced to start the flotation process. The
flotation time was controlled at 2 min.
7.2.6 Lab-scale flotation tests

The lab-scale flotation tests were conducted on a Denver D-12 flotation machine. The ore sample
was initially crushed to 100% passing 10 mesh and packaged into 1 kilo bags to prevent the ore
from oxidation. 1 kilo sample was mixed with 750ml water (pH 8.5-9) and ground for 8 min in an
8" × 8" ball mill manufactured by Legend Inc., Sparks, Nevada. Solid content during grinding was
around 60%. The size after grinding was controlled at 80% passing 100 mesh. All the material in
the ball mill was transferred into the 2.5 L flotation cell (solid content 33%). The pulp was
conditioned by Ca(OH)2 to keep the pH around 8.5-9. Frother was then added and mixed for
another 1min. The closed impeller was set at 1800 rpm. Collectors were added into the mill before
grinding. The flotation time was determined at 10mins.
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7.3 Results and discussion
7.3.1 Contact angle results
The contact angle results of chalcopyrite surface after soaking in PAX solution of different
concentrations were displayed as a function of adsorption time in Figure 7.3.1. The water contact
angle value of fresh polished chalcopyrite surface was 55°. Once the contact angle of chalcopyrite
bare surface was confirmed, 3 different concentrations of PAX solutions (5×10-5 M, 1×10-4 M and
5×10-4 M) were applied in soaking freshly polished surface of chalcopyrite pellets. Different
adsorption time (5 mins, 10 mins and 30 mins) was applied towards all 3 concentration series. The
contact angle results of chalcopyrite surface treated with 5×10-5 M had an increasing trend as the
soaking time extended. With 5 minutes soaking time, the water contact angle value of chalcopyrite
surface could rise from 55° to 77°. Given 10 minutes soaking time the contact angle was further
enhanced to 80°. Finally, as the soaking time was extended up to 30 minutes, a maximum contact
angle value of 82° was obtained at PAX concentration of 5×10-5 M. Similarly, when PAX
concentration was increased to 1×10-4 M, the water contact angle value of chalcopyrite surface
was 78° for 5 minutes, 79° for 10 minutes and 82° for 30 minutes soaking time. Although the
concentration of 5×10-4 M PAX was 10 times of 5×10-5 M PAX, the hydrophobicity of chalcopyrite
surfaces had little difference, since the contact angle values were 79° for 5 minutes, 80° for 10
minutes and 84° for 30 minutes soaking time. Taking the error bars displayed in consideration, the
3 data series at different PAX concentrations were indistinguishable.
Figure 7.3.2 displayed the effect of elevated temperature on water contact angle of chalcopyrite
surface treated with different concentrations of PAX solutions. 5 minutes was used as standard
soaking time since the results in Figure 7.3.1 proved that 5 minutes was enough for the observation
of significant difference in contact angle results. The temperatures employed in this study were
25°C, 40°C and 60°C. To confirm the temperature effect on the hydrophobicity of chalcopyrite
bare surface, chalcopyrite pellets were soaked in distilled water and heated at different
temperatures (i.e. PAX 0 M). The results showed that there was no significant increase in contact
angle with elevated temperature. However, when the concentration of PAX solution was 1×10-4
M, the contact angle results were altered significantly with the variation of temperatures. The
contact angle raised from 77° at 25°C, to 87° at 40°C and finally up to 93° at 60°C. A significant
temperature effect on chalcopyrite contact angle was also observed at a higher concentration of
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5×10-4 M. Initial contact angle at room temperature was 79°, which increased to 85° after soaking
in 40°C solutions and reached up to maximum contact angle of 96° at 60°C. In general, contact
angle values increased with elevated temperatures after contacting with xanthate solutions.
Contact angle measurements were also conducted on pyrite surface for comparison. Figure 7.3.3
contained the contact angle results of pyrite surface after contacting with PAX solution of different
concentrations for 5mins, 10mins and 30mins at room temperature. The concentrations of PAX
solutions were the same with those applied on chalcopyrite surface (Figure 7.3.1). The contact
angle results of pyrite surface treated with PAX solutions had a more significant increasing trend
than chalcopyrite as the soaking time extended. With 5 minutes soaking time and 5×10-5 M PAX
solution, the water contact angle value of pyrite surface could rise from 58° to 67°. Given 10
minutes soaking time the contact angle was further enhanced to 72°. Finally, as the soaking time
was extended up to 30 minutes, a maximum contact angle value of 80° was obtained at PAX
concentration of 5×10-5 M. Similarly, when PAX concentration was increased to 1×10-4 M, the
water contact angle value of pyrite surface was 78° for 5 minutes, 80° for 10 minutes and 83° for
30 minutes soaking time. At PAX concentration of 5×10-4 M, the contact angle value was 80° for
5 minutes, 84° for 10 minutes and 87° for 30 minutes soaking time. Unlike the pattern of Figure
7.3.1, the results of contact angle in Figure 7.3.3 was more distinguishable, as can be told by
different concentrations and contacting time. High concentration and adsorption time will both
improve the contact angle of pyrite surface at a more significant level than chalcopyrite surface.
Figure 7.3.4 displayed the effect of elevated temperature on contact angle of pyrite surface after
treated with different concentrations of PAX solutions. The temperatures employed in this study
were 25°C, 40°C and 60°C. The test conditions of Figure 7.3.2 were replicated for comparison
purpose. The results at 0M PAX showed that there was a significant increase in contact angle value
with elevated temperature. Such was the case for all other data series of higher PAX concentrations.
When the concentration of PAX solution was 5×10-5 M, the contact angle results were altered
significantly with the variation of temperatures. The contact angle raised from 67° at 25°C, to 78°
at 40°C and finally up to 85° at 60°C. Positive temperature effect on chalcopyrite contact angle
was also observed at a higher PAX concentration of 1×10-4 M. Initial contact angle at room
temperature was 78°, which increased to 82° after soaking in 40°C solutions and reached up to
maximum contact angle of 85° at 60°C. Given PAX concentration of 5×10-4 M, the water contact
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angle on pyrite surface was 80° at room temperature, 86° at 40°C and 88° at 60°C. It was thus
concluded that a beneficial temperature effect on the hydrophobicity of pyrite surface can be
observed at all PAX concentrations used in this study.
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Figure 7.3.1 Contact angle results of chalcopyrite surface after contacting with PAX
solution of different concentrations for 5min, 10min and 30min at 25℃

Figure 7.3.2 Contact angle results of chalcopyrite surface after contacting with PAX
solution of different concentrations for 5min at 25 °C, 40 °C, and 60 °C

186

Figure 7.3.3 Contact angle results of pyrite surface after contacting with PAX solution of
different concentrations for 5min, 10min and 30min at 25℃

Figure 7.3.4 Contact angle results of pyrite surface after contacting with PAX solution of
different concentrations for 5min at 25 °C, 40 °C, and 60 °C
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7.3.2 Microflotation results
Table 7.3.1 showed the results of microflotation tests with high purity chalcopyrite. Chalcopyrite
particles were mixed and agitated with solutions of different PAX concentrations (0 M,5×10 -5 M,
1×10-4 M and 5×10-4 M). Flotation started after 5 mins conditioning. The floated material was
collected in the concentrated stem and the unfloated particles were regarded as tailings. Natural
chalcopyrite of high purity showed very high floatability without collectors. The chalcopyrite
particles attached with the air bubbles very well in Hallimond tube. In distilled water without
collector, the microflotation recovery of chalcopyrite was around 80% in the temperature range
from 25°C to 60°C. With the addition of 5×10-5 M PAX solution the microflotation recovery was
enhanced close to 100%, and the elevated temperatures had no detrimental impact on the final
recovery. Further rise in collector concentration (1×10-4 M and 5×10-4 M) did not imply any
difference from the data series of 5×10-5 M PAX solution.

Table 7.3.1 Hallimond tube flotation recovery of chalcopyrite

25°C

40°C

60°C

PAX 0M

77.97

83.03

83.44

PAX 5×10-5M

98.11

99.22

99.99

PAX 1×10-4M

97.38

98.29

99.98

PAX 5×10-4M

98.10

97.99

99.97
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7.3.3 FT-IR results
Figure 7.3.5 and Figure 7.3.6 showed the FT-IR spectra of chalcopyrite surface species after
contacting with PAX solutions of various dosages at different temperatures for 2 hours.
Absorbance of spectra collected at shorter contact time were minimal and comparison among
spectra was hard to make. For all data series, the spectra had the same major characteristic peaks
with wavenumber around 1260 cm-1 and 1020 cm-1. Figure 7.3.5 displayed the concentration effect
of PAX adsorption on chalcopyrite surface by means of FT-IR spectra. For each temperature tested,
3 spectra were collected at different PAX solutions and displayed in the same figure. The height
of characteristic peak (absorbance) was a good parameter to evaluate the amount of product
absorbed on mineral surface relatively. It can be clearly told that at room temperature, the peak
height of surface product produced on chalcopyrite surface after treated by PAX 1×10-4 M solution
was about two times of the that produced by PAX 5×10-5 M solution. Also peak absorbance of
surface product formed by PAX 5×10-4 M solution was 6 times of that produced by PAX 5×10-5
M solution. Thus, the ratio of peak absorbance was approximately 1:2:6 corresponding to the PAX
concentration of 5×10-5 M, 1×10-4 M and 5×10-4 M. The effect of PAX concentration was also
verified by spectra collected at 40°C and 60°C. Figure 7.3.6 reorganized the spectra by different
temperature applied. For each concentration series, the spectra collected at different temperatures
were stacked together. There was no obvious difference observed among 3 spectra collected at
different temperatures for each concentration. The absorbance of characteristic peaks were almost
the same even though the temperature was elevated.
Likewise, infrared spectra of pyrite surface were also collected and displayed in Figure 7.3.7 and
Figure 7.3.8. The adsorption species of xanthate on pyrite surface was easier to be detected by FTIR than that of chalcopyrite surface. Thus, the adsorption time can be reduce from 2 hours on
chalcopyrite surface to 15mins on pyrite surface. The characteristic peaks of pyrite surface was
determined at 1260 cm-1 and 1024 cm-1, which was quite similar with that of chalcopyrite surface.
Figure 7.3.7 displayed the concentration effect of PAX adsorption on pyrite surface by means of
FT-IR spectra. At given temperature of 60°C, 3 spectra were collected at different PAX solutions
and displayed in the same figure. It can be clearly told that the peak height of surface product
produced on pyrite surface was proportional to the concentration of PAX solutions applied. The
ratio of peak absorbance was approximately 1: 2: 3 corresponding to the PAX concentration of
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5×10-5 M, 1×10-4 M and 5×10-4 M. Figure.7.3.8 showed the temperature effect of xanthate
adsorption on pyrite surface by means of FT-IR spectra, at a PAX concentration of 5×10-4 M. The
major characteristic peaks were not altered by different temperatures applied during adsorption. In
contrast to the insignificant temperature effect as observed in infrared spectra of chalcopyrite, a
beneficial temperature effect for surface adsorption was confirmed on pyrite surface. The
absorbance of adsorption products raised with increasing temperature, resulting in a peak
absorbance ratio of 1: 1.3: 2 corresponding to the temperature of 25°C, 40°C and 60°C.
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Figure 7.3.5 FT-IR spectra of chalcopyrite surface after treated with different PAX
solutions for 2 hours at A)25°C; B)40°C; C)60°C
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Figure 7.3.6 FT-IR spectra of chalcopyrite surface after treated at different temperatures
for 2 hours with A) PAX 5×10-5M; B) PAX 1×10-4M; C) 5×10-4M
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Figure 7.3.7 FT-IR spectra of pyrite surface after treated with different PAX solutions for
15mins at 60°C

Figure 7.3.8 FT-IR spectra of pyrite surface after treated with 5×10-4 M PAX solutions at
different temperatures for 15mins.
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7.3.4 AFM results
Figure 7.3.9 showed the AFM images of a chalcopyrite surface soaked in 5×10-4 M xanthate
solutions at different temperatures. Figure 7.3.9A was the 30 µm × 30 µm image with a 20 nm
data scale obtained at room temperature, i.e. 25°C, after the sample contacted solution for 10
minutes. It was clearly seen that many patches adsorbed on chalcopyrite surface. As shown by
Figure 7.3.9B, when temperature was elevated to 30°C, some patches were still existing on sample
surface. It was worthy of being mentioned that, as shown by the scan lines, the patches were very
soft and the adsorbate was a little bit disturbed by the AFM probe even though a minimal scan
force was applied in scanning. Figure 7.3.9C showed that the dot-like patches were all gone when
temperature was elevated to 45°C. Instead, a lot of irregular strips appeared on the sample surface.
As shown by Figure 7.3.9, temperature did make changes in the morphology of the patches. First,
as shown by Figure 7.3.9A, at room temperature, a lot of patches appeared on chalcopyrite surface
when it contacted collector solution. This result was in line with those reported in previous
investigations (Zhang and Zhang, 2010; 2011). When temperature was increased to 30°C, the
patches still existed on mineral surface in spite of the fact that they became much 'softer'. When
temperature was further increased to 45°C, as shown by Figure 7.3.9C, the adsorbate became so
soft that it lost the round shape and presented as strips on mineral surface because of the drag force
exerted by an AFM probe. On the other hand, the observed temperature effect on the patches’
morphology can be well explained by the change in viscosity of oil substance with temperature.
That was, on chalcopyrite surface with the presence of oxygen in solution, xanthate can be oxidized
into dixanthogen, i.e. the round patches as shown by Figure 7.3.9A. Under ambient conditions, i.e.
room temperature and normal pressure, dialkyl dixanthogen was usually in a liquid form and the
melting point of dixanthogen, was about 28° (Rao, 1971) to 32° (Buckley et al., 2003). The low
melting point suggested that dixanthogen should be a “soft” solid at room temperature and it was
usually an oily substance, according to Rao (1971), when extracted at room temperature. At a low
temperature, the patches were flat with smooth and round edges. It fitted well with the fact that
oily dixanthogen was in general insoluble in water, and the circular boundary was the direct result
of the high interfacial tension between hydrophobic dixanthogen and water. When temperature
increased, the viscosity of dixanthogen decreased and the patches became 'soft'. It was very
difficult for the patches to keep its original shape under an AFM probe, even though a minimal
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scan force was applied. Therefore, at a high temperature, dixanthogen appeared only as strips
instead of round patches on the AFM images.

Figure 7.3.9 The 30 µm × 30 µm AFM deflection images with a 20 nm scale of a chalcopyrite
surface soaked in 5×10-4 M xanthate solutions at different temperatures A) 25°C; B) 30°C;C)
45°C
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7.3.5 Lab-scale flotation results
In order to figure out the temperature effect in flotation practice and clarify the concerns on
previous work, lab flotation tests were conducted and the results were summarized in Figure 7.3.10
and Table 7.3.2. The major commercial product of this ore was chalcopyrite and the byproducts
were molybdenite and pyrite (high grade pyrite economically recoverable). The baseline flotation
temperature was set at 25°C. The optimized Cu recovery at room temperature was 88.87%. With
the increase of temperature, the flotation recovery was also enhanced and such was the case for
byproduct. Since the temperature may drop during the flotation process (even with heat loss
protection), pulps of all tests were heated 5°C more to ensure the flotation temperature was high
enough above the target temperature throughout the whole test.

In the temperature range of 25°C and 55°C, Cu recovery increased gradually with elevated
temperature. When the temperature was as high as 65°C around, the increment of copper recovery
with increased temperature was negligible and this conclusion can be also observed in the data
series of Fe recovery. The Mo recovery had an overall rising trend with temperature as the other 2
elements. However, the detailed increment amplitudes were different from Cu and Fe at each
temperature gradient. Although the byproducts were not the target minerals of this research, we
can still explain the trend of recovery by means of mineral types and adsorption mechanism. The
grade of copper concentrate kept steady throughout the whole temperature ranges and such were
the cases for byproducts.
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Figure 7.3.10 Lab flotation tests results: multi-element recovery at different temperatures
Table 7.3.2 Lab flotation recovery and grade details

Cu Rec
(%)

Cu Grade
(%)

Mo Rec
(%)

Mo Grade
(%)

Fe Rec
(%)

Fe Grade
(%)

25°C

88.87

8.6

87.91

0.18

53.93

22.8

35°C

89.95

8.8

88.52

0.18

55.21

22.4

45°C

91.00

8.9

88.64

0.18

56.90

23.7

55°C

92.30

8.3

89.74

0.17

58.51

23.0

65°C

92.41

8.8

90.73

0.18

58.27

23.7
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7.3.6 Temperature effect on hydrophobicity of chalcopyrite surface
According to Figure 7.3.1, the hydrophobicity of bare chalcopyrite surface was characterized by a
contact angle of 55°. Due to the different experiment methods and mineral resources, the reported
water contact angle of chalcopyrite surface varied from one to another. Pyke et al. (2001) set up
the relationship between experimental advancing water contact angle and ToF-SIMS DTP/SO32index obtained for chalcopyrite particles. The contact angle value of bare surface was 40°. Sharma
and Rao (2003) studied the adhesion of paenibacillus polymyxa on chalcopyrite by means of
sessile drop contact angle measurement. The water contact angle of bare surface was 70° before
addition of bacteria and chemicals. In a separation technique of tennantite from chalcopyrite
developed by Himawan et al. (2012), the water contact angle of fresh polished chalcopyrite surface
was as high as 72°. Based on these findings from other researchers, even though the reported
contact angle values varied in a large range, most of the records were within 40° ~ 78°, by which
the value reported in this study was welly confirmed. It was also true that high purity chalcopyrite
was naturally hydrophobic (Heyes and Trahar, 1977).
Table 7.3.3 Water contact angle on chalcopyrite surface reported by literature
Author

Chemical
dosage

Value (°)

Experiment
methods

Pyke et al. (2001)

Bare surface

40

N/A

Sharma and Rao (2003)

Bare surface

70

Sessile drop

Chen et al. (2008)

Bare surface

72

Sessile drop

Taki Güler et al. (2004)

Bare surface

20-40 (surface
potential control)

Electrochemical
cell goniometer

Himawan (2012)

Bare surface

72

Sessile drop

Gu et al. (2014)

Bare surface

78

Sessile drop

Rao (1963)

Dixanthogen
25mg/L

Guo and Yen (2003)

PAX 7×10-4 M

Muganda et al. (2011)

PAX 1×10-4 M
PAX 5×10-4 M

55 before activation
100 after activation
20-80 (surface
potential control)
26-55
78-90

Captive bubble
Bubble attachment
Washburn
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The microflotation results of chalcopyrite in water (PAX 0M) matched well with the contact angle
results above. Even without any addition of PAX as collector, the microflotation recovery of pure
chalcopyrite can be as high as 80%. The microflotation results without collector had the same
trend with contact angle results of chalcopyrite bare surface at different temperatures. The
hydrophobicity was not significantly altered by elevated temperatures. It was believed that 5×10-5
M PAX solution was enough to obtain a good flotation recovery for high purity particles, which
already had a high recovery of 80% without any xanthate collectors. The natural floatability of
chalcopyrite was thus confirmed. There was little clue about temperature and concentration effect
in these tests except the positive effect of PAX in flotation recovery.
Figure 7.3.1 also showed that a high contact angle was obtained with 5×10-5 M PAX solution on
chalcopyrite surface. Higher PAX concentration than 5×10-5 M had little impact on the final results.
The contact angles increased slightly with extended soaking time. Thus, a longer contacting time
with PAX solution was beneficial for enhancing the hydrophobicity of chalcopyrite surface, but
the degree of impact on hydrophobicity was not linearly proportional to the time consumed.
As shown in Figure 7.3.2, The contact angle results of chalcopyrite surface soaked in PAX 0M
were independent from the change of temperature. When chalcopyrite surface contacted with
xanthate solutions, high temperatures were beneficial in enhancing the surface hydrophobicity of
chalcopyrite. The rise of contact angle values with temperature was noticeable and the amplitude
of increase was proportional to the variation in temperatures. The difference in hydrophobicity
became pronounced at a relative higher PAX concentration, and for PAX solutions of different
concentrations, the differences in contact angle values were enlarged at high temperatures.
7.3.7 Infrared study of xanthate adsorption on chalcopyrite surface
Infrared spectra have been applied for decades in studying chemical adsorption on mineral surfaces
(Poling, 1963; Fuerstenau et al., 1968; Allison et al., 1972; Leppinen et al., 1989; Mielczarski et
al., 1995; Fornasiero and Ralston, 2005). Many different infrared techniques have been used for
special research purpose such as KBr pellet method, ATR, diffuse reflectance FT-IR and so on.
ATR has an easier and more direct sample preparation process compared with KBr pellet method,
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and the spectra collected does not need further background subtraction. These advantages ensure
the accuracy of spectra with little disturbance.
Figure 7.3.5 to Figure 7.3.6 displayed the spectra of adsorption species of on chalcopyrite surface,
which were consisting of 2 major peaks. The peaks around 1260 cm-1 were the results of
asymmetric vibration of C-O-C bonds, while peaks at 1020 cm-1 was derived from the vibration
of C=S bond (Chandra et al., 2012). These facts proved that the spectra discussed above was
attributed to diamyl dixanthogen. The conclusion was supported by other references. Fuerstenau
et al. (1968) identified that the spectra of diamyl dixanthogen was characterized by peaks at
1021cm-1 and 1258 cm-1; Allison et al. (1972) provided a full list of data about reactions between
xanthate and sulfides minerals. The characteristic peaks of diamyl dixanthogen were confirmed at
1260 cm-1 and 1020 cm-1. Case et al. (1993) also proved that 1025 cm-1 and 1259-1261 cm-1 were
where the peaks of amyl dixanthogen existed.
There has been an argument on the components of surface species. It was widely accepted that
there were 2 possible products on copper sulfides surface when contacted with xanthate:
dixanthogen and cuprous xanthate. The characteristic peaks of cuprous xanthate ranged from 1190
cm-1 to 1200 cm-1, while the characteristic peaks of dixanthogen varied from 1240 cm-1 to 1270
cm-1, and 1020 cm-1 to 1040 cm-1, mostly depending on the chain length of xanthate used. In the
case of amyl xanthate, Allison et al. (1972) found that dixanthogen was the only product on
chalcopyrite surface. However, there were some other voices such as Mielczarski et al. (1995) who
claimed both dixanthogen and cuprous xanthate existed on chalcopyrite surface as detected by
polarized beam. Amyl dixanthogen was the major product while cuprous xanthate complex kept
monolayer. Allison et al. (1972) suggested that the final adsorption products were highly
associated with the semiconductor type of sulfides minerals. Ackerman et al. (1983) revealed the
semiconductor types of common copper sulfides and their relationship with surface products. It
was concluded that dixanthogen was usually formed on n-type minerals, however metal xanthate
was observed on p-type minerals. Chalcopyrite was classified as a n-type mineral and confirmed
by other literature (Shuey, 1975). The spectra in this study supported the conclusion that only
dixanthogen was detected on chalcopyrite surface. This observation was not affected by changing
temperature and xanthate concentration. There was no significant sign indicating the existence of
cuprous xanthate. Given cuprous xanthate stayed monolayer on chalcopyrite surface, it was also
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hard to observe any evidence of its existence even in the spectra collected at lowest PAX
concentration (5×10-5 M). In summary, the only detectable surface adsorption species was amyl
dixanthogen and it was not feasible to detect cuprous xanthate under the test condition in this work.
Table 7.3.4 IR results of xanthate adsorption product on sulfides surface in literature
Author
Poling (1963)
Fuerstenau et al. (1968)
Allison et al. (1972)
Leppinen et al. (1989)
Persson et al. (1991)
Cases et al. (1994)
Mielczarski et al. (1995)
Bulut and Atak (2002)
Mustafa et al. (2004)
Fornasiero and Ralston
(2005)

Results
CuEX 1196 cm-1
(EX)2 1263 and 1238 cm-1
(AX)2 1021 and 1258 cm-1
CuAX 1260 and 1030 cm-1
(AX)21260 and 1020 cm-1
CuEX 1192 cm-1
(EX)2 1260 and 1240 cm-1
(EX)2 1242,1260 cm-1
(AX)2, 1025 ,1260 cm-1
CuAX 1200 ,1034 cm-1
(AX)2 1270 and 1035 cm-1
(EX)2 1032 and 1271 cm-1
CuEX 1010 cm-1
(EX)2 1037 cm-1
(EX)2 1260 cm-1

Method
KBr pellet
KBr pellet
KBr pellet
ATR
Diffuse Reflectance FT-IR
Diffuse Reflectance FT-IR
Reflectance spectra
Polarized Beam
KBr pellet
KBr pellet
Diffuse reflectance FT-IR

Figure 7.3.5 indicated that the adsorption product (amyl dixanthogen) can be accumulated on the
chalcopyrite surface and the amount was proportional to the concentration of PAX solutions.
Figure 7.3.6 showed that there was no obvious difference in the absorbance among 3 spectra of
different temperatures collected at the same PAX concentration. The infrared study proved a
substantial concentration effect of xanthate adsorption on chalcopyrite surface. However, the
elevated temperature did not impact the amount of dixanthogen on chalcopyrite surface to a
noticeable level as high concentration of PAX solution did. On the other hand, the elevated
temperature had no negative impact on the xanthate adsorption on chalcopyrite surface. The
absorbance has no tendency of decreasing with high temperatures. Also there was no sign of new
peaks and obvious shift observed in infrared tests. The adsorbed species on chalcopyrite surface
was the same throughout the whole study and did not altered by changes in temperature and
concentrations.
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7.3.8 Comparison of xanthate adsorption on chalcopyrite and pyrite at high temperature
Pyrite was usually found associating with chalcopyrite in sulfides deposits. Although pyrite (FeS2)
is different from chalcopyrite (CuFeS2) in chemical formula and many other aspects, it can be also
hydrophobized and floated by xanthate during flotation. Typically, pyrite was regarded as gangue
mineral in chalcopyrite flotation. Lime was applied for pyrite depression, which raised the pH of
pulp around 11. In present study, pyrite was a major sulfides component in Resolution Copper ore
with a relative high wt% than common chalcopyrite deposits. The principle of rougher flotation
process was to recover pyrite as a byproduct, under the premise that chalcopyrite recovery was
optimized. Thus, the surface study and flotation tests were also conducted towards pyrite. Besides,
the comparison between chalcopyrite and pyrite will help make a better understanding of sulfides
flotation process.
As can be told from Figure 7.3.7 and Figure 7.3.8, the infrared spectra of adsorption species on
pyrite surface had the same characteristic peaks with that of chalcopyrite surface (Figure 7.3.5 and
Figure 7.3.6). Therefore, the existence of dixanthogen was also confirmed on pyrite surface. This
founding was in line with Fuerstenau et al. (1968) and Bulut & Atak (2002), who also conducted
detailed investigations on pyrite-xanthate flotation. This result was also supported by the fact that
pyrite was classified as n-type semiconductor mineral, which was the same as chalcopyrite (Shuey,
1975).
The adsorption reaction concerning the oxidization of xanthate into dixanthogen by oxygen has
been illustrated as the following equations:

Figure 7.3.11 Reaction of the oxidation of xanthate into dixanthogen by oxygen
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In terms of electrochemistry, the reaction can be displayed as followings:

Figure 7.3.12 Electrode reaction of oxidation of xanthate into dixanthogen by oxygen
Where X- was the xanthate ions and X2 represented dixanthogen which was the oxidization product
of xanthate. This reaction mechanism was widely adopted for both chalcopyrite and pyrite.
In the surface chemistry study, the contact angle results of pyrite surface (Figure 7.3.3 and Figure
7.3.4) showed a more significant concentration and temperature effect compared with that of
chalcopyrite surface, i.e., the differences in contact angle values were quite large at different
temperatures and PAX solutions of various concentrations. On the other hand, the infrared results
of pyrite surface were collected only after 15mins of xanthate adsorption, and the absorbance was
comparable with that of chalcopyrite surface after 2-hours contacting with xanthate solutions. Last
but not the least, a positive temperature effect on the amount of adsorption species was also
observed on pyrite surface (Figure 7.3.8). Given the same temperature gradient, the difference of
adsorption species on chalcopyrite surface cannot be told from the infrared spectra (Figure 7.3.6).
All the above facts indicated that pyrite surface was more reactive to xanthate when compared to
chalcopyrite surface. That is, the oxidization of xanthate into dixanthogen was easier to happen on
pyrite surface than on chalcopyrite surface, and the adsorption of xanthate on pyrite surface was
more sensitive to the variation of temperature than chalcopyrite surface.
There were 2 possible explanations for the observations described above. Firstly, the xanthate
adsorption on sulfides mineral surfaces followed electrochemical mechanisms, thus the rest
potentials of sulfides minerals measured at given conditions were good reference in determining
the type of adsorption products and the relative easiness of reaction (Allison et al. 1972). The
reaction of xanthate oxidation to dixanthogen (Figure 7.3.12) was characterized by a certain
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reversible rest potential, for example, +0.13V (Fuerstenau and Han, 2003). Minerals surfaces with
rest potential higher than reversible rest potential will form dixanthogen during xanthate
adsorption; otherwise only metal xanthate will be precipitated on mineral surface because the
oxidation process was not electrochemically favored. The rest potentials of chalcopyrite and pyrite
were +0.14V and +0.22V respectively, at a specific pH and xanthate concentration (Allison et al.
1972). Thus it was confirmed again that the surface adsorption species on these two minerals were
dixanthogen, as discussed in the infrared study. The difference between rest potential of pyrite and
reversible rest potential (0.09V), was much higher than that between rest potential of chalcopyrite
and reversible rest potential (0.01V). It was inferred that the oxidation reaction on pyrite surface
was much easier than on chalcopyrite surface. In general, the rest potential of pyrite was higher
than that of chalcopyrite in natural, as can be told from the fact that pyrite was regarded as noble
minerals (cathode) and chalcopyrite was taken as active minerals (anode) in galvanic studies.
Secondly, as shown in Figure 7.3.12, the typical oxidizer of xanthate adsorption process was
oxygen. Additionally, for the case of pyrite, the oxidizing agents can be also Fe3+ ions and Fe(OH)3
instead of oxygen, as proposed by Fuerstenau et al. (1968). The positive effect of ferric ions was
also confirmed by Mendiratta (2000), in the xanthate adsorption study on chalcopyrite. Therefore,
there were more resources of oxidation agents in pyrite-water-xanthate systems than that of
chalcopyrite-water-xanthate systems. The formation of dixanthogen was thus more pronounced on
pyrite surface compared to chalcopyrite surface.
In sum, the discussion above showed that the activeness of pyrite surface in terms of xanthate
adsorption, which was more pronounced than chalcopyrite surface. This conclusion clarified the
different responses of these two minerals when interacting with xanthate solutions at different
temperatures.

7.3.9 Temperature effect on Resolution Copper ore flotation tests
An overall beneficial effect on metal recovery was observed for Resolution Copper ore as
temperature increased. There were many factors that could lead to the rise in the final recovery.
The enhancement of surface hydrophobicity of target mineral was one of the most important,
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which was proved by contact angle results. Besides metal recovery, the grade of copper and
byproducts kept constant from room temperature to 65°C with little fluctuation. The enhanced
surface hydrophobicity can be attributed to the change in the morphology of dixanthogen. As
shown in Figure 7.3.9A, the absorbed dixanthogen on chalcopyrite surface appeared as round
patches with defined boundaries on AFM images at room temperatures. Due to the low melting
point of dixanthogen, the surface adsorption species started “melting” above 30°C. As the
temperature reached up to 45°C, the long strips in Figure 7.3.9C indicated that dixanthogen patches
could not keep their original shape. The viscosity and resistance to the scanning force of AFM
probe had reduced dramatically. In such case the AFM image scanned at 45°C was the result of
surface species scratched by AFM probe instead of the actual shape of heated dixanthogen. It can
be inferred that the melted dixanthogen had an irregular shape and a wider coverage on mineral
surface compared with patches-like dixanthogen at room temperature.
Based on Cassie’s Law (Cassie and Baxter, 1944)
cos 𝜃𝑐 = 𝑓1 cos 𝜃1 + 𝑓2 cos 𝜃2

(Eq. 7.1)

where θ1 was the contact angle for component 1 with area fraction f1, and θ2 was the contact angle
for component 2 with area fraction f2 present in the composite material. The melted dixanthogen
will have a higher area fraction than patches-like dixanthogen at room temperature, given the total
adsorption amount was the same. Since oily dixanthogen was mainly responsible for the increase
of hydrophobicity and regarded more hydrophobic than bare chalcopyrite surface, a higher area
fraction of dixanthogen will result in a more hydrophobic surface, thus the contact angle value will
be higher at elevated temperatures.
According to Mustafa et al. (2004), the isosteric heat of adsorption calculated at different pH and
concentrations proved that the adsorption reaction of xanthate onto chalcopyrite surface was
endothermic. It was thus believed that xanthate adsorption amount was increased by elevated
temperatures, however the enhancement was not pronounced enough to be observed from the
infrared spectra.
As a byproduct of copper flotation, molybdenum recovery was also enhanced by elevated
temperature. The underlying mechanism was not the same with that of chalcopyrite, since the
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interaction between molybdenite and its collector was different from xanthate adsorption on other
sulfides. Moly collector (a mixture of long chain hydrocarbon oil) had a much poorer solubility
than xanthate. Thus, higher temperature will be a promoter for the dissolution and dispersion of
moly collector, whereas the impact on xanthate solubility was negligible. The moly collector was
treated at elevated temperature during both grinding and flotation process, so enough contact time
and dispersion time were ensured. Therefore, the adsorption of moly collector was enhanced.
Besides, molybdenite exposed 2 kinds of surfaces during comminution: face surface and edge
surface; the face surface was strongly hydrophobic whereas the edge surface was hydrophilic. Thus,
the ratio of face surface to edge surface determined the floatability of molybdenite particles. The
face surface was inactive and the adsorption of hydrocarbon collector did not involve
electrochemical reactions like xanthate adsorption on chalcopyrite (Gupta, 1992). The face surface
covered with hydrocarbon oil was primary responsible for the flotation of molybdenite. It was
possible that the moly collector on molybdenite surface also had a larger coverage area at elevated
temperature compared to room temperature, since hydrocarbon oil was physically similar to the
oily-like dixanthogen. With this hypothesis, the hydrophobicity and floatability of molybdenite
were increased at high temperature.
In sum, both surface study and lab flotation tests proved that high temperature of certain range
(possible operating temperature of Resolution Copper ore) had a positive effect on the flotation
performance of Resolution Copper ore. It was not necessary to take actions of reducing
temperatures such as cooling down before flotation. In fact, the hot weather of the mine was a
natural advantage for the flotation of Resolution Copper ore.

7.4 Conclusions
In summary, the following conclusions can be obtained towards froth flotation of Resolution
Copper ores at elevated temperatures:
1. The elevated temperatures of interest were beneficial for the chalcopyrite flotation
recovery of Resolution Copper Ore. The recoveries of byproducts were also enhanced.
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There was no sign of change in concentrate grade. Therefore, it was not necessary to
take actions of reducing temperatures such as cooling down before flotation.
2. The temperature effect on the hydrophobicity of chalcopyrite surface was illustrated by
contact angle results. A beneficial temperature effect on surface hydrophobicity was
observed after contacting with xanthate solutions.
3. Dixanthogen was confirmed as the main adsorption species on chalcopyrite surface by
FT-IR tests. There was no evidence proving the existence of cuprous xanthate. The
relative intensities of characteristic peaks can tell the difference induced by different
concentrations of xanthate solution. Xanthate adsorption process was not impeded at
high temperature as confirmed by infrared spectra.
4. The morphology change of dixanthogen on chalcopyrite surface at elevated
temperatures was observed in AFM study and regarded as a key factor that impact the
surface hydrophobicity and flotation performance. Enhancement of xanthate
adsorption process was also believed to be part of the contribution, since
thermodynamic data indicated that xanthate adsorption on chalcopyrite surface was an
endothermic reaction in natural.
5. The xanthate adsorption behavior on chalcopyrite surface and pyrite surface were
compared through contact angle tests and FT-IR tests. The pyrite surface was more
active than chalcopyrite surface, in terms of the oxidation of xanthate into dixanthogen,
as can be told from significant increase of contact angle value and infrared absorbance
at high temperature. The higher rest potential of pyrite surface than that of chalcopyrite
surface was the underlying reason of the observations above, since in natural the
formation of dixanthogen was an electrochemical reaction, which was controlled by
oxidation potential.

Chapter 8 Summary and Conclusions
This dissertation is focused on the optimization of the flotation conditions for the improvement of
the industrial flotation practice, which was accomplished by 2 cases study. These 2 parts of studies
represented the flotation practice of semi-soluble salts minerals and sulfides minerals respectively,
and can be associated by the impact of temperature during the flotation process. In Part I study, a
novel flotation scheme has been developed towards Mountain Pass rare earth mine. The new
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scheme was of high selectivity recovery, meanwhile the dosage required was much less, and the
flotation temperature was also significantly reduced. The problems of existing flowsheets have
been solved and the production cost was expected to decrease. In Part II study, the potential
influence of high temperature towards chalcopyrite flotation at Resolution Copper mine was
clarified. An overall beneficial effect was observed in high temperature flotation. Further action
of temperature control was not necessary.

The following conclusions highlight the major

accomplishment and contribution of this dissertation.

The following conclusions can be summarized from Part I study:

1. Contact angle measurement results showed that the addition of collectors, i.e., oleic acid,
sodium octanohydroxamate hydrate, and salicylhydroxamic acid, increased not only the
contact angle of bastnaesite, but also that of calcite and barite. The addition of depressants
was helpful in selectively depressing gangue minerals. By optimizing the chemicals'
dosage, a big difference between the surface hydrophobicity of rare earth and gangue can
be achieved. The study also suggested that a composite chemical scheme should be
beneficial for rare earth flotation.

2. Zeta potential measurement results showed that bastnaesite, calcite and barite were all
negatively charged in solution at pH 9. The addition of Na2SiO3 made all the three mineral
more negatively charged and therefore depressed the froth flotation. However, when a
composite chemical scheme was used, the addition of Na2SiO3 depressed gangue minerals
in a much greater extent than it did to bastnaesite.
3. Microflotation tests showed that the optimum flotation can be achieved when oleic acid
(OA) and sodium octanohydroxamate hydrate (OHA) were used in combination (1:1,
0.02g/L) as collector with Na2SiO3 (600 mg/L) and Na2SO4 (43 mg/L) as depressants. The
optimum flotation time was 4~7 minutes. During the time frame, the flotation recovery of
bastnaesite was above 90%, while those for barite and calcite were lower than 30%.
Therefore, an efficient separation of bastnaesite from calcite and barite will be achieved.
Meanwhile, it was of economic benefits that the dosage required for mixed collector was
much less than that for single collector.
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4. Characterization of Mountain Pass ore figured out that the main rare earth mineral was
bastnaesite, and the grade (in weight ratio) of rare earth element (REE) of Mountain Pass
ore was about 6.7%. Therefore, the total grade of REO (rare earth oxide) was about 7.8%.
The main gangue minerals in Mountain Pass ore were barite (BaSO4), calcite
(CaCO3)/dolomite (CaMg(CO3)2) and silica(SiO2)/silicate.

5. Liberation analysis by SEM-EDS and grinding study both suggested that the appropriate
particle size distribution of flotation feed had to be at least 80% < 200 mesh, which required
15min grinding time in this study, and more complete liberation was achieved at 80% <
325 mesh, and can be converted to 25mins grinding in this work.

6. When OA and OHA were used in combination at the condition of 0.01~0.02 g/L OA,
0.06~0.09g/L OHA, 0.5~1g/L Na2SiO3 and 5 g/L Na2SO4 @ 60°C, the rare earth recovery
of 80-90% can be achieved. The flotation temperature was reduced from about 70-90°C as
used at Mountain Pass mine to 60°C in this study. The total dosage of collectors (<0.1g/L)
was less than half of the dosage (>0.2g/L) that has been used for Mountain Pass ore
flotation previously.

7. The experiments results using SHA as collector showed that 80-90% REE recovery, <20%
gangue recovery can be achieved at 40°C~60°C in a scaled-up laboratory flotation test,
which yielded a rougher concentrate of 30%~40% REO. The optimum reagent scheme was
using 0.4g/L SHA as collector, 0.05g/L oil, 0.5g/L Na2SiO3 with 15mins primary grinding
time (P80 < 200 mesh) and floated for 10mins, then the tails were reground for another
5mins, conditioning with extra 0.4g/L SHA and floated for another 4mins. The flotation
temperature was much lower than 80-90°C as applied in the present Mountain Pass mine
flotation sheet. The total dosage of chemicals was about 2.7 kg/t, which was much lower
than the 5.4 kg/t as used in the present for Mountain Pass mine flotation flowsheet.

8. Flotation kinetics study proved that mixed collector of OA and OHA was comparable with
2 times dosage of OHA both in recovery and flotation rate. OA played the dominant role
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in mixed collector scheme and it was not an optimum collector of high selectivity. OA not
only adsorbed on the target mineral, i.e., bastnaesite, but also the gangue, i.e., calcite and
barite. It was also the reason why a lot of depressant and a high flotation temperature had
to be applied in the present Mountain Pass mine flotation sheet, which increased the
operation cost. Flotation kinetics study on the tests with SHA was elaborated by SHA
dosage. Regression analysis based on lab test data suggested that higher dosage of SHA
was strongly associated with higher flotation recovery and fast flotation kinetics.
9. The infrared study on bare bastnaesite surface clarified the discrepancy induced by
hydroxyl bastnaesite, meanwhile the infrared spectra of natural bastnaesite was determined,
which was more or less affected by hydroxyl group during its formation.

10. Physically adsorbed oleate was observed in the interaction of oleic acid and bastnaesite

surface; whereas for OHA and SHA, the chelating reaction happened between
hydroxamate ligands and hydrolysis products of rare earth metals. The adsorption process
was endothermic in nature and chemisorption was identified. A five-member chelating ring
was proposed for SHA-RE complex by integrating the bonding information from infrared
spectra, and the extra hydroxyl group was not contained in the chelating ring. The mixed
collector can co-adsorb on bastnaesite, since characteristic peaks of both chemicals
emerged in the same infrared spectra.

11. The AFM study concluded that the adsorption product of oleic acid on bastnaesite surface
was different from that of calcite in morphology. The image of calcite surface after
adsorption clearly showed the existence of insoluble precipitates, whereas the bastnaesite
surface was likely cover by an oily film and made the image blur. The visualized evidence
of physically adsorbed OA was thus provided. Besides, high temperature will promote the
adsorption process as can be told from the density of adsorbates in images.

12. The AFM study also showed that salicylhydroxamic acid had a preference of adsorbing on
bastnaesite surface, instead of adsorbing on calcite surface. In contrast, oleic acid adsorbed
on bastnaesite and calcite surfaces without obvious priority. It can be concluded that
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salicylhydroxamic acid was a more selective collector than oleic acid, in terms of
bastnaesite flotation.

13. Interactive adsorption models were built up including interaction of collectors with
bastnaesite surface, and how depressants worked towards gangue minerals. Finally, the
different selectivity of collectors (SHA>OHA>OA), was elaborated by stability constants,
a high value of which indicated high selectivity. Hydroxamic acids collectors were
evaluated by selectivity and collectivity. In terms of selectivity, SHA>BHA>OHA;
however, in terms of collectivity, OHA>BHA>SHA. SHA was recommended as rare earth
collector for Mountain Pass mine due to the advantages in flotation.

The following conclusions can be summarized from Part II study:

14. Dixanthogen was confirmed as the main adsorption species on chalcopyrite surface by FTIR tests. There was no evidence proving the existence of cuprous xanthate. The relative
intensities of characteristic peaks can tell the difference induced by different concentrations
of xanthate solution. Xanthate adsorption process was not impeded at high temperature as
confirmed by infrared spectra.

15. The morphology change of dixanthogen on chalcopyrite surface at elevated temperature
was observed in AFM study and regarded as a key factor that impact the surface
hydrophobicity and flotation performance. Enhancement of xanthate adsorption process
was also believed to be part of the contribution, since thermodynamic data indicated that
xanthate adsorption on chalcopyrite surface was an endothermic reaction in natural.

16. The temperature effect on the hydrophobicity of chalcopyrite surface was illustrated by
contact angle results. A beneficial temperature effect on surface hydrophobicity was
observed after contacting with xanthate solutions.

17. The elevated temperatures of interest were beneficial for the chalcopyrite flotation recovery
of Resolution Copper Ore. The recoveries of its byproducts were also enhanced. There was
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no sign of change in concentrate grade. Therefore, it was not necessary to take actions of
reducing temperatures such as cooling down before flotation.

18. The xanthate adsorption behavior on chalcopyrite surface and pyrite surface were
compared through contact angle tests and FT-IR tests. The pyrite surface was more active
than chalcopyrite surface, in terms of the oxidation of xanthate into dixanthogen, as can be
told from significant increase of contact angle value and infrared absorbance at high
temperature. The higher rest potential of pyrite surface than chalcopyrite surface was the
underlying reason of the observations above, since in natural the formation of dixanthogen
was an electrochemical reaction, which was controlled by oxidation potential.
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