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PERSPECTIVE

Patrick Zhang, Research Director - Beneficiation & Mining

Fatty acid flotation is the key step in phosphate beneficiation, and has significant
impacts on both the operational cost and product grade. The Bone Valley phosphate
deposit has been very amenable to fatty acid flotation, and is indeed one of the easiest-to-
float phosphates in the world. That is changing as phosphate mining moves further south.
The industry now frequently encounters difficult-to-float phosphates, with flotation
recoveries 20% lower than normal. The extent of this problem and the reasons for the
poor flotation performance are not understood. There has been some speculation on the
cause of this problem, such as organic coating on the phosphate surfaces, higher pyrite
content, and bacterial action. However, no study has been undertaken to fully investigate
it.

Over the years, processing engineers within the Florida phosphate industry have
urged FIPR to conduct a study of flotation feed variations to answer the question why
some feeds are difficult to float, so that effective methods may be developed to improve
flotation efficiency. This topic was also the only immediate research priority supported
by most participants at a FIPR-sponsored flotation workshop held in 2004. In response to
that top research need recommended by industry representatives, a consortium of three
top universities in mineral processing/surface chemistry proposed this comprehensive
study of physical, chemical, mineralogical, and surface properties of various flotation
feeds to identify important parameters affecting phosphate flotation and develop methods
for reducing any detrimental effects.

This characterization study used many of the routine and modern analytical
techniques currently available, such as XMT, CT, XPS, CMT, FTIR, EDS and SEM.
Poor flotation was found to be caused by one or more of the following characteristics:

1. Encapsulation of phosphate particlesin athin or thick silica shell

2. Heavy contamination of phosphate particles with contaminants like clay,
gypsum, aluminosilicates, and dolomite

3. The presence of phosphate as coarse and/or porous particles

4. The presence of adsorption-hindering species such as silanol groups on the
phosphate surface.

Although this project has not achieved the ultimate goal of instantaneous
diagnostics of “bad” flotation feeds and “quick fixes” when problems are identified, this
final report provides a weath of useful information to both process engineers and
researchers.



ABSTRACT

Phosphate flotation has been used by industry for more than a half century but
still faces many technical challenges. Such challenges include not only the selection of
the chemical reagents but the characteristics of the feed itself. This report deals with the
investigation of feed characteristics and how these characteristics affect the flotation
separation efficiency of feed material from a particular phosphate operation, specifically
why some feed, from the same mine, is efficiently separated with high recovery (good
feed) while other feed is more difficult to separate (bad feed). The study was conducted
using both traditional analytical techniques and more advanced techniques such as X-ray
microtomography. The results reveal that bad feed is highly porous, coarser in size, and,
most significantly, exhibits alower degree of liberation. Such bad feed was inefficiently
separated by fatty acid flotation and improved recovery would require controlled grinding
in order to improve the extent of liberation.
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EXECUTIVE SUMMARY

MICRO CT ANALYSIS, LIBERATION-LIMITED GRADE RECOVERY
CURVES

Summary for 2007 Samples

Micro CT analyses of Four Corners (FCO) Bad, Four Corners Good, CF
Industries Bad and CF Industries Good samples received in 2007 are reported together
with other physical characteristics such as particle size distribution and surface area.
Grade/recovery curves limited only by the liberation characteristics have been
constructed from micro CT scans of feed samplesin each case.

It is evident from this detailed CT analysis that improved separation cannot be
achieved for the Four Corners Good and CF Industries Good samples unless improved
liberation of the feed is achieved by size reduction. On the other hand, in the case of the
CF Industries Bad sample, some slight improvement in efficiency might be achieved by
improved flotation conditions. For example, in the best case for improved recovery, the
recovery could be increased from 80% to ~95% at the same grade. In the case of the
Four Corners Bad sample considerable improvement in recovery and grade should be
possible by improved flotation conditions. Inthiscaseit is clear that efficiency is limited
by factors other than liberation, such as slime coatings, surface structure, surface
composition, etc. The summary with respect to recovery limitation for each of the 2007
samplesis presented in Table 20.

Summary for 2008 Samples

Research on the 2008 samples focused on liberation issues and grade/recovery
curves for 2008 samples: Hole 1862 Split 2 (1862-S2), Hole 3057 Split 2 (3057-S2), CF
Combined, CF West, CF East, FCO, FCO Bad, Hole 464 Split 1 (464-S1), Hole 464 Split
2 (464-S2) and SFM. Detailed 3D Micro CT analyses for all 2008 samples are reported.
Regarding these ten 2008 samples, CT analysis suggests that in the case of CF West, CF
East, CF Combined and 464-S2 the recovery is mostly limited by liberation. In the case
of 3057-S2, SFM, FCO, FCO Bad (tailings 2) recovery is to some extent limited by
factors other than liberation. Finadly, in the case of 464-S1, 1862-S2 and FCO Bad
(tailings 1) the recovery is significantly limited by factors other than liberation (see Table
20).

MINERALOGY AND SURFACE CHEMISTRY

Research work was concentrated on two good samples (CF West and CF
Combined samples) and two bad samples (1862-S2, 464-S1). However, the
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mineralogical studies also included the 464-S2 and CF East Pit samples. Samples
considered are as follows:

Sample Feed BPL (%) Grade BPL (%) Recovery (%)
Bad Samples
Hole 1862 Split 2 26.72 48.72 25.6
Hole 464 Split 1 27.65 36.79 76.5
Hole 464 Split 2 31.93 57.69 61.0
Good Samples
CF Combined 16.94 52.42 96.3
CF West Pit 0.88 43.62 96.6
CF East Pit 12.15 46.16 96.7

The present studies indicate that the feed phosphate samples are composed
essentially of quartz and apatite in variable percentages. In addition subordinate amounts
of clay minerals (kaolinite, illite, and montmorillonite), gypsum and carbonate minerals
(mainly dolomite) were found except for the 464-S1 and 464-S2 feed samples, which are
free of carbonate minerals. On flotation separation, almost all phosphate minerals are
transferred into the concentrates for the good feeds and the phosphate mineral percentage
in the good tails does not exceed 1.5%. In contrast, for the bad feeds there is no great
difference between the grade of the concentrates and tailings, except for 464-S2 where
the concentrate grade was found to be about 58% phosphate and the tailings grade about
7% phosphate.

Also the present study reveaed that the particle size distribution (PSD) has a
narrow size range for the good feeds (CF West and CF Combined), while in the bad feeds
PSDs have a wide size range and there is a good percent of phosphate in the coarse to
very coarse size fraction, significantly coarser than the associated quartz particles. The
effect of PSD on the efficiency of separation is obvious where most of the coarse
phosphate particles in the bad feeds are lost to the tailings, leaving the concentrates to be
of uniform particle size.

In the 1862-S2 sample, gypsum is found in the feed in crystals of cylindrical
shape surrounding phosphate particles and sometimes aggregated as coarse particles.
Gypsum is a source of calcium that may interfere in the flotation process. The phosphate
particles in the tailings are more porous than those in the concentrate, and the phosphate
particles in the tailings are one of the following types. coarse, highly porous, kaolinite-
coated, or unliberated.

In the feed for 464-S1, some phosphate particles show high porosity and kaolinite
is present in the shape of worms, rods or ropes attached or stained on the surface of both
phosphate and quartz particles. Sometimes the kaolinite forms a shell around the
different particles. In the tailings, kaolinite is acting as binding material for some
phosphate and quartz particles, and the phosphate particles are very coarse, unliberated or
attached to quartz particles by the kaolinite mineral. As in the other phosphate samples,
the phosphate particles are elongated (rods or oval) and spherical or irregular. In this
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case, the elongated phosphate particles are more common in the concentrate than in the
tailings. CF Combined and CF West Pit good feeds have no such features found in the
bad feed materia but thereis alimited liberation.

The XPS results of phosphate particles in the flotation products of bad samples
464-S1 and 1862-S2 revealed that calcium, phosphorus, fluorine, iron and sulfur exhibit
the same behavior and are rich on the surface of phosphate particles in the concentrates.
Silica exhibits similar behavior and is abundant on the surface of phosphate particles in
the tailings. On the other hand, magnesium and alumina exhibit opposite behavior and
increase in the concentrate of 1862-S2 and decrease in the tailings of 464-S1.

The mass concentration difference for phosphorus, calcium, and fluorine in the
concentrate and tailings is higher in the case of 464-S1 than in the case of 1862-S2. This
difference is expected to explain separation efficiency, and if this difference increases the
separation efficiency will increase. Therefore, the separation efficiency of 464-S1 is
better than that of 1862-S2, according to the flotation and mineralogical results.

Finally, the factors affecting separation efficiency of the bad feeds (1862-S2 and
464-S1) include the following:

e Particle sizedistribution
e Presence of a remarkable amount of associated clay, gypsum and dolomite

minerals
e High porosity of phosphate particlesin some feeds
e Liberation

Particle shape has some effect on separation, as the elongated particles have the
ability to float more than the spherical particles.



INTRODUCTION

At times the Florida phosphate industry encounters phosphate rock that gives
lower than expected BPL recovery from the rougher flotation circuit in plant operations.
The drop in recovery istypically 10% and as much as 30% or more. For example, Figure
1 shows the weekly recovery vs. time for a Florida phosphate beneficiation plant. During
this time of operation there were relatively few minor fluctuations in the feed grade BPL
with the trend being slightly upward during the period. The recovery dropped about 15%
toward the end of this period.

While this is somewhat of an extreme example (prolonged time at low recovery),
sporadic low recoveries occur for extended periods like this every few years. If the
typical drop in recovery is 10%, and it occurs 10% of the time, at a rock cost of $30/ton,
the cost to the industry is at |east $6,000,000 per year. In addition, the lost phosphate is a
waste of alimited natural resource. It also increases the area of land disturbed per ton of
rock recovered.

During the flotation workshop held by FIPR (August, 2004), it became apparent
that variation in feed quality from day to day, shift to shift, even from dragline to drag
line, represents a chalenge to beneficiation plant operators and reagent suppliers.
Therefore, a research project was initiated to conduct a characterization study of
phosphate feed samples in order to explain limitation to fatty acid flotation recovery.

This report of the FIPR research program deals the following:

e Liberation issues
e Mineralogy
e Surface Chemistry

According to tasks identified in the proposal, important ore characteristics were
investigated using X-ray microtomography to address liberation issues, including
liberation-limited grade/recovery curves obtained for each sample. SEM analysis, BET
measurements, EDS and XPS spectroscopy, and optical microscopy were used to address
mineralogy and chemical composition of particle surfaces.

The reported studies were used to explain the flotation results in bench-scale
Denver flotation cell experiments. In fact, these analytical results were compared with
the flotation results and important factors controlling the flotation response were
identified.
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METHODOLOGY

MATERIALS

2007 Samples

A total of four feed samples of Florida phosphate were delivered during 2007:
two (good and bad) feed samples from the CF Industries plant and two (good and bad)
samples from the Four Corners plant. The BPL and insoluble residues of these bad and
good feed samples are given in Table 1. Also eight flotation products (four concentrates
and four tails) from those feed samples were delivered from the same plants.

Tablel. BPL and Insoluble Residue of the 2007 Good and Bad Feed Samples.

Feed BPL % Insoluble Residue %
CF Industries Good 15.76 77.92
CF Industries Bad 19.86 72.05
Four Corners Good 13.30 82.03
Four Corners Bad 8.21 87.47

Both the feed samples and their flotation products were investigated for the same
reason, to elucidate the effect of the different parameters, particularly liberation, on the
separation efficiency of the different feeds. The flotation data of the good and bad feeds
aregivenin Table 2.

Table 2. Flotation Data of the 2007 Concentrate Samples.

Concentrate BPL % Recovery %
CF Good concentrate 38.5 97.3
CF Bad concentrate 58.7 89.1
Four Corners Good concentrate 32.1 92.3
Four Corners Bad concentrate 27.6-32.7 23.0-85.0

According to the flotation results of these samples, both the good and bad CF
Industries samples float better than either of the Four Corners samples. The results from
this study show that in the case of the CF good sample, a phosphate concentrate product
of 38.5% BPL with arecovery of 97.3 % can be achieved at a dosage of 1.0 |b./t and 180
seconds of conditioning time. The best case for the CF bad sample was a product of
58.7% BPL with arecovery of 89.1%.

In the case of the Four Corners good sample, a product of 32.1% BPL with a
recovery of 92.3% can be obtained in the best case. On the other hand, the best case for
the Four Corners bad sample floats only with a recovery of 23.0% BPL. The scrubbing
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process then improved the recovery from 23% to 85%. This indicates that the scrubbing
process removed fine particles, mostly of clay, from the surface, and created new surfaces
that enabled fatty acid adsorption at the phosphate surfaces.

2008 Samples

Ten new samples received during 2008 include: Hole 1862 Split 2 (1862-S2),
Hole 3057 Split 2 (3057-S2), CF Combined, CF West, CF East, FCO, FCO Bad, Hole
464 Split 1 (464-S1), Hole 464 Split 2 (464-S2) and SFM.

EXPERIMENTAL PROCEDURES

There are many tools available for liberation analysis. These can be classified
into one-dimensional and two-dimensional techniques, such as optical microscopy,
scanning electron microscopy, and its modifications, the QEM/SCAN system and the
JKTech Minera Liberation Analyzer (Miller and others 1982, Miller and Lin 1988, Gu
and Napier-Munn 1997, Al-Wakeel 1997, Lin and Miller 2001). More recently, three-
dimensional (3D) techniques such as X-ray microtomography have been developed
(Miller and Lin 2004, Fandrich and others 2007, Videla and others 2007). The spatial
interpretation of one- and two-dimensional information extracted from polished or thin
sections can be accomplished by a variety of stereological procedures (Schneider and
others 1991, Barbery 1991, King and Schneider 1993, King 1994, Lin and Miller 2001).

The topic of stereological correction in mineral liberation analysis has been
examined extensively and various models for estimating 3D liberation characteristics
from 2D polished section measurements have been proposed, as first demonstrated in
1985 (Lin and others) and more recently reviewed (Latti and Adair 2001). In contrast,
direct 3D liberation measurements using X-ray computed tomography (CT) techniques
are being used for exposure/liberation analysis at the University of Utah (Miller and Lin
2004).

In this study, a Micromeritics ASAP 2010 Surface Area Analyzer was used for
BET surface area measurements. Mineralogical analyses for the phosphate flotation
samples were conducted by X-ray diffraction analysis, which was carried out using a
Philips X-ray diffractometer and an optical polarizing microscope. Also, some
characterization was accomplished using X-ray photoelectron spectroscopy (XPS).

Micro CT Analysis, Liberation-Limited Grade Recovery Curves
Three-dimensional liberation analyses of the phosphate feed and flotation
products were obtained using the same XMT system. In this regard, the three-

dimensional XMT image data of multiphase mineral particles was post-processed in
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order to determine the characteristic relationship between mineral phases and liberation
for individual particles from a packed particle bed. First, a 3D watershed algorithm was
used to separate individual particles in the packed particle bed, and then compositional
information for each individual particle was analyzed using a finite mixture distribution
model (Videlaand others 2007).

Each sample was analyzed and from the X-ray attenuation coefficient histogram
(3D liberation spectrum), the particles were classified into twelve classes based on
phosphate volume grade. The grade classes are as follows: 0%, 5%, 15%, 25%, 35%,
45%, 55%, 65%, 75%, 85%, 95% and 100% phosphate. A 3D liberation spectrum of
phosphate was obtained for feed and flotation products from each sample.

Correlation of CT Datawith Chemical Analysis

The CT data defines the volume fraction of each mineral phase that can be
distinguished by XMT and these volume fractions correlate with the corresponding mass
fractions from chemical analysis. In fact, the relationship between mass fraction and
volume fraction for a given minera phase A in a binary system consisting of mineral
phases A and B is defined by:

M, = 2

where:

ma —mass fraction A

VA —volume fraction A
pa - density of phase A
ps - density of phase B

In this way, the relationship for a given system can be established if the densities
of mineral phases are known and are constant from one particle to another. Usually such
is not the case and verification of experimental datais difficult.



RESULTSAND DISCUSSION

CHARACTERIZATION OF 2007 SAMPLES

Particle Size Distribution

The particle size distribution for each sampleis presented in Figure 2. The results
indicate that the dsp size of the CF Industries feed (CF good feed: dsp=0.263 mm; CF bad
feed: dsp=0.338 mm) is coarser than the dsy Size of the Four Corners feed (Four Corners
Good feed: dsp=0.178 mm; Four Corners Bad feed: dso=0.195 mm).
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Figure 2. Particle Size Distributions of the Flotation Feeds of 2007 Samples.

It can be clearly seen that, in the case of the CF Industries good sample, thereis a
significant increase in recovery as the conditioning time increases. But as the collector
dosage increases, this effect becomes insignificant. These results show that the
conditioning time is significant. In the case of flotation results with the Four Corners
good sample, both conditioning time and dosage play an important role in recoveries.
This means that the Four Corners sample needs more conditioning time and a higher
reagent dosage. This might be due to different types of locked particlesin the feed.
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Surface Area Analysis

Surface area, average pore diameter and average pore volume were determined
for the four feed samples by BET, as given in Table 3. Surface area is an important
characteristic with respect to the adsorption of flotation chemicals, including collectors
and depressants, at mineral surfaces. When material has a much higher surface area, it is
necessary to adjust the dosage of the chemicals accordingly. The results indicate that of
the four samples, the Four Corners Good feed has the lowest surface area and the highest
pore diameter and pore volume, while both good feeds have less area and larger pore
diameters than the bad feeds from the same mine.

Table 3. Surface Area, Pore Diameter and Pore VVolume of the Feed Samples.

Sample BET Surface | AveragePore | Total Pore Volume
p Area (m?/g) Diameter ( ) (Cm*qg)
fCeI(:dl ndustries Good 3974 7.164 E+01 1.173 E-02
CF Industries Bad 3519 6.900 E+01 1214 E-02
Fe%léjr Corners Good 1.04 9.80 E+01 5.104 E-02
Four Corners Bad 3.479 7.481 E+01 1.300 E-02

Surface area was measured also for the flotation products of the bad feeds, and the
results are presented in Table 4. These results indicate that the CF Bad concentrate
sample shows a much higher surface area compared to the other samples.

Table4. BET Surface Area of “Bad” Samples.

Sample Surface Area (m?/g)
Four Corners Bad Conc. 3.12+0.01

Four Corners Bad Tail 3.23+0.02

CF Industries Bad Conc. 10.12 £ 0.04

CF Industries Bad Tail 1.75+0.01

Further analysis is necessary to confirm these results and to study the effect of
surface area/porosity in more detail.

Mineralogical Analysis by X-Ray Diffraction (XRD)

The mineralogical analyses of the 2007 samples by XRD are shown in Figures 3-
8. Resultsindicate that both CF Industries and Four Corners feed samples have the same
mineral composition, which includes essentially quartz and fluorapatite, in addition to a
remarkably high percentage of feldspars.
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Figure 3. XRD Patterns of the CF Industries and Four Corners Good and Bad
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Figure4. XRD Patterns of the Concentrates of the CF Industries and Four Corners
Good Feeds.
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Figure 5. XRD Patterns of the Tails of the CF Industries and Four Corners Good
Feeds.
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The CF Industries Bad feed samples, contains a very small percent of carbonate
(dolomite) which is concentrated in the concentrate after flotation, as indicated by a very
short peak.

Along with the CF Industries samples, Four Corners Good and Bad feed samples
have the same mineral composition which includes essentially quartz and carbonate
fluorapatite. In addition, the Four Corners Bad feed has a remarkably high percentage of
dolomite and a very small percentage of pyrite.

Mineralogical Analysis by Optical Microscopy

The microscopic investigation shows that the CF Industries Good phosphate feed
isof coarse to fine sand size (d5p=0.263 mm, lower medium sand size), moderately sorted
(Figure 9). Quartz particles are angular to subrounded, while phosphate particles are well
rounded to subrounded particles in addition to phosphate bone fragments, generally found
in elongated and spherical shapes. Phosphorite mineral particles exhibit different
colors—pale yellow, yellow, dark yellow, brown, dark brown, bluish grey or dark grey;
the dark phosphate particles are the most abundant.

CF Industries Bad feed is very coarse to very fine grained (ds=0.338 mm, upper
medium sand size) and ill-sorted. Quartz particles are angular to subrounded, and
frequently are partially covered with thin layers of phosphate or interlocked with other
phosphate particles (Figure 9). Phosphate particles are well rounded to subrounded and
are bone fragments of different colors that are elongated in shape. The phosphate
particles are yellow, white, brown, dark gray and black, with the lighter-colored grains
abundant. Fine quartz inclusions are abundant in the phosphate particles. Sometimes the
phosphate particles are siliceous, especially the coarse grains. Carbonate minerals are
found as microcrystalline to rhombic crystalline particles and shell fragments.

After flotation most of the apatite is separated into the concentrates while quartz
is found in the tailing products. Nevertheless, some apatite is found in the tailings,
especialy in the CF Industries Bad tailings. In the concentrates a small percent of
gypsum or kaolinite, which was not found in the XRD patterns of the feeds, is floated
with the apatite mineral, in addition to the carbonate mineral (dolomite) in the CF
Industries Bad concentrate.

Along with the CF Industries samples, Four Corners Good and Bad feed samples
have the same mineral composition which includes essentially quartz and carbonate
fluorapatite. In addition, the Four Corners Bad feed has a remarkable percent of dolomite
and a very small percent of pyrite. Both microcrystaline and rhombic crystalline
carbonates were found in the Four Corners Bad feed.

The microscopic investigation shows that the Four Corners Good feed is of very
fine to medium particle size (d50=0.178 mm, fine sand size), occasionally coarse, and
moderately sorted. Phosphate particles are well rounded to subangular and vary in shape
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from spherical to elongated, but the latter shape is more common. They have different
colors ranging from pale yellow to brown to dark brown and bluish grey or dark grey and
black, but the latter two types are abundant. Sometimes very fine sulfide particles,
represented mainly by pyrite, were observed by reflected light and disseminated in
phosphorite particles. Quartz particles are angular to subangular and frequently of
irregular shape (Figure 10).

CF Industries Good Samples CF Industries Bad Samples

Figure 9. Micrographs Showing the Mineralogy of the CF Industries Feeds and
Flotation Products. a: Feed, b: Concentrate, c: Tailings, Plane Polarized
Light.
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Figure 10. Micrographs Showing the Mineralogy of the Four Corners Feeds and
Flotation Products. a: Feed, b: Concentrate, c. Tailing, C:
Carbonate, F: Feldspar, Ap: Apatite, Qz: Quartz.

Surface Chemistry—SEM and EDS Analysis

SEM, in conjunction with energy dispersion spectroscopy (EDS), gives a unique
opportunity to analyze the shape of particles as well as their surface and subsurface
elemental composition. The EDS signal is collected from a depth of several micrometers,
thus giving an idea about the bulk composition rather than that of the surface. As shown
in thisinitial report, it is possible to obtain information about the elemental composition
of alarge population of particles, and subsequently to focus on the individual particles.
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XMT analysis of particle shape was complemented by scanning electron
microscopy analysis of the sample shape. Additionally, analysis of the sample elemental
composition was performed using energy dispersion spectroscopy. Bad and good feed
samples from the two different plants were analyzed using a Hitachi SEM and an EDAX
EDS analyzer at a working distance of 25 kV and 26 mm. Overall, a low-magnification
image was taken for each sample with the corresponding large area EDS scan showing
the overall elemental composition of the observed image. Subsequently, images and EDS
spectra of selected particles were taken.

Figure 11 shows an image of the CF Industries Bad feed sample, while Figure 12
presents a spectrum of a large area of the sample. Peaks corresponding to aluminum,
silicon, phosphorus and oxygen can be distinguished, silicon being the most prominent.

Figure1l. SEM Image of CF Industries Bad Feed Sample.
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Figure12. EDSLarge Area Spectrum of CF Industries Bad Feed Sample.
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Figures 13 to 16 show selected single particles from the CF Industries Bad feed
sample together with their elemental composition. Particle 1 can be clearly identified as
silica (gangue minera), while particle 3 is a phosphate particle with only traces of silica
present.

SE 15-Feb=0/

Figure 13. SEM Image of EDS Particle 1 from CF Industries Bad Feed Sample.
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Figure 14. EDS Spot Spectrum of EDS Particle 1 of CF Industries Bad Feed
Sample.
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Figure 15. SEM Image of EDS Particle 3 from CF Industries Bad Feed Sample.
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Figure 16. EDS Spot Spectrum of EDS Particle 3 of CF Industries Bad Feed
Sample.

Other gangue particles show characteristics of aluminosilicates or calcium
carbonates. Further images and results are given in the Appendix. SEM-EDS analysis
can be successfully used to characterize the presence of phosphate particles in the sample
as well as morphological characteristics of the particles. No clear connection, however,
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between the morphology and elemental composition was observed. A systematic study
of the samples where the individual particles are analyzed and compared should reveal if
any such relationship exists.

Surface Chemistry—X=Ray Photoelectron Spectroscopy (XPS) Analysis

EDS analysis of elemental composition was complemented by surface-sensitive
XPS analysis of concentrate and tailing samples from both plants. XPS analysis depends
on the interaction of the X-ray beam with the sample surface. During this interaction
photoelectrons are emitted from the sample which energy is directly related to the
elemental and chemical characteristics of the sample. Since these photoelectrons can
escape only from the few top nanometers of the sample material, XPS is a powerful
surface analysis technique. Unlike EDS, XPS gives only surface composition
information, without the subsurface signal present. It isaso very sensitive and alows for
guantification of the elements. Modern XPS systems allow for imaging of the sample
using an electron gun similar to SEM imaging. This combination alows for collecting
signal from the selected single particles of the sample. It isimportant to mention that the
surface characteristics of the sample is a deciding factor during the flotation separation
process.

Initial dry samples were screened before the XPS analysis and only the coarse
fraction (above 200 um) was examined in this initial study. Non-quartz looking particles
were handpicked for this analysis. The Kratos Axis Ultra DLD XPS system was used,
the sample was imaged using an electron gun, and XPS spectra 50 um by 50 um were
taken. Spectra were quantified and surface elemental compositions of individual selected
particles were obtained.

Figures 17 and 18 show the image of a particle from the CF Industries bad
concentrate sample and the X PS spectrum of the particle surface, respectively. Elemental
composition of the particle surface is given in Table 5. A significant amount of surface
phosphorus is evident, suggesting the phosphate character of the particle. As expected
most of the analyzed particles in this sample were showing a high phosphorus content at
the surface.
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Table 5. Surface Elemental Composition of XPS Particle 1 from CF Industries Bad
Concentrate Sample.

Atomic Mass
Element Concentration Concentration
(%) (%)

@) 48.04 39.16
Ca 11.86 24.22
C 24.20 14.81
P 7.57 11.95
F 3.37 3.26
Si 1.67 2.39
Al 1.01 1.39
Mg 2.27 2.81

The CF Industries Bad tailings sample was also analyzed and interesting
examples are shown in Figures 19 and 20. These figures, as well as Table 6, show a
particle from this sample population where the content of phosphorus is very low, the
particle obviously being a gangue mineral of calcium carbonate composition.
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Figure 19. Electron Image of XPS Particle 2 from CF Industries Bad Tailings
Sample.
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Figure 20. XPS Spectrum of XPS Particle 2 from CF Industries Bad Tailings

Table 6. Surface Elemental Composition of XPS Particle 2 from CF Industries Bad

1000 800

Sample.

600 400

Binding Energy [eV]

200

Tailings Sample.
Atomic Mass
Element Concentration Concentration

(%) (%)

O 46.09 39.18
Ca 6.28 13.38
C 23.44 14.96

P 0.17 0.27

F 0.64 0.65

S 5.65 8.43
Al 1.66 2.38
Mg 16.07 20.76

Intensity [CPS]

However, particles with a high phosphorus concentration were also present in the
CF Industries Bad tailings sample, as shown in Figures 21 and 22 and Table 7. The
phosphorus surface concentration, while generally lower than that of the concentrate
particles, reached 12 mass percent in Some cases.
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Figure 21. Electron Image of XPS Particle 5 from CF Industries Bad Tailings
Sample.
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Figure 22. XPS Spectrum of XPS Particle 5 from CF Industries Bad Tailings
Sample.
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Table 7. Surface Elemental Composition of XPS Particle 5 from CF Industries Bad

Tailings Sample.
Atomic Mass
Element Concentration Concentration

(%) (%)

O 47.88 37.78
Ca 13.33 26.35
C 22.42 13.28

P 7.86 12.00

F 1.31 1.23

S 1.99 2.75
Al 2.69 3.57
Mg 2.53 3.03

X-Ray Microtomography (XMT) Analysis

Modern three-dimensional (3D) image-acquisition techniques, such as X-ray
microtomography (XMT), offer a unique imaging capability that can produce high-
resolution (a few micrometers) three-dimensional images of the interna structure of
multiphase particulate samples. For this reason, high-resolution 3D X-ray
microtomography (XMT) was used for the direct determination and analysis of the
multiphase particle beds of phosphate samples. X-ray tomographic reconstruction
produces a three-dimensional map of the X-ray attenuation coefficients of the irradiated
cross-section of the specimen. Differentiation of features within the sample is possible
because the linear attenuation coefficient (1) at each voxel is a function of material
density, effective atomic number, and the X-ray energy.

Figure 23 shows the histogram distributions obtained for two different phosphate
samples previously scanned by XMT at the University of Utah. It is clear from direct
observation of the peaks in the histograms that the mean of the attenuation coefficient is
directly related to the density of the material. Three peaks are observed, which represent
the air, gangue (silicate) phase, and phosphate phase, as indicated in Figure 23. In
general, voxels with an X-ray linear attenuation coefficient of less than 0.07 are
considered to represent air. Inset graphs of Figure 23 show volume-rendering images for
the different phosphate samples with the gangue phase set as white and phosphate phase
set a brown-yellow color. The rich phosphate sample only contains one gangue particle
and several locked particles. However, the other sample consists mostly of gangue
particles (in white).
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Figure 23. Histograms of Scaled X-ray Attenuation Coefficients for Two Phosphate
Samples Previously Examined at the University of Utah.

Based on the these previous results, particles from the bad concentrate and
tailings samples from CF Industries and Four Corners were selected and scanned by
XMT.

Concentrate and Tailingsfrom the CF Industries Bad Sample

Volume rendering of the 3D reconstructed XMT images for the concentrate and
tailings from the CF Industries Bad sample are shown in Figure 24. It isclearly indicated
that except for a few particles, most of the phosphate particles (brown-yellow) in the
tailings of the CF Industries Bad sample are locked particles. However, as expected,
most of the particles in the concentrate are rich in the phosphate phase with a few
inclusions of the gangue phase (white).
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CF Industries Bad Concentrate

CF Industries Bad Tailings
Y ' ' A

Figure 24. Volume Rendering 3D Reconstructed XM T Images of the Concentrate
and Tailings from the CF Industries Bad Sample. Phosphate phase is
brown-yellow color and gangue is white.

Individual particles from the tailings of the CF Industries bad sample were
segmented and their X-ray linear attenuation coefficient histograms were analyzed.
Particles identified by particle number and their corresponding histograms of X-ray linear
attenuation coefficients are shown in Figures 25 and 26, respectively. A detailed analysis
of each particleis summarized in Table 8.

Table8. Characterization of Particlesfrom Tailings of CF Industries Bad Sample.

Particle Type Particle No. Description
Phosphate 4 Pure phosphate phase
Locked 5,6,14 Phosphate (dominant), gangue inclusions
2,10,15,16,17 | Gangue (dominant).
Gangue 1,7,8,9,12,13 | Pure gangue phase
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CF Industries Bad Tailings
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Figure 25. Labeled Particlesfrom CF Industries Bad Tailings Sample.
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Figure 26. Histograms of Scaled X-ray Attenuation Coefficients of Individual
Particlesfrom the Tailings of CF Industries Bad Sample.
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Concentrate and Tailings from the Four CornersBad Sample

Volume rendering of the 3D reconstructed XMT images for the concentrate and
tailings from the Four Corners Bad sample are shown in Figure 27.

Bad Four Corners Concentrate

Bad Four Corners Tailings
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Figure 27. Volume Rendering 3D Reconstructed XM T Images of the Concentrate
and Tailings from the Four Corners Bad Sample. Phosphate phase is
brown-yellow color and gangue is white.
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Individual particles from the tallings of the bad Four Corners sample were
segmented and their X-ray linear attenuation coefficient histograms were analyzed. The
particles identified by particle number and their corresponding histograms of X-ray linear
attenuation coefficients are shown in Figures 28 and 29, respectively. A detailed analysis
of each particleis summarized in Table 9.

Table9. Characterization of Particlesfrom Tailings of the Four CornersBad

Sample.

Particle Type Particle No. Description
Phosphate 13 Pure phosphate phase
Locked 1,8,10,11,15 Gangue (dominate).
Gangue 2,3,4,5,6,7,14,15,16 Pure gangue phase

Bad Four Corners Tailings

/ i ; A

81 /A
,".I ‘1’\ _v"r ."-
;o 7 6 ( \
£ y | ”i’

Figure 28. Labeled Particlesfrom Four CornersBad Tailings Sample.
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Figure 29. Histograms of Scaled X-Ray Attenuation Coefficients of Individual
Particlesfrom the Tailings of Four CornersBad Sample.

The XMT scans clearly indicated that most of the phosphate particles (brown-
yellow) in the tailings of the CF Industries Bad and Four Corners Bad samples are locked
particles. Furthermore, most of the phosphate particles in the concentrate are rich in the
phosphate phase with few inclusions of the gangue phase. However, not only the amount
of locked particles but also their typeis of great importance.

Correlation of CT Data with Chemical Analysis

A number of samples from different Florida phosphate deposits were analyzed by
chemical analysis (wt. % BPL) and by XMT at 50 kV and 20 micron resolution (vol. %
phosphate mineral). The samples are characterized by a phosphate mineral phase of
varying microporosity. The density of nonporous apatite (single crystal) is reported to be
between 3.1-3.3 g/cm®, and this corresponds to an attenuation coefficient (u) value of
0.53. However due to porosity considerations a lower average attenuation coefficient
corresponds to the collophanite phosphate mineral present in these Florida samples. In
the case of the CF samples, the average attenuation coefficient for collophanite is 0.3 and
on this basis the correlation of the chemical analysis (wt. % BPL) with the volume
percent phosphate mineral determined by XMT is presented in Figure 30. The
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relationship predicted from Equation 1 was based on a gangue mineral density of
2.65 g/cm® and a phosphate mineral of 1.75 g/cm®, as estimated from the CT data.
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CF Industries Samples
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Figure 30. Correlation between Chemical Analysis Data in Weight Percent BPL
and Volume Percent Phosphate Mineral from XMT Data for the CF
Industries Samples from Florida Phosphate Operations. The solid line
is the predicted relationship calculated from equation 1, with gangue
mineral density = 2.65 g/cm® and phosphate mineral density = 1.75
glcm?®, as estimated from CT data.

Micro CT Analysis, Liberation-Limited Grade Recovery Curves

As mentioned before, the mineral liberation analyses were carried out using XMT
data to classify the sample constituent particles into twelve grade classes based on
phosphate areal grade percent (2D liberation analysis) and phosphate volume grade
percent (3D liberation analysis). The grade classes are as follows. 0%, 5%, 15%, 25%,
35%, 45%, 55%, 65%, 75%, 85%, 95% and 100% phosphate. These analyses were
carried out for the feed and flotation products of samples from Four Corners Bad, Four
Corners Good, CF Industries Bad and CF Industries Good samples received in 2007.

Grade/recovery curves limited only by the liberation characteristics were
constructed from Micro CT scans of feed samples in each case. The grades of each feed
sample and flotation products (concentrate and tailings) were calculated from XMT data
and the recovery of phosphate in the concentrate was then calculated using the two-
product formula (Equation 1). A summary with respect to recovery limitation for each of
the 2007 samplesis presented in Table 10.



Table 10. Recovery Limitations as Revealed by Micro CT Analysis of the 2007

Samples.
: Flotation @
Micro CT 1Lb./T, 180s
Sample No. of Particl Limitation to Recovery
0.0 icles 0 0 0
Analyzed Grade [%]| Recovery (%) | Recovery (%)

Four Corners Feed

25122 15.97
(Bad)
Four Corners Other Factors Major

32826 37.94 38.42 ~23
Concentrate (Bad) Effect
Four Corners Tailings 19610 11.73
(Bad) '
Four Corners Feed

20928 12.88
(Good)
Four Carmers 33243 53.34 92.73 ~925  |Liberation
Concentrate (Good)
Four Corners Tailings 20177 121
(Good) '
CF Industries Feed

5994 29.72
(Bad)
CF Industries 3723 67.40 80.23 —gg  [Other Factorsto Some
Concentrate (Bad) Extent
CF Industries Tailings

1757 9.10
(Bad)
CF Industries Feed

7690 27.25
(Good)
CF Industries

9869 55.10 95.12 ~97 . .
Concentrate (Good) Liberation
CF Industries Tailings 15094 1.46

(Good)

It is evident from this detailed CT analysis that improved separation cannot be
achieved for the Four Corners Good and CF Industries Good samples unless improved
liberation of the feed is achieved by size reduction (Figures31B and 31D). On the other
hand, in the case of the CF Industries Bad sample some slight improvement in efficiency
might be achieved by improved flotation conditions. For example, in the best case
recovery could be increased from 80% to ~95% at the same grade (Figure 31C). In the
case of the Four Corners Bad sample, considerable improvement in recovery and grade
should be possible by improved flotation conditions (Figure A). In this case it is clear
that efficiency is limited by factors other than liberation, such as slime coatings, surface

structure, surface composition, etc.
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Liberation-Limited Grade/Recovery Curves for the 2007 Samples.

Actual recoveries are marked with a cross on a gray background.
Key: A - Liberation-limited grade/recovery curve for the Four
CornersBad feed; B - Liberation-limited grade/recovery curve for the
Four Corners Good feed; C - Liberation-limited grade/recovery curve
for the CF Industries Bad feed; D - Liberation-limited grade/recovery
curvefor the CF Industries Good feed.
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CHARACTERIZATION OF 2008 SAMPLES

Mineralogical Analysis by X-Ray Diffraction (XRD)

Hole 1862 Split 2

The mineralogical analysis (Figure 32 and Table 11) of the 1862-S2 feed indicates
that the feed is composed essentially of quartz (52.66%) and apatite (44.84%) with small
percentages of calcite, dolomite, gypsum and kaolinite. The flotation results show that
there is no effective separation where al constituent minerals are represented in both
concentrate and tailings products.
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Figure 32. X-Ray Diffraction Patter ns of the 1862-S2 Feed, Concentr ate and
Tailings.
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Table 11. Mineral Composition of 1862-S2 Feed and Flotation Products.

Sample Mineral Composition (%)
Quartz Apatite Clays Carbonate | Gypsum
Feed 52.66 44.84 0.58 0.58 1.38
Concentrate 47.56 51.23 0.05 0.10 0.81
Tailings 59.92 39.44 0.83 0.64 1.32
Hole 464 Split 1

X-ray diffraction patterns (Figure 33) and microscopic investigation (Table 12) of
the 464-S1 feed indicate that the feed is composed essentialy of quartz (79.11%) and
apatite (17.97%) with small percentages of gypsum and kaolinite. These patterns show
that there is no effective separation where all constituent minerals are represented in both

concentrate and tailings products.
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Figure 33. X-Ray Diffraction Patter ns of the 464-S1 Feed, Concentrate and

Tailings.
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Table12. Mineral Composition of 464-S1 Feed and Flotation Products.

Sample Mineral Composition (%)
Quartz Apatite Clays Carbonate | Gypsum
Feed 79.11 17.97 1.62 0.0 1.29
Concentrate 75.59 22.09 1.37 0.0 1.16
Tailings 84.87 14.48 1.02 0.0 0.32
Hole 464 Split 2

The mineralogical analysis (Figure 34 and Table 13) indicate that the 464-S2 feed

sample is composed essentialy of quartz (71.75%), apatite (27.83%) in addition to small
percentage of gypsum and kaolinite. Quartz is still present at a good percentage in the
concentrate (41%) and the phosphate grade of the tailings is 7%. Kaolinite and gypsum
are also separated with the concentrate.
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Figure 34. X-Ray Diffraction Patterns of the Hole 464 Split 2 Feed, Concentrate

and Tailings.

39



Table 13. Mineral Composition of Hole 464 Split 2 Feed and Flotation Products.

Sample Mineral Composition (%)
Quartz Apatite Clays Carbonate | Gypsum
Feed 71.75 27.33 0.41 0.0 0.53
Concentrate 40.80 57.50 0.72 0.0 0.97
Tailings 92.87 7.12 0.0 0.0 0.0
CF Combined

The mineralogical analysis (Figure 35 and Table 14) of the CF Combined feed
indicates that the feed is composed essentially of quartz (75.51%) and apatite (23.72%),
with small percentages of dolomite, gypsum and clay minerals. The clay minerals are
represented by kaolinite, montmorillonite and illite. These patterns show that there is
effective separation where most of the phosphate is separated in the concentrate and most
of the quartz is separated in the tailings, and the phosphate content does not exceed 1.5%
in the tailings. Kaolinite and gypsum are separated in the concentrate, while dolomite is
distributed in both the concentrate and tailings.
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Figure 35. X-Ray Diffraction Patterns of the CF Combined Feed, Concentrate and
Tailings.
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Table 14. Mineral Composition of CF Combined Feed and Flotation Products.

Sample Mineral Composition (%)
Quartz Apatite Clays Dolomite Gypsum
Feed 75.5 23.7 ~1 ~0.5 0.10
Concentrate 31.00 66.50 15 0.7 0.3
Tailing 98.08 1.48 0.0 0.24 0.0
CF West Pit

X-ray diffraction analysis (Figure 36) and thin-section investigation (Table 15) of

the CF West Pit feed indicates that the feed is composed essentially of quartz (~75%) and

apati

te (~22%), with a small percentage (~3%) of dolomite, gypsum and clays. The clay

minerals are represented by kaolinite, montmorillonite and illite. These results show that
there is effective separation by fatty acid flotation where most of the phosphate is
separated into the concentrate containing 63% apatite, and most of the quartz is separated

into

the tailings containing 97% apatite. Kaolinite and gypsum are separated in the

concentrate, while dolomite is distributed in both the concentrate and tailings.
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Figure 36. X-Ray Diffraction Patterns of the CF West Pit Feed, Concentrate and

Tailings.
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Table 15. Mineral Composition of CF West Pit Feed and Flotation Products.

Sample Mineral Composition (%)
Quartz Apatite Clays Dolomite Gypsum
Feed 75 22 ~1 ~1 <0.5
Concentrate 36 63 0.5 ~1 <0.5
Tailing 97.5 15 <0.5 <0.5 -
CF East Pit

The mineralogical analysis (Figure 37, Table 16) of the CF East Pit feed indicates
that the feed is composed essentially of quartz (85.5%) and apatite (13%), with small
percentages of dolomite and kaolinite. These results show that there is effective
separation where almost all the phosphate is separated in the concentrate and containing
76% apatite, while most of the quartz is separated in the tailings product, analyzing
98.5% quartz. Kaolinite is mostly separated in the concentrate, while dolomite is mostly
separated in the tailings.
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Figure 37. X-Ray Diffraction Patterns of the CF East Pit Feed, Concentrate and
Tailings.
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Table 16. Mineral Composition of CF East Pit Feed and Flotation Products.

Sample Mineral Composition (%)
Quartz Apatite Clays Dolomite Gypsum
Feed 85.5 13 <0.5 1 0.0
Concentrate 21 76 0.5 25 0.0
Tailing 98.5 1.0 0.0 0.5 0.0
Summary

The present studies indicate that the feed phosphate samples are composed
essentially of quartz and apatite in variable percentages. In addition, subordinate
amounts of clay minerals (kaolinite, illite, and montmorillonite), gypsum and carbonate
minerals (mainly dolomite) are found except for the 464-S1 and 464-S2 feed samples,
which are free of carbonate minerals. On flotation separation almost all phosphate
minerals are transferred into the concentrates for the good feeds and the phosphate
mineral percentage in the good tailings does not exceed 1.5%. In contrast, for the bad
feeds there is no great difference between the grade of the concentrates and tailings,
except 464-S2 where the concentrate grade was found to be about 58% phosphate and the
tailings grade about 7% phosphate.

Surface Chemistry—SEM and EDS Analyses

SEM, in conjunction with energy dispersion spectroscopy (EDS), was performed
using a Quanta FEG Model 600, which gives a unique opportunity to analyze the shape
of particles as well as their surface and subsurface elemental composition. The EDS
signal is collected from a depth of several micrometers, thus giving an idea about the bulk
composition rather than the surface composition. As shown in thisreport, it is possible to
obtain information about the elemental composition of alarge population of particles, and
subsequently focus on individual particles. In turn, the characteristic texture and
elemental composition enable usto determine the mineralogy of the particle surface.

Scanning electron microscopy aso was used to analyze the particle shape.
Additionally, analysis of the elemental composition of the sample was performed using
energy dispersion spectroscopy (EDS). Bad and good feed samples from four different
streams (1862-S2, 464-S1, CF Combined and CF West) were analyzed using a Quanta
FEG Modd 600 SEM and an EDAX EDS analyzer at 25 kV and 26 mm working
distance. Overdl, a small magnification image was taken for each sample with the
corresponding large area EDS scan showing the overall elemental composition of the
observed image. Subsequently, SEM images and EDS spectra and maps of selected
particles were taken.
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Hole 1862 Split 2

SEM micrographs of the 1862-S2 feed (Figures 38-42) show a wide range of
particle sizes and phosphate particles of elongated and spherical shapes, but the elongated
shape is more common. The phosphate particles are mostly coarse in size and are coarser
than the associated quartz particles. This feed is rich in gypsum; sometimes gypsum is
precipitated in the form of cylindrical crystals around phosphate particles and sometimes
it is aggregated in coarse particles. Gypsum is a source of calcium that may interfere in
the flotation process. The concentrate (Figures 43-47) is relatively homogenous in
particle size, and the presence of gypsum in it is also recorded. In the tailings (Figures
48-52), the phosphate particles are one of the following types. coarse, highly porous,
coated with kaolinite, or unliberated. In addition, the phosphate particles in the tailings
are more porous than those in the concentrate. The particle shape seems to have some
effect on the separation, where elongated and oval particles are common in the
concentrate and spherical particles are common in the tailings.

Hole 1862 Split 2 Feed
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Figure 38. SEM Micrograph of the Hole 1862 Split 2 Feed Showing Heter ogeneous
Particle Size, and Phosphate Particles (light color) Mostly Coarser Than
Quartz Particles (gray color), and EDS Spectrum of Large Area.
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Hole 1862 Split 2 Feed
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Figure 39. SEM Micrograph of the Hole 1862 Split 2 Feed Showing Phosphate
Particle with Clay Minerals and the Corresponding EDS Spectrum for
the Clay Minerals.
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Hole 1862 Split 2 Feed
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Figure40. SEM Micrograph of the Hole 1862 Split 2 Feed Showing Soft Gypsum
Crystals Fragmented during Sampling for SEM, and Its EDS
Spectrum.
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Hole 1862 Split 2 Feed
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Figure4l. SEM Micrograph of the Hole 1862 Split 2 Feed Showing Cylindrical
Gypsum Crystals Surrounding Phosphate Particle and Its EDS
Spectrum.
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Hole 1862 Split 2 Feed
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Figure42. SEM Micrograph of the Hole 1862 Split 2 Feed Showing Silica Attached
to Phosphate Particle and 1ts EDS Spectrum.
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Hole 1862 Split 2 Concentrate

Figure 43. SEM Micrograph of Hole 1862 Split 2 Concentrate Showing Narrow
Particle Size Range Except a Few Coarse Phosphate Particles and
EDAX of Large Area. Phosphate (white), quartz (gray)
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Hole 1862 Split 2 Concentrate
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Figure 44. SEM Micrograph of Hole 1862 Split 2 Concentrate Showing
Phosphatized Fossil Fragment Surrounded by Phosphate (white) and
Quartz (gray) Particles, and Its EDS Spectrum.
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Hole 1862 Split 2 Concentrate
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Figure 45. SEM Micrograph of Hole 1862 Split 2 Concentrate Showing Elongated
Phosphate Particles and an Ornamented Phosphate Plate and Its EDS
Spectrum.
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Hole 1862 Split 2 Concentrate
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Figure 46. SEM Micrograph of Hole 1862 Split 2 Concentrate Showing the
Elongated and Rarely Porous Phosphate Particles and EDS Spectrum
of the Marked Particle.
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Hole 1862 Split 2 Concentrate

Figure 47. SEM Micrograph of Hole 1862 Split 2 Concentrate Showing Aggregate
of Gypsum Striated Plates with Some Silica and Phosphate in between,
and EDS Spectrum of One Plate.
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Hole 1862 Split 2 Tailings
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Figure 48. SEM Micrograph of Hole 1862 Split 2 Tailings Showing Highly Porous
Phosphate Particle and L ocal EDS Spectrum of That Particle.



Hole 1862 Split 2 Tailings
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Figure 49. SEM Micrograph of Hole 1862 Split 2 Tailings Showing Silica
Associated with the Highly Porous Phosphate Particle and Local EDS
Spectrum of That Particle.
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Hole 1862 Split 2 Tailings
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Figure 50. SEM Micrograph of Hole 1862 Split 2 Tailings Showing Phosphate
Particle Partially Coated with Clay Minerals (C) and Prismatic
Gypsum Crystals (G), and Local EDS Spectrum of That Particle.
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Hole 1862 Split 2 Tailings
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Figure 51. SEM Micrograph of Hole 1862 Split 2 Tailings Showing Interlocked
Quartz-Phosphate Particle and Coarse Phosphate Particle, and EDS
Spectrum of Large Area.
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Hole 1862 Split 2 Tailings
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Figure 52. SEM Micrograph of Hole 1862 Split 2 Tailings Showing Coarse
Phosphate Particles Compared to all Quartz Particles, and EDS
Spectrum of Large Area.

Hole 464 Split 1
SEM analysis of the feed of 464-S1 (Figures 53-58) revealed that it is composed

of particles with a wide size range, especially phosphate particles that are extremely large
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in comparison to the others. Some phosphate particles show high porosity. As in the
other phosphate samples, the phosphate particles are elongated (rods or oval) and
spherical or irregular. This feed is rich in clay minerals, especialy kaolinite, which is
present in the shape of worms, rods or ropes attached or stained on the surface of both
phosphate and quartz particles, sometimes the kaolinite forms a shell around the quartz
particles. Also this feed is rich in gypsum. Kaolinite is mostly separated in the
concentrate (Figures 59-63), but the SEM micrographs show some kaolinite separated in
the tailings (Figures 64-67). These kaolinite particles act as a binding material for some
particles. The phosphate particles in 464-S1 tailings (Figures 64-67) are very coarse, and
are unliberated or attached to quartz particles by kaolinite mineral. In this case, the
elongated phosphate particles are more common in the concentrate than in the tailings.

Hole 464 Split 1 Feed
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Figure 53. SEM Micrograph of the Hole 464 Split 1 Feed Showing Porous
Phosphate Particleand I1ts EDS Spectrum.
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Hole 464 Split 1 Feed
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Figure 54. SEM Micrograph of the Hole 464 Split 1 Feed Showing Kaolinite
Attached to Phosphatic Rod-Like Particle.
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Figure55. SEM Micrograph of the Hole 464 Split 1 Feed Showing Particles of Wide
Size Range Where the Phosphate Particles Are Coarser than Quartz
Particles; EDAX Analysisof Large Area.
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Hole 464 Split 1 Feed
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Figure 56. SEM Micrograph of the Hole 464 Split 1 Feed Showing the Kaolinite in
Rope-Like Structure and Another Vermicular Kaolinite Strongly
Attached to Phosphate Particlein the Lower Right Corner.
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Hole 464 Split 1 Feed

Figure 57. SEM Micrograph of the Hole 464 Split 1 Feed Showing a Composite
Particle of Quartz (Q) in the Center Coated with Two Layers of
Kaolinite (K) Followed by Gypsum (G) with Some Phosphates.
Kaolinite has rod shape and gypsum of radial structure (Hole 464 Split
1 Feed).

Figure58. EDS Chemical Maps of the Previous Particle.
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Figure 58 (Cont.). EDS Chemical M aps of the Previous Particle.
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Hole 464 Split 1 Concentrate
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Figure 59. SEM Micrograph of the Concentrate of Hole 464 Split 1 Showing
Kaolinite Fragments in between Different Grains, and Their EDS
Spectrum.
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Hole 464 Split 1 Concentrate
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Figure 60. SEM Micrograph of the Concentrate of Hole 464 Split 1 Showing
Particles of Narrow Size Range and Kaolinite Particles of Vermicular
Shape Attached to Phosphate (1) and Quartz (2) Particles. Note that
most of the phosphate particles are elongated particles. The EDS
spectrum is of the marked clays on a silica particle.
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Hole 464 Split 1 Concentrate
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Figure 61. SEM Micrograph of the Concentrate of Hole 464 Split 1 Showing the
Kaolinite Particles of Vermicular Structure Attached to the Coarse (1)
and Fine (2) Phosphate Particlesand Their Analysis.
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Hole 464 Split 1 Concentrate
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Figure 62. SEM Micrograph of the Concentrate of Hole 464 Split 1 Showing the
Analysis of Quartz Particle with Inclusions of Phosphate that Extend to
the Surface. To the right is a long phosphate particle affected by
dightly thick layer of kaolinite on the surface. To the left is phosphate
particle affected by traces of kaolinite on the surface.
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Hole 464 Split 1 Concentrate

Figure 63. SEM Micrograph of the Concentrate of Hole 464 Split 1 Showing the
Abundance of Quartz Particles with Phosphate Inclusions That Extend
to the Surface.
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Hole 464 Split 1 Tailings
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Figure 64. SEM Micrograph of Hole 464 Split 1 Tailings in Which the Phosphate
Particles Are Coarser than Quartz Particles, and EDS Spectrum of
Large Area.
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Hole 464 Split 1 Tailings
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Figure 65. SEM Micrograph of Hole 464 Split 1 Tailings in Which the Phosphate
Particles Are Coarse, Unliberated and/or Attached to Quartz Particles
by Kaolinite Mineral. Note that spherical or semispherical phosphate
particles are common.
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Hole 464 Split 1 Tailings
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Figure 66. SEM Micrograph of Hole 464 Split 1 Tailings in Which the Phosphate
Particle Is Attached to Quartz Particles by Crystalline and
Noncrystalline Kaolinite Mineral.
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Hole 464 Split 1 Tailings
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Figure 67. SEM Micrograph of Hole 464 Split 1 Tailings in Which the Phosphate
(P) Particle Is Attached to Quartz (Q) Particles by Kaolinite (K)
Mineral and Platy Crystalline Silica (Qc).

CF Combined

SEM micrographs of CF Combined feed (Figures 68-69) indicated that it had a
narrow particle size distribution and good liberation. There were no clay particles on
the surface of phosphate particles, in spite of the presence of the clayey particles of
kaolinite and montmorillonite. Also rare dolomite particles were recorded. Those
results were revealed before by X-ray diffraction data. Most of the clay particles
floated with the concentrate, as was confirmed by the XRD results. The concentrate
was of fixed particle size. The phosphate particles in the concentrate were mostly
elongated or oval in shape and had a good degree of liberation (Figures 70-77).
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CF Combined Feed
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Figure 68. SEM Micrograph of CF Combined Feed Showing Ca-Mg Montmorillonite
Particle Fragmented During Sampling for SEM, and Its EDS Spectrum.

74



CF Combined Feed
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Figure 69. SEM Micrograph of CF Combined Feed Showing Clayey Dolomite
Particle, and Its EDS Spectrum.
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CF Combined Concentrate

Figure 70. SEM Micrograph of CF Combined Concentrate Showing Narrow
Particle Size Distribution, Some Interlocked Phosphate Particles, and

EDS Spectrum of One Phosphate Particle. Note the abundance of oval
and elongated particles.

76



CF Combined Concentrate
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SEM Micrograph of CF Combined Concentrate Showing a Fixed
Particle Size, Oval Shape of Phosphate Particles, and a Composite
Phosphate Particle of Small Phosphate Aggregates Cemented by Silica
and Clays. The EDS spectrum isof the latter particle.

Figure 71.
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CF Combined Concentrate

Figure 72. SEM Micrograph of CF Combined Concentrate Showing Elongated and
Oval Phosphate Particles (white). The EDS spectrum is of an elongated
quartz particle (gray).
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CF Combined Concentrate

Figure 73. SEM Micrograph of CF Combined Concentrate Showing Fragmented
Clayey Phosphate Particle and Its EDS Spectrum. Note that the
elongated or oval phosphate particles are common.
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CF Combined Concentrate

Figure 74. SEM Micrograph of CF Combined Concentrate with Unliberated
Phosphate Particles, and EDS Spectra of the Phosphate Particle at
Different Spots 1 and 2.
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CF Combined Concentrate
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Figure 75. SEM Micrograph of CF Combined Concentrate with Phosphate Particle
(1) with Some Clays, Kaolinite Particle of Vermicular Structure (2), and
Montmorillonite Comprised of Nanoparticles (3).
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CF Combined Concentrate
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Figure 76. SEM Micrograph of CF Combined Concentrate Showing I ntermixed
Dolomite-Phosphate-Quartz Particle, and 1ts EDS Spectrum. Note that
elongated phosphate particles are common.

82



CF Combined Concentrate
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Figure 77. SEM Micrograph of the Concentrate of CF Combined Showing
Kaolinite Mineral Particle in the Form of Cylinder of Rope-like
Structure Around Phosphate Particle, and I1ts EDS Spectrum.
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CF West Pit

SEM analysis (Figures 78-82) of CF West Pit samples indicates that the feed has a
narrow particle size distribution and to some extent good liberation. The feed is clean
and free from clay particles or clay smeared on the phosphate or quartz particles. The
rod-shaped particles are more common than rounded or spherical and irregular particles.
Few dolomite particles are recorded in the feed. The concentrate is clean and has a close
particle size range; the elongated phosphate particles are common in this product.

CF West Pit Feed
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Figure 78. SEM Micrograph of CF West Pit Feed Showing a Narrow Particle Size
Distribution and Quartz-Phosphate Interlocked Particles, and EDS
Spectrum of Large Area.



CF West Pit Feed
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Figure 79. SEM Micrograph of CF West Feed Showing Dolomite Particle
Composed of Colloidal Nanoparticles, and Its EDS Spectrum.
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CF West Pit Concentrate
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Figure 80. SEM Micrograph of CF West Pit Concentrate Showing Phosphate
Particle Composed of Colloidal Nanoparticlesand [ts EDS Spectrum.
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CF West Pit Concentrate
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Figure 81. SEM Micrograph of CF West Pit Concentrate Showing Close Particle
Size Range and Abundance of the Elongated Phosphate Particles, and
EDS Spectrum of Phosphatized Shell Fragment.
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CF West Pit Concentrate
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Figure 82. SEM Micrograph of CF West Pit Concentrate Showing Elongated,
Irregular Phosphate Particleand Its EDS Spectrum.
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Summary

SEM and EDS analysis revealed that the particle size distribution is narrow in the
good feeds (CF West Pit and CF Combined), while in the bad feedsit iswide. There was
a good phosphate percentage in the coarse to very coarse size fraction, significantly
coarser than the associated quartz particles. The effect of particle size distribution is
obvious on separation, where most of the coarse phosphate particles in the bad feeds are
lost to the tailings, leaving the concentrates a uniform particle size.

In the 1862-S2 sample, gypsum is found in the feed in crystals of cylindrical
shape surrounding phosphate particles and sometimes aggregated as coarse particles.
Gypsum is a source of calcium which may interfere in the flotation process. The
phosphate particles in the tailings are more porous than those in the concentrate, and the
phosphate particles in the tailings are one of the following types: coarse, highly porous,
kaolinite-coated, or unliberated.

In the feed for 464-S1, some phosphate particles show high porosity and kaolinite
is present in the shape of worms, rods or ropes attached or stained on the surface of both
phosphate and quartz particles. Sometimes the kaolinite forms a shell around the
different particles. In the tailings, kaolinite is acting as a binding material for some
phosphate and quartz particles, and the phosphate particles are very coarse, unliberated or
attached to quartz particles by the kaolinite mineral. As in the other phosphate samples,
the phosphate particles are elongated (rods or oval) and spherical or irregular. In this
case, the elongated phosphate particles are more common in the concentrate than in the
tailings.

CF Combined and CF West Pit feeds have no such features found in the bad feed
material and separation efficiency islimited by liberation.

Surface Chemistry—X-Ray Photoelectron Spectroscopy (XPS) Analysis

EDS analysis of elemental composition was complemented by surface-sensitive
XPS analysis of concentrate and tailing samples from 464-S1 and 1862-S2 in order to
compare the phosphate particles in the concentrate with those in the tailing. XPS analysis
depends on the interaction of the X-ray beam with the particle surface. During this
interaction, photoelectrons are emitted from the particle and this energy is directly related
to its elemental and chemical characteristics. Since these photoel ectrons can escape only
from the top few nanometers of the sample material, XPS is a powerful surface analysis
technique. Unlike EDS, XPS gives only surface composition information, without a
subsurface signal present. It is also very sensitive and allows for quantification of the
elements. Modern XPS systems allow for imaging of the sample using an electron gun
similar to that used in SEM imaging. This combination allows for collecting signals from
selected single particles of a sample. It is important to note that the surface
characteristics of the particle are a deciding factor during the flotation separation process.
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Before the XPS analysis, initial dry coarse and fine phosphate particles were
handpicked for this analysis of concentrates and tailings of two bad feeds, 464-S1 and
1862-S2. The Kratos Axis Ultra DLD XPS system was used. The sample was imaged
using the electron gun, and XPS spectra 50 um by 50 um were taken. Spectra were
guantified and surface elemental compositions of three individual selected particles of
each sample were obtained. The mass concentration percentages of the elements
phosphorus, calcium, fluorine, iron, magnesium, aluminum, silicon, and sulfur for each
particle are given in Tables 17 and 18, while all results are given in the Appendix.

The XPS results of 464-S1 (Table 17, Figures 83-90) reveded that surface
phosphorus, calcium and fluorine are higher in the concentrate than in the tailings. The
mass concentration of surface phosphorus ranges from 12.70 to 13.12%, with an average
of 12.89% in the concentrate, and ranges from 0.07 to 13.25%, with an average of 8.29%
in the tailing. Calcium ranges from 12.77 to 17.01%, an average of 15.51% in the
concentrate, and ranges from 1.54 to 20.23%, with an average of 11.38% in the tailing.
Silica is higher in the tailing (average of 18.33%) than in the concentrate (average of
6.80%), while magnesium, iron, alumina and sulfur are higher in the concentrate.

These results can be explained by the fact that phosphorus and calcium are high in
the concentrate while silica is high in the tailings, as expected due to the dominance of
the phosphate particles in the concentrate and quartz particles in the tailings.
Magnesium, iron, aluminum, and sulfur, which are related to dolomite, montmorillonite,
kaolinite and gypsum minerals, are mostly attached to phosphate particles rather than
quartz particles and are concentrated in the concentrate, as is given in the mineralogical
results and confirmed by SEM images of these samples.

On the other hand, XPS results of 1862-S2 (Table 18, Figures 91-98) indicate that
the surface phosphorus, calcium and fluorine are higher in the concentrate than in the
tailing. The mass concentration of phosphorus ranges from 10.34 to 1.03%, an average
of 7.71% in the concentrate, and ranges from 2.32 to 6.49%, an average of 5.04% in the
tailing. Calcium ranges from 2.26 to 12.28%, an average of 6.17% in the concentrate,
and ranges from 2.25 to 5.70%, an average of 4.03% in the tailing. Silicais higher in the
concentrate (average of 19.06%) than in the tailing (average of 15.81%); this may be
attributed to particle 3. lron and sulfur are higher in the concentrate than the tailing,
while for alumina and magnesium this was reversed.
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Table 17. Surface Chemical Composition of Three Selected Particles in the
Concentrate and Tailings of Hole 464 Split 1.
Concentrate Tailings
Element | Particle | Particle | Particle Particle | Particle | Particle
1 > 3 Average 1 > 3 Average
Mg 0.27 0.00 0.03 0.10 0.03 0.16 0.01 0.07
Fe 5.74 4.10 4.59 481 3.94 7.07 0.42 3.81
F 1.04 1.73 2.01 1.59 2.24 1.20 0.00 1.15
Ca 12.77 | 17.01 | 16.74 15.51 20.23 | 12.37 1.54 11.38
P 13.12 | 12.84 | 12.70 12.89 13.25 | 11.56 0.07 8.29
S 8.03 6.21 6.17 6.80 3.29 5.32 46.38 18.33
Al 5.99 7.06 5.02 6.02 447 2.63 2.16 3.09
S 1.47 1.53 1.71 1.57 1.66 0.38 0.23 0.76
Table 18. Surface Chemical Composition of Three Selected Particles in the
Concentrate and Tailings of Hole 1862 Split 2.
Concentrate Tailings
Element | particle [Particle | Particle Particle | Particle |Particle
Average Average
1 2 3 1 2 3
Mg 0.10 0.16 0.17 0.14 0.04 0.30 0.57 0.30
Fe 11.10 6.81 2.89 6.93 2.91 3.83 6.09 4.28
F 0.93 0.29 0.22 0.48 0.18 0.52 0.39 0.36
Ca 12.28 3.97 2.26 6.17 2.25 5.70 4.15 4.03
P 11.75 10.34 1.03 7.71 2.32 6.49 6.32 504
S 6.89 1542 | 34.88 19.06 19.09 8.70 19.63 15.81
Al 0.87 5.22 3.10 3.06 0.47 6.21 4.02 3.57
S 0.99 1.25 0.35 0.86 0.34 0.00 0.03 0.12

A comparison of the XPS results of the phosphate particles in flotation products
of 464-S1 and 1862-S2 shows that calcium, phosphorus, fluorine, iron and sulfur exhibit
the same behavior; silica exhibits similar behavior in the two samples if we ignore
particle 3 of the concentrate of 1862-S2. On the other hand, magnesium and alumina

exhibit the opposite behavior.

The mass concentration difference for phosphorus and calcium in the concentrate
and tailing is about 4.2% in 464-S1 and about 2.2% in the case of 1862-S2, and that of
fluorine was about 0.4% in 464-S1 and about 0.12% in the case of 1862-S2. This
difference is a function of separation efficiency, and as this difference increases the
separation efficiency increases. Therefore, the separation efficiency of 464-Sl is better
than that of 1862-S2, according to the flotation and mineralogical results.
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300 microns

Figure 83. Electron Image of Hole 464 Split 1, Concentrate, Particle 2.
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Figure 84. XPS Spectrum of Hole 464 Split 1, Concentrate, Particle 2.
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Figure 85. Electron Image of Hole 464 Split 1, Concentrate, Particle 3.
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Figure 86. XPS Spectrum of Hole 464 Split 1, Concentrate, Particle 3.
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300 microns

Figure 87. Electron Image of Hole 464 Split 1, Tailings, Particle 1.
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Figure 88. XPS Spectrum of Hole 464 Split 1, Tailings, Particle 1.
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300 microns

Figure 89. Electron Image of Hole 464 Split 1, Tailings, Particle 2.
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Figure 90. XPS Spectrum of Hole 464 Split 1, Tailings, Particle 2.
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300 microns

Figure 91. Electron Image of Hole 1862 Split 2, Concentrate, Particle 1.
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Figure 92. XPS Spectrum of Hole 1862 Split 2, Concentrate, Particle 1.
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300 nucrons

Figure 93. Electron Image of Hole 1862 Split 2, Concentrate, Particle 2.
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Figure 94. XPS Spectrum of Hole 1862 Split 2, Concentrate, Particle 2.
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Figure 95. Electron Image of Hole 1862 Split 2, Concentrate, Particle 3.
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Figure 96. XPS Spectrum of Hole 1862 Split 2, Concentrate, Particle 3.
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Figure 97. Electron Image of Hole 1862 Split 2, Tailings, Particle 3.
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Figure 98. XPS Spectrum of Hole 1862 Split 2, Tailings, Particle 3.
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Summary

The XPS results of phosphate particles in the flotation products of 464-S1 and
1862-S2 revealed that calcium, phosphorus, fluorine, iron and sulfur exhibit the same
behavior and are rich on the surface of phosphate particles in the concentrates. Silica
exhibits similar behavior and is abundant on the surface of phosphate particles in the
tallings. On the other hand, magnesium and alumina exhibit opposite behavior,
increasing in the concentrate of 1862-S2 and decreasing in the tailings of 464-S1.

The mass concentration difference for phosphorus, calcium, and fluorine in the
concentrate and tailings is higher in the case of 464-S1 than in the case of 1862-S2. This
difference is expected to explain separation efficiency, as if this difference increases the
separation efficiency will increase. Therefore, the separation efficiency of 464-S1 is
better than that of 1862-S2, according to the flotation and mineralogical results.

Micro CT Analysis, Liberation-Limited Grade Recovery Curves

Each sample was analyzed and the X-ray attenuation coefficient histogram (3D
liberation spectrum) was obtained for feed and products from each sample. In order to
establish the liberation spectra the volume fraction of phosphate and gangue material for
each particle in each sample was determined, as reported in our first annual report.

In this way, particles were classified into twelve classes based on phosphate
content. The classes are as follows; 0%, 5%, 15%, 25%, 35%, 45%, 55%, 65%, 75%,
85%, 95% and 100% phosphate. Thus for each stream (feed, concentrate and tailings)
the 3D liberation spectrum of phosphate was prepared. Also, grade/recovery curves
limited only by liberation characteristics were prepared from feed data only and
compared with actual recovery calculated from the two-product formula. Points marked
by a cross on a gray background sguare represent actual recovery calculated from the
two-product formula. The feed grade is indicated by an arrow on the right side of the
grade/recovery curves. For al samples, liberation spectra and liberation-limited
grade/recovery curves are presented as follows:

Sample Figures
Hole 1862 Split 2 99 and 100
Hole 3057 Split 2 101 and 102
CF Combined 103 and 104
CF West 105 and 106
CF East 107 and 108
FCO 109 and 110
FCO Bad 111 and 112
Hole 464 Split 1 113 and 114
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Sample Figures

Hole 464 Split 2 115 and 116
SFM 117 and 118

Hole 1862 Split 2

From CT analysis of the feed, concentrate and tailings streams for 1862-S2
sample (Figure 99), it is evident that the histograms (liberation spectra) do not differ
much from one another. A poor phosphate separation was achieved. Much phosphate
material is found in the tailings and the concentrate contains a lot of gangue material.
Recovery of below 50% is reported for the 1862-S2 sample. Considerable improvement
in recovery and grade should be possible up to around 98% recovery at 60% grade
without an increasein liberation. To do this, the surface properties of the feed material as
well as products should be investigated and a possible sliming effect has to be taken into
account (see Figure 100).
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Hole 1862 Split 2 Feed
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Figure 99. Liberation Spectra of Phosphate for Hole 1862 Split 2 Feed, Concentr ate,
and Tailings.
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Figure 100. Liberation-Limited Grade/Recovery Curve for Hole 1862 Split 2 Feed.
Actual recovery ismarked with a crosson a gray background.
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Hole 3057 Split 2

The feed material for 3057-S2 is characterized by relatively low grade (16% vol.),
yet afairly high-grade concentrate was achieved. However, similarly to 1862-S2, some
increase in recovery (by about 20%) is possible. Liberation-limited recovery could be
increased, from 75% to around 95%, without an increase in liberation, for 3057-S2 (see
Figures 101 and 102).
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Figure 101. Liberation Spectra of Phosphate for Hole 3057 Split 2 Feed,
Concentrate and Tailings.
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Figure 102. Liberation-Limited Grade/Recovery Curve for Hole 3057 Split 2 Feed.
Actual recovery ismarked with a cross on a gray background.
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CF Combined

Very good separation is achieved for the CF Combined sample. More than 85%
of the tailing is pure gangue material; the rest of the material may contain minor
inclusions of phosphate grains, which constitute only 1.31% of the total volume for the
CF Combined sample (see Figure 103). The concentrate, on the other hand, contains less
than 10% of pure gangue material. Very little separation efficiency improvement can be
achieved for the CF Combined sample without further size reduction (see Figure 104).
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Figure 103. Liberation Spectra of Phosphate for the CF Combined Feed,
Concentrate and Tailings.
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Figure 104. Liberation-Limited Grade/Recovery Curve for the CF Combined 2
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CF West Pit

Similarly to CF Combined, very good separation is achieved for the CF West Pit
samples. More than 85% of the tailings were pure gangue material; the rest of the
material may contain minor inclusions of phosphate grains, which constitute only 1.65%
of the total volume (see Figure 105). The concentrate, on the other hand, contains less
than 15% of pure gangue material in the case of the CF West sample. Very little
separation efficiency improvement can be achieved for the CF West sample without
further size reduction (see Figure 106).
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Figure 105. Liberation Spectra of Phosphate for the CF West Pit Feed, Concentrate
and Tailings.
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Figure 106. Liberation-Limited Grade/Recovery Curve for the CF West Pit Feed.
Actual recovery ismarked with a crosson a gray background.
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CF East Pit

CF East Pit is another sample, similar to CF Combined and CF West, that is
characterized by a very good separation. More than 85% of the tailing is pure gangue
material; the rest of the material may contain minor inclusions of phosphate grains, which
constitute around 1.75% of the total volume (see Figure 107). The concentrate contains
less than 3.5% of pure gangue material and the separation efficiency, for such particle
size, is nearly liberation-limited. No improvement can be achieved for the CF East
sample without further size reduction (see Figure 108).
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Figure 107. Liberation Spectra of Phosphate for the CF East Feed, Concentrate and
Tailings.
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Figure 108. Liberation-Limited Grade/Recovery Curve for the CF East Feed.
Actual recovery ismarked with a crosson a gray background.
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Four Corners (FCO)

This sample could be separated more efficiently. At actual concentrate grade of
50% phosphates by volume, only 65% of the total phosphates are recovered, whereas
97% recovery should be possible (see Figure 109).
phosphates is lost in the tailings and there is only around 67% of pure gangue material in
the tailings. In this separation process the grade increases from 20% of phosphates in the

Approximately 10% of the

feed to alittle more than 50% of phosphates in the concentrate (see Figure 110).
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Figure 109. Liberation Spectra of Phosphate for the FCO Feed, Concentrate and

Tailings.
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Figure 110. Liberation-Limited Grade/Recovery Curve for the FCO Feed. Actual
recovery ismarked with a crosson a gray background.
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FCO Bad

This sample has two tailings streams. In Tailings #1 only 3% of the phosphates
are lost and in the case of Tailings #2 it is almost 7% (see Figure 111). The recovery,
therefore, is as high as 83% for Tailings #1 and only 57% for Tailings #2. The actual
concentrate grade is only 37% and the feed grade is less than 13% of phosphates by
volume. The idea recovery at 37% grade is predicted to collect 98% of phosphate
material (see Figure 112).
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Figure 111. Liberation Spectra of Phosphate for the FCO Bad Feed, Concentrate
and Tailings.
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Figure 112. Liberation-Limited Grade/Recovery Curve for the FCO Bad Feed.
Actual recovery ismarked with a cross on a gray background.
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Hole 464 Split 1

Hole 464 Split 1 samples are characterized by relatively low grade; feed material
contains less than 17% percent phosphates and the concentrate achieves only 28.5%.
There is much phosphate material found in the tailings; more than 10% by volume (see
Figure 113). The recovery is around 60%. At such low concentrate grade (28.5%), all
phosphate material should be recovered, according to Figure 114. Much improvement
with respect to separation efficiency, without altering liberation, should be possible.

Hole 464 Split 1 Feed

100

90

80 4

70

60

50 +

40 1

Frequency [%]

30 4

20 -

10 4

0 5 15 25 35 45 55 65 75 85 95 100
Grade [%)]

Hole 464 Split 1 Concentrate Hole 464 Split 1 Tailings

Frequency [%]

0 5 15 25 35 45 55 65 75 8 95 100 0 5 15 25 35 45 55 65 75 8 95 100
Grade [%] Grade [%]

Figure 113. Liberation Spectra of Phosphate for the Hole 464 Split 1 Feed,
Concentrate and Tailings.
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Figure 114. Liberation-Limited Grade/Recovery Curve for the Hole 464 Split 1
Feed. Actual recovery ismarked with a crosson a gray background.
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Hole 464 Split 2

The Hole 464 Split 2 sample achieves relatively high separation efficiency; the
grade increases from 25% of phosphate material in the feed to 57% in the concentrate
(Figure 115), giving an excellent recovery of over 98.5%. Very little phosphate material
isfound in the tailing stream; more than 92% of the tailings is pure gangue and the rest is
gangue particles with less than 5% phosphate content. Separation efficiency cannot be
increased without further liberation (Figure 116).
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Figure 115. Liberation Spectra of Phosphate for the Hole 464 Split 2 Feed,
Concentrate and Tailings.
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Figure 116. Liberation-Limited Grade/Recovery Curve for the Hole 464 Split 2
Feed. Actual recovery ismarked with a crosson a gray background.
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South Fort Meade (SFM)

SFM feed contains over 17% of phosphates and is concentrated to almost 40% of
phosphate material by volume. Nearly 5% of phosphates are wasted into the tailings.
SFM tailings contain 80% of pure gangue material and the concentrate contains as much
as 29% of pure gangue (see Figure 117). The actual recovery for the SFM samples is
only 82%, but the maximum recovery that could be achieved at this particle size and
grade would be close to 100%, according to Micro CT analysis (see Figure 118).
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Figure 117. Liberation Spectra of Phosphate for the SFM Feed, Concentrate and
Tailings.
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Figure 118. Liberation-Limited Grade/Recovery Curve for the SFM Feed. Actual
recovery ismarked with a crosson a gray background.

Summary

Liberation issues and grade/recovery curves were determined for the 2008
samples: 1862-S2, 3057-S2, CF Combined, CF West, CF East, FCO, FCO Bad, 464-S1,
3057-S2 and South Fort Meade. Detailed 3D Micro CT analyses of all 2008 samples
were reported. Regarding these ten 2008 samples, CT analysis suggests that in the case
of CF West, CF East, CF Combined and 3057-S2, the recovery is mostly limited by
liberation. In the case of 3057-S2, SFM, FCO, and FCO Bad (Tailings 2), recovery isto
some extent limited by factors other than liberation. Finally, in the case of 464-S1, 1862-
S2 and FCO Bad (Tailings 1), the recovery is significantly limited by factors other than
liberation (see Table 19).
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Table 19. Recovery Limitations as Revealed by Micro CT Analysis of the 2008

Samples.
Micro CT Flotation @
Sample 1LOTT, 1805 Limitation to Recovery
No. of Particles| Grade | Recovery | Recovery
Analyzed [%] [%0] [%0]

Hole 1862 Split 2 Feed 27716 35.55
Hole 1862 Split 2 31394 3991 47 46 66 Other Factors Major
Concentrate Effect
Hole 1862 Split 2 Tailings 22492 32.35
Hole 3057 Split 2 Feed 15522 16.12
Hole 3057 Split 2 Other Factorsto Some
Concentr meSp 32777 65.37 75.03 ~67 Extent
Hole 3057 Split 2 Tailings 22935 4.94
CF Combined Feed 16189 24.78
CF Combined Concentrate 14879 61.66 96.76 ~97 Liberation
CF Combined Tailings 14257 1.31
CF West Feed 26789 20.07
CF West angentrate 25147 53.62 94.69 ~08 Liberation
CF West Tailings 21819 1.65
CF East Feed 26106 19.87
CF East Concentrate 23889 66.77 93.66 ~97 Liberation
CF East Tailings 21900 1.75
FCO Feed 36030 20.45
FCO Concentrate 36391 967 | 6508 ~g5 | Other Factorsto Some
FCO Tailings 38728 50.98
FCO Bad Feed 29813 12.80 | go99
FCO Bad Concentrate 33053 36.91 Other Factors Major
FCO Bad Tailings 1 28572 3.06 i Effect
FCO Bad Tailings 2 27427 6.89 56.81
Hole 464 Split 1 Feed 24000 16.76 .
Hole 464 Split 1 Concentrate | 29373 2845 |  60.62 g3 | Other Fé‘fcfgts Major
Hole 464 Split 1 Tailings 15708 10.26
Hole 464 Split 2 Feed 25711 25.88 .
Hole 464 Split 2 Concentrate | 29396 5697 | 9855 79 | Other Féﬁgf Major
Hole 464 Split 2 Tailings 17254 0.68
SFM Feed 25127 17.28
SFM Concentrate 23566 3049 | 8191 g5 | Other F‘I’E‘:tx‘t’;tto Some
SFM Tailings 12729 4.87
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CONCLUSIONS

MICRO CT ANALYSIS, LIBERATION-LIMITED GRADE RECOVERY CURVES

Based on Micro CT analysis of the 2007 and 2008 samples, the significance of
liberation in flotation recovery was determined and is summarized in Tables 20a and 20b.

Table 20a. Recovery Limitations as Revealed by Micro CT Analysis of 2007

Samples.
. Flotation @
S Micro €T 1Lb/T,180s|  Limitation to
P No. of Particles | Grade | Recovery | Recovery Recovery
Analyzed [%0] [%0] [%0]
Four Corners Feed (Bad) 25122 15.97
Four Corners Concentrate N Other Factors Major
(Bad) 32826 37.94 38.42 23 Effect
Four Corners Tailings (Bad) 19610 11.73
Four Corners Feed (Good) 20928 12.88
Four Corners Concentrate
(Good) 33243 5334 | g9p73 ~925 Liberation
Four Corners Tailings
(Good) 20177 121
CF Industries Feed (Bad) 5994 29.72
CF Industries Concentrate Other Factorsto Some
(Bad) 3723 67.40 80.23 89 Extent
CF Industries Tailings (Bad) 1757 9.10
CF Industries Feed (Good) 7690 27.25
CF Industries Concentrate
9869 55.10

Elcliolor?(iustri es Tailings > ! Liberation
(Good) 15094 1.46
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Table 20b. Recovery Limitations as Revealed by Micro CT Analysis of 2008
Samples.
Micro CT Flotation @
Sample 1Lb./T, 1805 Limitation to Recovery
No. of Particles Grade | Recovery | Recovery
Anayzed [%0] [%0] [%0]
Hole 1862 Split 2 Feed 27716 35.55
Hole 1862 Split 2 .
Concentr atsp 31394 39.91 4746 66 Other Fé\cﬁtggf Major
Hole 1862 Split 2 22492 3235
Tailings
Hole 3057 Split 2 Feed 15522 16.12
Hole 3057 Split 2
Concentr atgp 32777 65.37 7503 67 Other Factors to Some
) Extent
:';'I?nzos‘rﬁ Split2 22935 4.94
CF Combined Feed 16189 24.78
CF Combined 14879 6166 | 96.76 ~97 Liberation
Concentrate
CF Combined Tailings 14257 1.31
CF West Feed 26789 20.07
CF West Concentrate 25147 53.62 94.69 ~08 . .
. Liberation
CF West Tailings 21819 1.65
CF East Feed 26106 19.87
CF East Concentrate 23889 66.77 93.66 ~97 Liberation
CF East Tailings 21900 1.75
FCO Feed 36030 20.45
FCO Concentrate 36391 967 | 6508 ~g5 | Other FaEC;?;ﬁtto Some
FCO Tailings 38728 50.98
FCO Bad Feed 29813 12.80 82.99
FCO Bad Concentrate 33053 36.91 Other Factors Mgjor
FCO Bad Tailings 1 28572 3.06 i Effect
FCO Bad Tailings 2 27427 6.89 56.81
Hole 464 Split 1 Feed 24000 16.76
Hole 464 Split 1 29373 28.45 60.62 83 Other Factors Mgjor
Concentrate Effect
Hole 464 Split 1 Tailings 15708 10.26
Hole 464 Split 2 Feed 25711 25.88
pole 404 Spiit 2 29396 5697 | 9855 ~79 | OtherFectorsMaor
Hole 464 Split 2 Tailings 17254 0.68
SFM Feed 25127 17.28
SFM Concentrate 23566 3949 | 8191 ~g5 | OtherFectorsto Some
SFM Tailings 12729 4.87
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MINERALOGICAL ANALYSISAND SURFACE CHEMISTRY

Research work was concentrated on two good samples (CF West and CF
Combined) and two bad samples (1862-S2, 464-S1). However, the mineralogical studies
also included the 3057-S2 and CF East Pit samples. The samples considered are as
follows:

Sample Feed BPL % Grade BPL% Recovery %
Bad Samples
Hole 1862 Split 2 26.72 48.72 25.6
Hole 464 Split 1 27.65 36.79 76.5
Hole 464 Split 2 31.93 57.69 61.0
Good Samples
CF Combined 16.94 52.42 96.3
CF West Pit 0.88 43.62 96.6
CF East Pit 12.15 46.16 96.7

The present study indicates that the feed phosphate samples are composed
essentially of quartz and apatite in variable percentages. In addition, subordinate
amounts of clay minerals (kaolinite, illite, and montmorillonite), gypsum and carbonate
minerals (mainly dolomite) were found except for the 464-S1 and 3057-S2 feed samples
which are free of carbonate minerals. On flotation separation, amost al phosphate
minerals are transferred into the concentrates for the good feeds and the phosphate
mineral percentage in the good tails does not exceed 1.5%. In contrast, for the bad feeds
there is no great difference between the grade of the concentrates and tailings, except
3057-S2 where the concentrate grade was found to be about 58% phosphate and the
tailings grade about 7% phosphate.

The present study also reveals that the particle size distribution (PSD) has a
narrow size range for the good feeds (CF West and CF Combined), while in the bad feeds
PSDs have a wide size range and there is a good percent of phosphate in the coarse to
very coarse size fraction, significantly coarser than the associated quartz particles. The
effect of PSD on the efficiency of separation is obvious, where most of the coarse
phosphate particles in the bad feeds are lost to the tailings, leaving the concentrates a
uniform particle size.

In the 1862-S2 sample, gypsum was found in the feed in crystals of cylindrical
shape surrounding phosphate particles and sometimes aggregated as coarse particles.
Gypsum is a source of calcium which may interfere in the flotation process. The
phosphate particles in the tailings are more porous than those in the concentrate, and are
one of the following types. coarse, highly porous, kaolinite-coated, or unliberated.

In the feed for 464-S1, some phosphate particles show high porosity and kaolinite
is present in the shape of worms, rods or ropes attached or stained on the surface of both
phosphate and quartz particles. Sometimes the kaolinite forms a shell around the
different particles. In the tailings, kaolinite is acting as a binding material for some
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phosphate and quartz particles, and the phosphate particles are very coarse, unliberated or
attached to quartz particles by the kaolinite mineral. As in the other phosphate samples,
the phosphate particles are elongated (rods or oval) and spherical or irregular. In this
case, the elongated phosphate particles are more common in the concentrate than in the
tailings. CF Combined and CF West Pit good feeds have no such features found in the
bad feed material but thereis alimited liberation.

The XPS results of phosphate particles in the flotation products of bad samples
464-S1 and 1862-S2 revealed that calcium, phosphorus, fluorine, iron and sulfur exhibit
the same behavior and are rich on the surface of phosphate particles in the concentrates.
Silica exhibits similar behavior and is abundant on the surface of phosphate particles in
the tailings. On the other hand, magnesium and alumina exhibit the opposite behavior
and increase in the concentrate of 1862-S2 and decrease in the tailings of 464-S1.

The mass concentration difference for phosphorus, calcium, and fluorine in the
concentrate and tailings was higher in the case of 464-S1 than in the case of 1862-S2.
This difference is expected to explain separation efficiency, as if this difference increases
the separation efficiency will increase. Therefore, the separation efficiency of 464-Sl is
better than that of 1862-S2, according to the flotation and mineralogical results.

Finally, the factors affecting separation efficiency of the bad feeds (1862-S2 and
464-S1) include the following:

e Particlesizedistribution

e Presence of a remarkable amount of associated clay, gypsum and dolomite
minerals

e High porosity of phosphate particlesin some feeds

e Liberation

Particle shape has some effect on separation as the elongated particles have a
greater ability to float than the spherical particles.
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Appendix A

MINERALOGY OF FEED SLIMESFROM 2007 SAMPLES



The fine particles of the Four Corners and CF Industries bad feed samples were
separated by attritioning and decantation of the supernatant with the suspended particles.
The Four Corners feed produced a considerable amount of fines (clay minerals), while
the CF Industries feed produced a very small or negligible amount of fines. Unlike the
Four Corners fines, the CF Industries fines consisted completely of silica. A suspension
of the Four Corners fines was transferred with a 20 ml pipette to glass sides to make
oriented samples of the clay particles. The oriented samples were left overnight to dry,
then one sample was heated in the oven at 600°C for one hour. Both untreated and heated
samples were analyzed with XRD. The diffractometer was a Rigaku Model D2000. The
samples were scanned at 20 range 2-40° and a scan speed of 1/min.

The results are given in Figure A-1 and indicate that Four Corners fines are
composed of different types of clay minerals such as illite, kaolinite and mixed-layer
montmorillonite-illite minerals in addition to quartz, gypsum and apatite. Quartz, apatite
and illite are not affected by heating, while kaolinite disappears on heating due to the
collapse of its structure. The mixed layer montmorillonite-illite d-spacing was reduced
from 12.45A to 11.52A, and gypsum disappeared because of its decomposition on
heating.
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Figure A-1. X-Ray Diffraction Patterns of the Four CornersBad Feed Fines.
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Appendix B

MICROPROBE ANALYSISOF CF INDUSTRIESBAD FEED



Microchemical analysis of some phosphate particles from CF Industries bad feed
(Figure B-1) was carried out by a Microprobe Analyzer. The results show that the
calcium and phosphorus are decreased towards the surface of some phosphate particles,
this reduction being replaced by silica.
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Figure B-1. Microprobe Micrograph Showing Chemical Maps by Microprobe of
Phosphorous and Calcium of a Phosphate Particle in CF Industries
Bad Feed.
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Appendix C

XPS SURFACE CHEMICAL COMPOSITION FOR SELECTED 2008 SAMPLES



Table C-1. Surface Chemical Composition of Particle 1 in the Hole 464 Split 1

Concentrate.
Element Atomic Conc. Mass Conc.

(%) (%)

Mg 0.22 0.27
Fe 2.04 5.74

F 1.08 1.04
O 42.38 34.23
Ca 6.31 12.77
C 28.61 17.35
P 8.39 13.12

Si 5.67 8.03

Al 4.40 5.99

S 0.91 1.47

Table C-2. Surface Chemical Composition of Particle 2 in the Hole 464 Split 1

Concentrate.
Element Atomic Conc. Mass Conc.
(%) (%)
Mg 0.00 0.00
Fe 1.48 410
F 1.84 1.73
@) 42.20 33.50
Ca 8.55 17.01
C 26.88 16.02
P 8.35 12.84
Si 4.46 6.21
Al 5.27 7.06
S 0.96 1.53




Table C-3. Surface Chemical Composition of Particle 3 in the Hole 464 Split 1

Concentrate.
Element Atomic Conc. Mass Conc.
(%) (%)
Mg 0.02 0.03
Fe 1.65 4.59
F 2.12 2.01
O 44.15 35.27
Ca 8.37 16.74
C 26.28 15.76
P 8.21 12.70
S 4.40 6.17
Al 3.73 5.02
S 1.07 1.71

Table C-4. Surface Chemical Composition of Particle 1 in the Hole 464 Split 1

Tailings.
Element Atomic Conc. Mass Conc.

(%) (%)

Mg 0.03 0.03
Fe 141 3.9

F 2.36 2.24
O 41.69 33.36
Ca 10.09 20.23
C 29.19 17.54
P 8.55 13.25

Si 2.34 3.29

Al 331 4.47

S 1.03 1.66




Table C-5. Surface Chemical Composition of Particle 2 in the Hole 464 Split 1

Tailings.
Element Atomic Conc. Mass Conc.

(%) (%)

Mg 0.12 0.16
Fe 2.31 7.07

F 1.16 1.20
O 35.18 30.81
Ca 5.64 12.37
C 43.31 28.48
P 6.82 11.56

Si 3.46 5.32

Al 1.78 2.63

S 0.22 0.38

Table C-6. Surface Chemical Composition of Particle 3 in the Hole 464 Split 1

Tailings.
Element Atomic Conc. Mass Conc.
(%) (%)
Mg 0.01 0.01
Fe 0.15 0.42
F 0.00 0.00
O 44,01 36.14
Ca 0.75 1.54
C 21.17 13.05
P 0.04 0.07
Si 32.17 46.38
Al 1.56 2.16
S 0.14 0.23




Table C-7. Surface Chemical Composition of Particle 1 in the Hole 1862 Split 2

Concentrate.
Element Atomic Conc. Mass Conc.

(%) (%)

Mg 0.08 0.10
Fe 3.91 11.10

F 0.96 0.93
@) 44.63 36.27
Ca 6.03 12.28
C 30.85 18.82
P 7.47 11.75

S 4.83 6.89

Al 0.63 0.87

S 0.61 0.99

Table C-8. Surface Chemical Composition of Particle 2 in the Hole 1862 Split 2

Concentrate.
Element Atomic Conc. Mass Conc.
(%) (%)
Mg 0.12 0.16
Fe 2.31 6.81
F 0.29 0.29
O 44.73 37.80
Ca 1.87 3.97
C 29.57 18.76
P 6.32 10.34
Si 10.39 15.42
Al 3.66 5.22
S 0.74 1.25




Table C-9. Surface Chemical Composition of Particle 3 in the Hole 1862 Split 2

Concentr ate.
Element Atomic Conc. Mass Conc.
(%) (%)
Mg 0.13 0.17
Fe 0.97 2.89
F 0.22 0.22
O 42.78 36.66
Ca 1.05 2.26
C 28.69 18.45
P 0.62 1.03
S 23.19 34.88
Al 2.14 3.10
S 0.21 0.35

Table C-10. Surface Chemical Composition of Particle 1 in the Hole 1862 Split 2

Tailings.
Element Atomic Conc. | Mass Conc.
(%) (%)
Mg 0.02 0.04
Fe 0.83 2.91
F 0.15 0.18
O 31.22 31.36
Ca 0.90 2.25
C 5441 41.03
P 1.20 2.32
Si 10.83 19.09
Al 0.28 0.47
S 0.17 0.34




Table C-11. Surface Chemical Composition of Particle 2 in the Hole 1862 Split 2

Tailings.
Element Atomic Conc. Mass Conc.
(%) (%)

Mg 0.22 0.30
Fe 1.19 3.83

F 0.48 0.52

O 48.88 44.96

Ca 2.47 5.70
C 33.71 23.28

P 3.64 6.49

S 5.39 8.70

Al 4.01 6.21

S 0.00 0.00

Table C-12. Surface Chemical Composition of Particle 3 in the Hole 1862 Split 2

Tailings.
Element Atomic Conc. Mass Conc.
(%) (%)
Mg 0.43 0.57
Fe 2.03 6.09
F 0.39 0.39
@) 46.27 39.82
Ca 1.93 415
C 29.39 18.99
P 3.79 6.32
Si 12.99 19.63
Al 2.77 4.02
S 0.02 0.03
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