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CONCLUSIONS

The objectives of the proposed research are to establish the mode of

existence of dolomite, specifically magnesium, in Florida phosphate and to

develop suitable techniques for separation of dolomite from apatite.

Highlights of major accomplishments are briefly discussed below.

Mineralogical Studies

Quantitative X-ray diffraction analysis, combined with chemical analysis

of a number of phosphate samples revealed that more MgO than accounted for by

dolomite alone was associated with these samples.  The amount of excess MgO,

as Mg substituting in the apatite lattice, averaged about 0.57%, which is in

agreement with values reported in the literature (0.41-0.49%).

X-ray diffraction analysis and microscopic observations of the color

fractions constituting five phosphate samples demonstrated that a considerable

amount of dolomite existed as discrete grains. However, samples containing

more than two percent dolomite were found to contain a significant number of

interlocked grains. It was also determined that more dolomite in such grains

existed on the surface of the particles than in grains with fewer dolomite

inclusions. It is envisioned that interlocked particles will have to be

ground to extremely small size in order to achieve liberation of apatite from

dolomite. Grinding, however, was determined to cause changes in the

properties of dolomite samples which could influence separation behavior.  It

is to be noted that the amount of dolomite inclusions is best determined with 

a polarizing microscope while SEM techniques are more appropriate for studying

the amount of dolomite on the apatite surface.

Study of size fractions of phosphorite samples revealed that most of the

dolomite was preferentially segregated in the coarse and fine fractions.
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Microscopic studies and X-ray analysis of a number of dolomite samples

from Florida indicated that different dolomite samples had varying physical

and compositional characteristics. This may be of significance in developing

procedures to separate dolomite from apatite.

Apatite-Dolomite Separation Studies

Aging Studies: Aging behavior of selected samples was studied with the

objective of establishing a procedure to achieve consistent pH during the

flotation tests. The pH of the mineral suspension containing dolomite drifted

toward an equilibrium pH of about 8.2 while the pH of the apatite suspension

reached an equilibrium value in the range of 5.5 to 6.5.

Particle size and pulp density had a noticeable effect on the kinetics of

the pH drift but only a minor effect on the final pH value.  It was difficult

to maintain suspensions containing dolomite at acidic pH values due to a rapid

drift towards equilibrium pH at about 8.2.

Kinetics of Apatite-Dolomite Flotation: It has been reported in the past that

separation of apatite and dolomite might be achieved because of differences in

their rates of flotation. A systematic study of the flotation kinetics of

apatite and dolomite indicated that the rate of flotation of the two minerals

are similar, and under present experimental conditions, desired separation may

not be achieved.

Conventional Conditioning: Flotation behavior of single and mixed mineral

systems was investigated as a function of the collector concentration over a

pH range varying from 3 to 11.   Selectivity, predicted by single mineral
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flotation tests at pH 7 to 10, was not observed in mixed minerals.  This is

attributed to the depletion of oleate by precipitation with cations dissolved

from dolomite. At pH 11, the loss of selectivity in mixed mineral systems is

due to possible modification of the apatite surface when in contact with

dolomite.

Two Stage Conditioning Process: This process involves conditioning the feed

at pH 10 followed by reconditioning at a lower pH before flotation. Selective

flotation of dolomite from apatite was observed both for single and mixed

minerals by reconditioning at pH 4. To understand the mechanisms of observed

selective flotation, further studies involving electrokinetic behavior, oleate

adsorption, infrared spectroscopy, and solubility of the minerals were

conducted. Selective flotation of dolomite by reconditioning at pH 4 is

attributed to the combined effect of higher oleate adsorption on dolomite and

hydrolysis of the adsorbed oleate molecules to oleic acid at lower pH values.

The method has been tested at bench scale level with several dolomite-

apatite mixtures and natural magnesium phosphate samples from the Florida

phosphate field. Reductions of the MgO content of the samples from 1.8-4.0%

MgO to below 1% MgO at recoveries of about 90% P2O5 in the sink fraction have

been obtained in bench scale flotation tests.  Reconditioning pH was

determined to be one of the most important process parameters in this process.

Selective Flocculation Studies: Although exhaustive data about the nature and

extent of interlocking of apatite and dolomite grains in the South Florida

deposit is not available, limited mineralogical results suggest that certain

phosphorites would need to be ground to fine sizes for complete liberation.
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Selective flocculation is a promising technique for processing of mineral

fines. Preliminary tests using PEO as a flocculant resulted in reducing the

MgO levels below 1%, although recoveries were low.  It is further indicated

that adsorption of PEO on apatite needs to be reduced or eliminated to achieve

higher recoveries.
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Chapter VI

APATITE-DOLOMITE FLOTATION WITH FATTY ACID 

AFTER CONVENTIONAL CONDITIONING

A study was conducted to establish the reasons for the lack of

selectivity obtained during the flotation of apatite and dolomite using fatty

acid after conventional conditioning.

EXPERIMENTAL

Materials

Mineral Preparation

Apatite:   A flotation feed sample of 16 x 150 mesh size, free of any

significant amounts of dolomite, was supplied by the International Minerals

and Chemical Corp., Bartow, Florida. The silica grains in the feed sample

were removed using the electrostatic separator at Carpco, Inc., Jacksonville,

Florida.  The cleaned sample was identified by X-ray diffraction to be

carbonate-fluorapatite (also called francolite).  One batch of the sample was

reduced in size to 65 x 100 mesh using an alumina mortar and pestle for

flotation and oleate adsorption experiments. The sized sample was washed ten

times with triple distilled water, dried at 50°C, and stored in a glass

bottle.  The second batch of the mineral was ground to -325 mesh in a rod mill

for electrophoresis  experiments.  Iron impurities from the ground sample were

removed by a hand magnet.

Dolomite:  Hand picked dolomite pebbles (3/4 x 16 mesh) were also supplied by

the International Minerals and Chemical Corp., Bartow, Florida.  The mineral

was indentified by X-ray diffraction to be dolomite.  The pebbles were first

ground to a finer size in a rod mill and then in an alumina mortar and pestle
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to 65 x 100 mesh size for flotation and oleate adsorption experiments.  The

ground material was washed ten times with triple distilled water, dried at

50°C and stored in a glass bottle. Another batch of -325 mesh powder was

prepared for electrokinetic experiments by the same procedure as for

apatite. Iron impurities from the ground samples were removed by a hand

magnet.

Mineral Characterization

Chemical Analysis: Chemical analysis of the apatite and dolomite, conducted

by Thornton Laboratories, Inc., Tampa, is reported in Table 1.  It is clear

from the data that MgO content of the phosphate sample and P2O5 content of the

dolomite sample are not significant.

Surface Area Measurements: Surface area was measured by the BET technique

using nitrogen gas as the adsorbate. It was determined to be 4.24 m2/g for

dolomite and 18.62 m2/g for apatite. The surface area is relatively high

considering the particle size. This can be attributed to the porosity of the

samples as confirmed by scanning electron microscope micrograph.  The high

surface area of the minerals, however, made it possible to conduct flotation

and oleate adsorption tests on minerals of the same size fraction.

Solubility of Minerals: Amounts of dissolved cations from apatite and

dolomite were measured over the pH range 4.8 to 11.  The solubility of single

and mixed minerals (1:1 and 95:5 apatite:dolomite) is presented in Table 2.

It is observed that the solubility of apatite is negligible at pH 11 and it

increases as the pH decreases. Dolomite, on the other hand, is soluble even

at pH 11 and its solubility increases exponentially as the pH decreases.  It

is clear from the data presented that the solubility of dolomite is almost an

order of magnitude higher than that of apatite over the pH range examined.
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Table 2 

Amount of Dissolved Calcium and Magnesium Ions --- 

PH Mineral 
Ca+* 
(twd 

Mg+2 
bid 

11.0 Apatite 
Dolomite 

10.0 f 0.3 Apatite 
Dolomite 
1:l Mixture 
95:5 Mixture 

7.0 k 0.7 Apatite 0.6 
Dolomite 5.0 
1:l Mixture 3.3 
95:5 Mixture 0.7 

4.8 f 0.3 Apatite 8.0 
Dolomite 70.0 
1:l Mixture 50.0 
95:5 Mixture 10.0 

0.1 
1.4 

0’.3 
1.2 
0.9 
0.3 

0.0 
0.0 

0.0 
0.4 
0.3 
0.0 

0.2 
2.4 

E 

ZYO 
15.0 
1.4 
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Chemicals

Purified sodium oleate from Fisher Scientific Co. was used in this study.

ACS certified grade potassium hydroxide and nitric acid were used to

modify the pH.  Also, ACS grade calcium and magnesium nitrate standards,

potassium carbonate, potassium phosphate and 99.999% potassium nitrate were

used in this investigation.

Triple distilled water of less than 1.2 micromhos specific conductivity

was used in the study.

Methods

Flotation and Oleate Adsorption Experiments

Conventional (One-Stage) Conditioning: One gram of the mineral was aged for

two hours in 100 ml of triple distilled water at the desired pH.  The aged

sample was conditioned with the collector by tumbling at 27 RPM for five

minutes.  The pH of the conditioned slurry was measured and reported as

conditioning pH.  The reagentized feed was either floated or analyzed for

residual oleate content as described below.

Flotation: The conditional slurry was transferred to the Hallimond cell,

and floated for one minute with nitrogen gas at a flow rate of 48 ml/min.

Oleate adsorption: The supernatant of the conditioned slurry was

transferred to a glass tube for oleate analysis.  The amount of oleate

adsorbed on the mineral surface was calculated from the oleate depletion in

the bulk solution.

Two-Stage Conditioning: One gram of the mineral was aged for two hours as in

the previous experiment.  It was conditioned for 2.5 minutes at pH 10 with the
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desired amount of the collector. The reagentized slurry was further 

conditioned (or reconditioned) for 2.5 minutes at a lower pH. In another 

series of experiments, the slurry was reconditioned at a lower pH with reduced 

collector concentration, which was obtained by replacing 70% of the 

surpernatant with water. All of the variables mentioned above such as pH, 

ionic streng th and temperature were kept constant unless otherwise stated. 

Electrokinet ic Measurements 

Electrophoretic mobility was measured by a Rank Mark II electrophoresis 

apparatus. One gram of -325 mesh sample was suspended in 100 ml of water of 

desired pH and ionic strength in a glass cylinder. The container was inverted 

10 times and the suspension was allowed to settle for 10 minutes. 60 ml of 

the supernatant, containing the fine particles, was further aged for two hours 

before electrophoretic mobility measurements were conducted. The pH of the 

slurry was determined before and after the measurements. Zeta potential was 

calculated from electrophoretic mobility values using the following equation: 

4 (W n 
5 = 

E 

where 5 = zeta potential 

U = electrophoretic mobility 

n = viscosity 

E = dielectric constant 

Assuming E = 78.5 and n = 0.89 cps under the present experimental conditions 

the above relation would reduce to: 

5 = 12.8 (u). 
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Chemical Analysis

Calcium and magnesium analysis were conducted using a Perkin-Elmer 6000

    atomic adsorption spectrophotometer.

Oleate analysis was done by Gregory's method (1).  It was observed that

the analytical procedure yielded significantly lower than actual results when

centrifugation was employed under acidic pH conditions. This was attributed

to the separation of second phase oleic acid during centrifugation, which

could cause difficulties in transferring a representative sample for further

analysis. It should be mentioned that since the 65 x 100 mesh size fraction

was used for adsorption measurements, centrifugation of the suspension was not

necessary to achieve solid/liquid separation. It was also proven that any

trace amounts of fines generated during conditioning did not interfere with

the oleate analysis. However, under alkaline pH conditions, precipitation of

Ca/Mg oleate was found to interfere with the oleate analysis.  This problem

was overcome by using EDTA for sequestering as recommended by Gregory.  The

above procedure was standardized by analyzing samples of known oleate

solutions in the presence of Ca+2 and Mg+2 ions at different pH levels.

Transmission IR Spectroscopy

Transmission IR spectroscopy was conducted using -325 mesh mineral

samples. Sample preparation technique was similar to that used by Peck (2),

A brief description of the procedure employed is given below.

One gram of -325 mesh sample was suspended in 100 ml of water at the

desired pH. The suspension was agitated by inverting the graduated cylinder

ten times and then allowed to settle for 5 minutes.  Eighty ml of the
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supernatant containing the fine particles were reagentized with, 50 ml of

1.6 x 10-2 kmol/m3 sodium oleate solution at pH 10 and reconditioned at pH 4

to 5.  Samples obtained during different stages of conditioning were

centrifuged at 15,000 RPM for five minutes.  The solid samples were dried for

2 days at 50°C in air.  Then 0.01 g of apatite and 0.005 g of dolomite were

mixed with 2.0 g of KBr.  After drying the KBr sample mixture in a vacuum oven

at 80°C, the powder was pressed into 0.5 cm diameter pellets for transmission

IR spectroscopy.

RESULTS AND DISCUSSION

Conventional Conditioning

Flotation Studies

Individual and mixed mineral flotation behavior of apatite and dolomite

as a function of conditioning pH at two levels of collector concentration are

illustrated in Figures 1, 2 and 3.  Flotation results as a function of

collector concentration at pH 10 are presented in Figures 4 and 5.

Single mineral flotation: It is seen from the single mineral flotation test

data that separation of the dolomite from apatite is possible under the

following conditions:

(i) In the alkaline pH range - Selective flotation of apatite is observed in

the pH range of 7 to 10, using 9.4 x 10-5 kmol/m3 and 1.87 x 10-4 kmol/m3 of

sodium oleate concentration.  At pH 11, dolomite can be expected to float

selectively with 1.87 x 10  kmol/m3 of sodium oleate.- - 4

(ii) In the acidic pH range -   Dolomite can be expected to float selectively

at pH 5.5 with 1.87 x 10-4 kmol/m3 sodium oleate.
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1:1 apatite:dolomite  mixture flotation: In the alkaline pH range, the

selectivity predicted by the single mineral tests is not observed when both

the minerals are floated together. In the pH range of 7 to 10, the loss of

selectivity in the 1:1 mixed mineral system is due to a decrease in the

apatite flotation and an increase in the dolomite flotation. At pH 11 the

selectivity of dolomite flotation is reduced due to higher flotation of

apatite as compared to that in the single mineral flotation tests.  The

reasons for the loss of selectivity under alkaline pH conditions are discussed

in a later section.

At pH 5.5, both single and 1:1 mixed mineral flotation results indicate

selective flotation of dolomite from apatite. Similar results have also been

reported in the literature. It should, however, be noted that in the present

study, as well as those reported in the past, recovery of the dolomite under

acidic pH conditions is low. In some of the previous studies, attempts were

made to further improve the dolomite recovery by adding larger amounts of the

collector, but it resulted in a loss of selectivity.  The use of surface

modifying agents has also been investigated.  The additional cost of the

reagents, however, renders this process economically less attractive.

95:5 apatite:dolomite mixture flotation: As shown in Figures 2, 3 and 5, the

selectivity is also lost for the 95:5 mixture. The flotation behavior of

apatite in the mixture is determined to be similar to that in the individual

mineral flotation tests. The flotation of dolomite, on the other hand, is

significantly higher than in the single mineral flotation tests, thus causing

a loss of selectivity.
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Oleate Adsorption Results

Effect of pH and collector concentration: The adsorption of oleate on apatite

and dolomite as a function of conditioning pH and collector concentration is

presented in Figures 6 and 7. It should be noted that in the present study, a

direct correlation of the adsorption and flotation data could be obtained,

since both of these investigations were conducted using the same size

material. A correlation between the two sets of data at different levels of

pH and initial collector concentration is presented in Figures 8, 9, 10 and

11.

Loss of Selectivity in the Alkaline pH Range

The selectivity predicted on the basis of single mineral flotation tests

is not obtained with 1:1 mixed minerals under alkaline pH conditions. In the

pH range of 7 to 10, selectivity is lost due to a decrease in the apatite

flotation (see Figures 4 and 6). The loss of selectivity at pH 11 can be

attributed to an increase in the apatite flotation,

The loss in the apatite recovery in the 1:1 mixed mineral system can be

attributed to (i), the presence of dolomite slimes (ii), the smearing of the

dolomite on the apatite surface or (iii), the interference by the dissolved

ions. The first possibility was examined by floating apatite in a supernatant

of the dolomite. Both centrifuged and non-centrifuged supernatants were

tested to determine the role of dolomite fines in the apatite flotation.  The

'smearing' effect was investigated by conditioning both the apatite and the

dolomite in the same container but separated by a -400 mesh copper wire net.

Lower flotation of apatite in all these tests indicated that the dolomite

fines in the bulk or the physical coating of the dolomite on apatite are not
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Figure 6. Amount of oleate adsorbed on apatite and dolomite as a function of conditioning pH.



Figure 7. Amount of oleate adsorbed on apatite and dolomite as a function of collector
concentration at pH 10.
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Figure 8. Correlation between amount floated and oleate adsorbed as a function of
conditioning pH for apatite.



Figure 9. Correlation between amount floated and oleate adsorbed as a function of
collector concentration.
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Figure 10. Correlation between amount floated and oleate adsorbed as a function of
collector concentration at pH 10 for apatite.



Figure 11. Correlation between amount floated and oleate adsorbed as a function of
collector concentration at pH 10 for dolomite.
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the major cause of nonselectivity observed in the mixed mineral system.  The

effect of dissolved ions was investigated next. This is discussed below.

Effect of dissolved ions: Effect of Ca+2 ions on the flotation recovery of

apatite is presented in Figure 12. It can be observed that, whereas Ca+2 and

Mg+2 ions cause a significant reduction in the apatite flotation, the effect

of CO3
-2 ions is negligible. To isolate the effect of ionic strength on the

apatite flotation, tests were conducted using up to 2.0 x 10-3 kmol/m3 KNO3.

It is evident from the flotation results in Figure 12 that no significant

reduction in the apatite flotation occurs as a result of KNO3 addition.  The

depression of apatite flotation in the presence of Ca+2 and Mg+2 ions becomes

significant only above 1.0x10-5 kmol/m3, which is the concentration range of

the dissolved Ca+2 and Mg+2 ions from 1:1 mixture of apatite and dolomite at

pH 10. In 1:1 mixed mineral system, the additional Ca+2 and Mg+2 ions

dissolved from dolomite are believed to be the major cause of reduced apatite

flotation in the alkaline pH range.

Dissolved cations could possibly depress the apatite flotation by either

adsorbing and altering the electrokinetic behavior of the mineral or by

depleting the oleate ions in the bulk solution by forming a soluble or

insoluble complex. The effect of Ca+2, Mg+2 and CO3
-2 ions on the zeta

potential of apatite are reported in Figures 13, 14 and 15.  Zeta potential of

apatite in the presence of Ca+2 and Mg+2 ions was found to vary, but no

significant effect of CO3
-2 ions was observed. However, the concentrations of

the species required to influence the electrokinetic behavior were much higher

than those that solubilized under present flotation conditions.
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Figure 12. Flotation of apatite as a function of dissolved ion concentration at pH 10.
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Depletion of oleate by precipitation: It is established that the presence of

Ca+2 and Mg+2 ions under alkaline pH conditions will cause precipitation of

the oleate ions as Ca or Mg oleate. In the present study, precipitation of

oleate soaps is confirmed by the depletion of free Ca+2, Mg+2 and oleate ions

in the bulk solution. These tests involved adding a known of amount of oleate

to the supernatant of 1:1 mixture, followed by centrifuging the precipitate

(see Table 3). At pH 10, the cation to anion ratio in the precipitate was

determined to be approximately 1:2, suggesting that the precipitate formed is

Ca or Mg oleate. Depletion of calcium , magnesium and oleate ions was also

reported at pH 7. At pH 4.5, however, no change in the concentration of any

of the ions was observed. This is expected, since neutral oleic acid mole-

cules present at lower pH values will not complex with Ca+2 and Mg+2 ions.

Oleate depletion was determined to be the cause of reduction in the

apatite flotation, and consequently of the observed loss in selectivity. At a

pH below 10, the amount of dissolved ions from dolomite increases, thus

causing a higher depletion of oleate ions, which will further reduce the

apatite flotation. On the other hand, if Ca+2 and Mg+2 concentrations are

reduced, the amount of available oleate ions should increase due to lesser

depletion. The smaller increase in dolomite flotation in mixed mineral system

could be attributed to this phenomena. As seen in Table 2, the dissolved

cations are less in the supernatant of the mixture, as compared to that from

dolomite alone. It is to be noted that at the acidic pH where neutral oleic

acid molecules are the stable specie, no depletion of oleate ions due to

precipitation is observed, in spite of large amounts of dissolved Ca+2 and

Mg+2 ions in the solution. Consequently, the flotation behavior of single and

mixed minerals is similar under acidic pH conditions.
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Table 3 

Depletion of Oleate Ions Due to Ca+2, Mgt2 Complexation 

PH 
Cat2 Mgt2 

(kmol/m3) (kmol/m3) 
Oleate 

(kmol/m3) 

Supernatant Without 
Oleate 

Depletion of Ions 
Upon Oleate Addition 

Supernatant Without 
Oleate 

Depletion of Ions 
Upon Oleate Addition 

Supernatant Without 
Oleate 

Depletion of Ions 
Upon Oleate Addition 

10.0 2.30 x 1O-5 1.23 x 1O-5 mm- 

10.0 1.00 x lrr5 0.82 x 10-s 3.80 x 1l-r5 

7.0 8.30 x 1O-5 7.40 x 10-s m-m 

7.0 3.00 x 10-s 8.22 x 1O-6 precipitate 
observed 

4.5 1.30 x 10-3 6.20 x 10”’ a-- 

4.5 0.00 0.00 no 
precipitate 
observed 
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In the case of the 95:5 apatite:dolomite  mixture, the loss of selectivity

can also be attributed to the amount of dissolved ions present in the

system.  At pH 10, cation concentration in the 95:5 mixture is mostly due to

apatite and thus, flotation behavior of the mixture should be similar to that

of apatite alone.  On the other hand, availability of more oleate ions for

dolomite flotation in the mixture, due to lower oleate ion depletion, would

result in higher dolomite flotation.

It should be further noted that in the presence of foreign ions oleate

adsorption on apatite is considerably reduced (see Figures 16 and 17).  These

results are consistent with the flotation results.

Flotation at pH 11: The flotation recovery of apatite in the 1:1 mixture at

pH 11 is higher than what is predicted by the single mineral flotation data

(see Figure 1).  To explain the higher apatite recovery in the mixture,

apatite flotation in the dolomite supernatant was conducted.  The recovery

under these conditions was about 15 percent lower than in the mixture, which

is similar to the trend observed at pH 10.  It can therefore be concluded that

the higher flotation of apatite at pH 11 is obtained only when both the

minerals are floated together.  The role of surface charge characteristics of

the two minerals is discussed next.

Zeta potential measurements of apatite and dolomite as a function of pH,

presented in Figures 18 and 19, indicate the major differences in the surface

chemistry of the two minerals.  The isoelectric point (IEP) of apatite was

determined to be at pH 5.5.  For dolomite, however, two isoelectric points at

pH 5.5 and pH 10.5 were observed.  Of particular interest is the IEP at pH

10.5, above which the surface is positively charged.  The second IEP is

attributed to the hydroxylation  of Mg ions to Mg(OH)+ and Mg(OH)2 (s) dolomite
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Figure 16. Effect of Ca+2 ions on the amount of oleate adsorbed on apatite as a function
of collector concentration.



Figure 17. Effect of Mg+ 2

of collector concentration.
ions on the amount of oleate adsorbed on apatite as a function
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surface.  It is known that the Mg(OH)2 has an IEP at about pH 13, and

therefore, the surface is positively charged at pH 11.  Heterocoagulation

between the minerals and transfer of hydroxylated  surface species from

dolomite to apatite under these conditions cannot be ruled out.

In the 95:5 apatite:dolomite  mixture, apatite flotation is similar, but

dolomite flotation is reduced by 15 percent from their respective single

mineral flotation results.  In this case, dolomite is not present in

sufficient amount to alter the apatite surface.  The smaller dolomite recovery

value could be attributed to the presence of a large number of non-floating

apatite particles in the suspension.
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SUMMARY

Flotation behavior of single and mixed mineral systems was investigated

as a function of the collector concentration over a pH range varying from 3 to

11. Selectivity, predicted by single mineral flotation test at pH 7 to 10 was

not observed in mixed minerals. This is attributed to the depletion of oleate

by precipitation with cations dissolved from dolomite.  At pH 11, the loss of

selectivity in mixed mineral systems is due to possible modification of the

apatite surface when in contact with dolomite.
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Chapter VII

THE TWO STAGE CONDITIONING PROCESS

INTRODUCTION

A two stage conditioning process was developed to separate dolomite from

apatite. In this new process the mineral is conditioned first at an alkaline

pH with a conventional fatty acid collector, then reconditioned in a second

stage at acidic pH with the same collector solution before flotation.

Separation of dolomite from apatite, which is recovered in the sink fraction,

is achieved without adding any depressant or other modifying agent.

In this chapter, the basic study carried out in order to elucidate the

mechanisms that explain the separation of dolomite from apatite by selective

flotation after two stage conditioning with fatty acids is discussed.  Also,

the results of flotation tests performed at bench scale using this new process

with different samples of dolomite and apatite are presented.

BASIC STUDIES

Experimental details of this study including minerals, chemicals and

methods, have been described in the previous chapter. A complete analysis of

dolomite and apatite samples used in this study is given in Table 1.

Solubility of both minerals and mixtures of them in the pH range of 4.0 to

11.0 are presented in Figure 1 and Table 2.
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Table 2 

Amount of Dissolved Calcium and Magnesium Ions 

PH Mineral 
Ca+* 
(wm) 

~~~--- 

Mg+* 
bpm) 

11.0 Apatite 0.1 0.0 
Dolomite 1.4 0.0 

10.0 f 0.3 Apatite 0.3 0.0 
Dolomite 1.2 0.4 
1:l Mixture 0.9 
95:5 Mixture 0.3 ito" 

7.0 f 7.0 Apatite i*o" 0.2 
Dolomite 
1:l Mixture 3:3 

2.4 
1.8 

95:5 Mixture 0.7 0.3 

4.8 f 0.3 Apatite 8.0 Dolomite 70.0 ZiYo 
1:l Mixture 50.0 15:o 
95:5 Mixture 10.0 1.4 

1 ppm Ca+* = 2.5 x 10B5 kmol/m3 

1 ppm Mg+* = 4.1 x 10m5 kmol/m3 
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Results and Discussion

Flotation After Reconditioning Without Changing Collector Concentration

In these tests, oleate concentration during conditioning and

reconditioning was maintained constant.  The variables tested were the initial

collector concentration, reconditioning pH, reconditioning time and flotation

time.  The effect of initial collector concentration on flotation is plotted

in Figure 2.  The effect of reconditioning pH at a collector concentration of

1.87 x10-4 kmol/m3, is illustrated in Figure 3.  These results indicate that

dolomite can be selectively floated out at a reconditioning pH below 5.5.  It

should be noted that selectivity observed for the 1:1 mixed mineral system is

higher than that predicted by single mineral flotation behavior.  To confirm

the separation of the ore containing dolomite as a minor mineral, 95:5

apatite:dolomite mixture flotation tests were conducted.  The results reported

in Figure 4 indicate that effective separation of dolomite from apatite is

possible.  Reconditioning time was also tested to further optimize the

separation of the two minerals.  The results comparing the single mineral data

to 1:1 and 95:5 mixtures are presented in Figures 5 and 6, respectively.  It

is observed that increased reconditioning time did not improve the selectivity

significantly.  The effect of flotation time on apatite recovery was also

examined.  Increasing flotation time from 1 minute to 4 minutes also did not

improve the flotation recovery, indicating that complete flotation had

occurred within the first minute.
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Figure 2. Flotation of apatite and dolomite after reconditioning
at pH 4.2 as a function of initial collector concentration.
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Figure 3. Flotation of apatite and dolomite as a function of reconditioning pH using
1.87 x 10 - 4 kmol/m3 sodium oleate concentration.
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Flotation After Reconditioning With Reduced Collector Concentration

In these tests the collector concentration during reconditioning was

reduced by replacing 70 percent of the supernatant with water at different pH

values. The effect of reconditioning pH on the flotation recoveries is

illustrated in Figures 7 and 8.  As in the previous case, the selective

flotation of dolomite was observed at a reconditioning pH below 5.5.

Mechanism of Selective Flotation by Two-Stage Conditioning

Possible reasons for selective flotation of dolomite from apatite upon

acid reconditioning are:

(a) Selective desorption of collector molecules during reconditioning.

(b) Modifications in the effectiveness of the adsorbed collector upon

reconditioning.

(c) Selective flotation of dolomite by CO2 gas evolution under acidic pH

conditions,

Selective Desorption of Oleate Ions: This possibility was examined by

measuring the amount of oleate adsorbed after reconditioning. No significant

difference in the amount of oleate adsorbed after conditioning and

reconditioning the minerals was observed (see Figures 9, 10, 11 and 12).  It

is therefore concluded that the selective desorption of the collector species

from the apatite surface is not the major mechanism of the observed selective

flotation.

It should be noted that the amount of oleate adsorbed on dolomite at pH

10.0 is higher than on apatite. Since the oleate adsorption did not change

significantly upon reconditioning, the amount of oleate adsorbed on dolomite

remained higher than on apatite after the reconditioning steps.
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Figure 8. Flotation of 95:5 apatite:dolomite mixture as a function of reconditioning pH,
with 70% supernatant replaced with water.





Figure 10. Amount of oleate adsorbed on apatite as a function of collector concentration
after conditioning at pH 10.0 and reconditioning at pH 4.2.







Effectiveness of Adsorbed Species: The flotation response of apatite was

considerably lower after reconditioning at pH 4.2, but the amount of oleate

adsorbed was the same as at pH 10.0 (see Figure 13).  On the other hand, the

flotation response of dolomite did not change upon reconditioning (see Figure

14).

Transmission IR spectra, shown in Figure 15 and Figure 16, have confirmed

the transformation of the adsorbed species on the apatite surface from oleate

at pH 10.0 to oleic acid at pH 4.2. Similar information on the nature of the

adsorbed specie could not be obtained for dolomite because of a strong

carbonate peak located at the same frequency as the oleate peaks.

It has already been discussed (see section on conventional conditioning)

that the effectiveness of neutral oleic acid in flotation as compared to the

ionic oleate species is poor. Thus, after reconditioning at pH 4.2, the loss

of apatite flotation recovery can be attributed to the nature of collector

species present in the system.

Similar collector response is expected in the case of dolomite.  However,

the experimental results do not show a significant difference between the

flotation recovery after conditioning at pH 10 and after reconditioning at pH

4.2. This possibly could be attributed to the larger amount of the collector

adsorbed initially at pH 10 on the dolomite surface.

CO2 Gas Evolution on Dolomite: Dolomite, being a carbonaceous mineral, would

react with acid to form CO2 gaseous product. The evolved CO2 gas should aid

the flotation of dolomite by facilitating particle bubble attachment.  It was,

however, observed that evolution of CO2 gas from the dolomite surface was not

significant at pH 3.5. Furthermore, at lower pH values more CO2 gas evolution

is expected, which should result in higher dolomite flotation. On the
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Figure 1 3. Flotation of apatite as a function of amount of oleate adsorbed after conditioning
at pH 10 and reconditioning at pH 4.2.



Figure 14. Flotation of dolomite as a function of amount of oleate adsorbed after
conditioning at pH 10 and reconditioning at pH 4.2.
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Figure 16. Transmission IR spectra of apatite, after conditioning at pH 10 and after two-
stage conditioning.



contrary, flotation of dolomite was found to be lower after reconditioning at

pH values below 4.

From the above discussion it can be concluded that the major mechanism of

the adsorbed selectivity is the difference in the flotation response of the

two minerals upon reconditioning. During conditioning at pH 10.0, there is a

higher oleate adsorption on dolomite than on apatite.  Upon reconditioning at

pH below 6, no significant changes in the amount of collector adsorbed were

observed for either of the two minerals. The nature of the adsorbed collector

molecules does change, from ionic at pH 10 to neutral oleic acid molecules

under acidic pH conditions. As an auxiliary effect, flotation of dolomite

could be further aided by CO2 gas evolution. This could explain the selective

flotation of dolomite after acid reconditioning and higher separation in the

mixed minerals system.

According to this mechanism, the amount adsorbed during the conditioning

stage at pH 10.0 governs the flotation after the reconditioning stage.  In the

presence of additional Ca+2 and Mg+2, dissolved from           dolomite in a 1:1 mixed

mineral system, oleate adsorption on apatite would be reduced (refer to

Figures 17 and 18).  Consequently, apatite flotation after acid reconditioning

would be lower, resulting in higher separation of the minerals in the mixed

mineral systems as compared to that predicted on the basis of single mineral

flotation behavior.

Relevance of Two-Stage Conditioning Process to Current Processing Schemes

In the entire reconditioning pH range studied, the maximum separation was

obtained by reconditioning the minerals at a pH below 4.5.  In view of the

objective of this study to separate dolomite from South Florida phosphate
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Figure 18. Effect of Mg+2 ions on the amount of oleate adsorbed on apatite as a
function of collector concentration.



rock, the two-stage conditioning process, if proven to be effective on large

scale, offers unique benefits, some of which are:

(a) Overall separation of the minerals is higher than that obtained by

conventional conditioning.

(b) Observed selectivity for mixed minerals is better than predicted by

single mineral flotation tests.

(c) Dolomite, the minor mineral in the mixture, is floated.  This is

preferred for higher process efficiency.

(d) Separation of dolomite from apatite has been achieved without adding

any other surface active or surface modifying agents.

(e) The currently practised flotation scheme in a phosphate processing

plant does allow for acid scrubbing at a pH lower than 4.

Therefore, no additional reagent should be involved in

incorporating the second conditioning step in the current process.

Further studies were  conducted to examine the feasibility of the two-

stage condit i oning method at bench scale.  The results obtained are discussed

in the folloWing sections.

BENCH SCALE FLOTATION TESTS

The objective of these tests was to determine if the trends observed in

the flotation tests in the Hallimond cell using two stage conditioning could

be verified at the bench scale.

Several dolomite and apatite samples of different origin and two natural

ore samples from the Florida field were used in this phase of the study.
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Apatite

Materials

Two different apatite samples were used in the bench scale flotation

tests.  An amine concentrate, 16 x 150 mesh, from the AMAX Phosphate Co. was

used in some of the earlier tests, but most of the study was performed with a

high grade product from Agrico Chemical Co.

The high grade product from the Agrico Chemical Co. was screened to

provide 35 x 65, 65 x 100, 100 x 150, and for later tests, 35 x 150 mesh.

These samples were then leached, deslimed 10 times, dried at 50°C, and stored

in glass bottles.  The BPL content of the composite sample was 74.6%, with an

MgO content of 0.37%.

Dolomite

A total of four different samples of dolomite were used in the bench

scale testing of the two stage conditioning process.

New Jersey Crystalline Dolomite: The 16 x 150 mesh size fraction of New

Jersey crystalline dolomite from Wards Scientific Co. was prepared by first

reducing the dolomite pieces using a circular saw, followed by passing them

through a Bico-Braun  Chipmunk Crusher , and finally, through a Bico-Braun UA

Pulverizer.  The required size was obtained by sieving the ground material.

After washing ten times to remove excess fines produced during the size

reduction process, the material was dried at 50°C and stored in a glass jar.

Agrico Dolomite: Large size pieces of hand picked bottom dolomite from the

Agrico Chemical Co. were dried in an oven at 50°C and reduced in size with a

hammer before grinding in a rod mill.  Batch samples of one kg were ground in

the rod mill for 12 seconds and then the material was dry screened on a Ro-Tap

Siever to separate the 35 x 150 mesh and the oversize recycled to the mill.
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After using a hand magnet to remove iron impurities, the 35 x 150 mesh

dolomite was wet sieved to remove the coating of fines on the particles, and

then dried in an oven.  Finally a high tension separator from Carpco, Inc.,

Jacksonville, Florida, was used to remove the quartz thus reducing the acid

insoluble content to 3.1%.

IMC Four-Corners Dolomite: This dolomite was a much harder type than the

Agrico dolomite, and was reduced with the Chipmunk Crusher without excessive

material loss through fines production.  Following size reduction, the

material was washed with deionized water, then dried at 5O°C.  A hand magnet

was used to remove iron impurities and silica grains were removed using the

electrostatic separator.

Perry Dolomite: A pure dolomite sample obtained from Cabbage Grove in Perry,

Florida, was ground in a Bico-Braun Chipmunk crusher, pulverized in a Bico

Pulverizer, and screened to the same size fractions as the apatite samples.

The various size fractions were passed through a Carpco Magnetic Separator to

remove any iron impurity.  The samples were then deslimed 10 times, dried at

50°C, and stored in glass bottles.  The MgO assay of the composite material

was 19%.

Natural Phosphate Ore: A natural high MgO feed was obtained from the Agrico

Chemical Co.  The sample was dried at 50°C and screened to eliminate the +35

mesh material and stored.  During testing, the samples were deslimed in

deionized water one time prior to use.  The assay of the sample was 52.7%

Insols, 28.84% BPL, (13.2% P2O5) and 2.4% MgO.

A different natural ore sample described as "Hawthorne brown feed" was

provided by Brewster Phosphates.  Chemical analysis of this sample indicated

8.3% P2O5, 61% Insolubles, and 20% MgO.  This sample was used as received

except that the +35 mesh material, about 10% of the total, was screened out.
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Chemicals

Collectors: Purified sodium oleate from Fisher Scientific, and fatty acid

(M-28), and fuel oil, supplied by Westvaco Co., were used in this study.

Frother: Aerofroth 65 from American Cyanamid Co. was used in this study.

pH modifiers: ACS certified grade potassium hydroxide and sulfuric or nitric

acid were used for pH adjustments.

Water: Deionized water was used for all tests.

Methods

Chemical Analysis

Analysis for BPL content was performed with a Bausch and Lomb Spectronic

2000 spectrometer.  MgO content was determined by either an Instrumentation

Laboratory Model 200 inductivity coupled plasma spectrometer, a Perkin Elemer

6000 atomic adsorption spectrometer, or in the case of synthetic mixtures, by

calculations based on the BPL content of the sink fraction.  Details of the

various procedures are given in Chapter II.

Flotation

Flotation tests were carried out using a Denver D-2 flotation cell at

1100 rpm.  The pH during conditioning and flotation was adjusted either

manually or with a Brinkman Metrohm Herisau Multi Dosimat titrator.  Three

different conditioning procedures were used: in earlier tests the pulp was

conditioned by tumbling, but this method was eventually discarded because

control of pH in the closed container was impossible, therefore the

conditioning was carried out directly in the flotation cell at 1100 rpm or in

a beaker stirred at 200-400 rpm with a paddle type stirrer.  A detailed

description of the three procedures is given below.
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Two Stage Conditioning by Tumbling: Samples were aged for 2 hours in

deionized water at pH 10.0 and at varying pulp densities.  The slurry was then

transferred to a one liter bottle and tumbled at 24 rpm for 2.5 minutes.  Nine

hundred ml of the supernatant was removed, and the pH was lowered to 2.6 using

sulfuric acid. The supernatant was returned to the one liter bottle and the

mineral suspension was tumbled for an additional 2.5 minutes. The slurry was

next transferred to the Denver cell, frother was added, and floated until

completion. The impeller speed was 1100 rpm during flotation.  The various

fractions were filtered, dried, and weighed.

Two Stage Conditioning in the Denver Cell: Samples (65 x 100 mesh) were aged

for 2 hours in deionized water at pH 10.0 and at a pulp density of 4.0%.  The

slurry was then transferred to the Denver cell and conditioned at 1100 rpm for

2.5 minutes after adding the required amount of the collector.  Then, 1000 ml

of the supernatant was removed. The pH of the supernatant was lowered to a

value that would yield a final pH of about 4 after returning to the cell.

Next, frother was added and the suspension was further conditioned for 2.5

minutes at 1100 rpm. The solution pH was maintained at 4 during

conditioning. Due to the high agitation intensity it was difficult to keep a

constant acidic pH. The air valve was turned on and floated to completion.

The float and sink fractions were filtered, dried, and weighed.

Two Stage Conditioning with Paddle Type Stirrer: In order to more closely

simulate present plant conditions, and also to maintain closer control over

pH, it was decided to condition the slurry by agitating in a separate vessel

with a paddle type stirrer. It was determined that agitation for 30 minutes

between 200 and 400 rpm, depending on pulp density, gave optimum results.
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Solution pH was maintained at pH 10.0 using the Brinkman titrator.  At the end

of the aging period, the collector was added, and the suspension conditioned

for an additional 2.5 minutes.  Frother was added during this step.  Then the

pH was lowered to a value below 4.0, and further conditioned for 2.5

minutes.  The slurry was next transferred to the Denver cell, and floated

until completion.  During flotation, solution pH was kept constant by adding

appropriate amounts of 0.1N H2SO4.

Single Minerals

Results and Discussion

The flotation results from single mineral tests for Amax apatite and New

Jersey dolomite are presented in Table 3.  It is observed that apatite did not

float while under the same conditions more than 80% of the dolomite floated.

Other apatite and dolomite samples exhibited similar flotation behavior.  For

example, flotation after two-stage conditioning of Agrico apatite and Perry

dolomite yielded negligible flotation of apatite whereas about 87% of dolomite

was recovered in the float fractions (see Table 4).  Also, a new fatty acid

type collector, a sulfonated oleic acid (OA-5) yielded very high recoveries of

dolomite after two stage conditioning while apatite showed a very limited

flotability  (see Table 5).  These results confirmed selectivity observed using

the Hallimond cell at the bench scale.  However, the Agrico dolomite yielded

poor flotation results.  In Table 6 it is shown that the dolomite yielded

recoveries of only about 40% even when large amounts of collector were

added.  Since this dolomite was found to be softer than other samples, it was

thought that the lower recoveries could be due to the generation of slimes

during conditioning.   Also, removal of the reagent coating due to attritioning

during conditioning could not be ruled out (as shown in Table 7).  This was
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corroborated by the increased recoveries obtained when conditioning was

carried out at lower agitation intensity. However, even under these favorable

conditions, recoveries of dolomite were in the range of 50-60% significantly

lower than recoveries obtained with the other dolomite samples tested.
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Table 3

Flotation of Apatite and Dolomite
after Two-Stage Conditioning

Feed: Apatite (Amine Concentrate)
Dolomite (New Jersey crystalline)

Collector: M-28, 2.0 lb/t
Extender:  IMC fuel oil, 4.0 lb/t

Conditioning: 2 min at pH 10.0
Reconditioning: 5 min at pH 4.0

Feed Amount Floated, wt. %

Amax Apatite

New Jersey Dolomite

0.2

86.3, 83.6
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Table 4

Flotation of Apatite and Dolomite after
Two Stage Conditioning

Collector: M-28, 1.6 lb/t
Extender:  IMC fuel oil, 1.6 lb/t

Conditioning: 2 min at pH 10.0
Reconditioning and Flotation:    at pH 4.0

Feed Amount Floated, wt. %

Agrico Apatite 1.0 - 1.7

Perry Dolomite 86.6 - 87.9
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Table 5

Flotation of Apatite and Dolomite after Two-Stage
Conditioning Using OA-5 as the Collector

Feed: Apatite (Amine Concentrate)
Dolomite (New Jersey crystalline)

Collector: OA-5, 3.0 lb/t
Extender: IMC fuel oil, 6.0 lb/t

Conditioning: 2 min at pH 10.0
Reconditioning: 2 min at pH 10.0

Feed Amount Floated, wt. %

Amax Apatite 7.7

New Jersey Dolomite 89.7, 89.5
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Table 6

Flotation of Agrico Apatite and Dolomite
after Two Stage Conditioning

Feed: Apatite (Agrico High Grade Product)
Dolomite (Agrico)

Collector:  M-28
Extender: IMC fuel oil
Frother: Aerofroth 73 (Dolomite: .12 lb/t,

Apatite: .05 lb/t)
Conditioning: 2 min at pH 10

Reconditioning:  5 min at pH 4.

Amount Floated Collector Concentration*
W t %  lb/t

Feed 6.0 10.0

Agrico Apatite 5.1 19.0

Agrico Dolomite 18.7 39.6

* 1:1, M-28:fuel oil ratio.
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Table 7

Flotation of Agrico Apatite and Dolomite After
Conditioning at Lower Agitation Intensity

Feed: Apatite (Agrico High Grade Product)
Dolomite (Agrico)

Collector:  M-28
Extender: IMC fuel oil
Frother: Aerofroth 73 (Dolomite: .12 lb/t,

Apatite: .05 lb/t)
Conditioning: 6 min at pH 10.0

Reconditioning: 5 min at pH 4.0

Amount Floated, wt%

Collector Concentration*, lb/t

10.0

Agrico Apatite                     12.6, 4.7

Agrico Dolomite                 51.8, 46.1, 34.3       63.3, 58.5

* 1:1, M-28:fuel oil ratio.
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Agrico Dolomite-Agrico Apatite Mixture

A limited reduction in MgO content of mixtures of Agrico dolomite and

apatite was obtained by flotation after two stage conditioning.  The MgO

content of the feed, as shown in Table 8, was reduced from 6.4 to 4.6% MgO at

a recovery of 70% of the phosphate values. This performance can he attributed

partially to the soft character of this dolomite sample and also to the

presence of interlocked apatite in the dolomite grains.

Quantifying the relative amounts of each type of particle in the feed

versus the float and sink fractions was accomplished by taking representative

samples of each fraction and counting the individual particles as they were

observed under the microscope. The results obtained are summarized in Table

9. It can be clearly seen from the data that the majority of the pure

dolomite particles reported in the float fraction, while those particles

containing dolomite in an apatite matrix and the pure apatite grains reported

to the sink fraction. Thus, a separation of the pure dolomite from the pure

apatite grains had taken place after two stage conditioning.

Characterization of the Dolomite Particle Surface Using the SEM with EDS:

Examination of the data presented in Table 9 indicated that those particles

which are comprised of dolomite embedded in an apatite matrix tend to report

to the sink fraction along with the pure apatite grains.  This would suggest

that the surface composition of these particles primarily consists of

apatite. In an effort to confirm the presence or absence of apatite mineral

on the surface of particles reporting to the sink fraction, specimens of

representative samples of the float and sink fractions were prepared for

examination under the SEM utilizing the energy dispersive X-ray spectrometer

(EDS) to map the location of the various elements.
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Table 8 

Flotation of 1:l Agrico Apatite and Dolomite 
Mixture After Two Stage Conditioning 

Feed: Agrico apatite 
Agrico dolomite 

Collector: M-28, 6.0 lb/t 
Extender: IMC fuel oil, 6.0 lb/t 

Frother: Aerofroth 73, .12 lb/t 
Conditioning: 6 min at pH 10.0 

Reconditioning: pH 4.0 

BPL Recovery, X 

Feed 46.26 6.41 100 

Concentrate 
(Sink Fraction) 

48.73 4.56 70.12 
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Table 9

Comparison of Feed, Float and Sink Fractions from a
Two Stage Conditioning Test Using Agrico Dolomite (-65 mesh)

Sample Total Percent of Grains in Each Category
Number

of Grains Pure Apatite Apatite Apatite Pure Quartz
Counted Apatite with with with Dolomite

Small Moderate Large
Dolomite Dolomite Dolomite
Content Content Content

Feed 232 10.0 18.0 8.0 2.0 59.0 3.0

Float 464 2.0 4.0 0.5 0.5 93.0 0.0

Sink 188 11.0 55.0 9.0 6.0 14.0 5.0
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Initial efforts involved examination of individual grains of apatite and

dolomite to study the different topography of the two minerals.  X-ray scans

were then run on these particles to obtain their characteristic spectral

data.  At this point, particles which were known to contain interlocked

apatite and dolomite were examined under different levels of electron beam

voltage, X-ray rate, dwell time of beam on specimen, and particle dispersion

on specimen stage.  This methodology maximized data acquisition and efficiency

while at the same time minimized interference from both elements within the

particles or from adjacent particles.

The grains from each fraction were mapped for P, Ca, Mg and Si by

selecting the appropriate energy levels to be counted by the detector, and

then creating an image based on the pulses received by the detector as it

scans the sample.  The black and white images displayed on the CRT as a result

will be composed of dots of varying density, with areas of high density

appearing light and areas of low density appearing dark.  By assigning colors

to the grey (intensity) scale, it is possible to further highlight the areas

of high element concentration.

A series of color photographs of images produced in this manner are

presented in Figures 19 and 20, along with their corresponding black and white

back-scattered electron image.  In the color photographs, blue shades

represent areas of low intensity (or background).  Areas of high intensity,

and hence high element concentration, are represented by the red-yellow hues.

In Figure 19, an apatite (smooth) particle and a dolomite (granular)

particle were isolated and the image area magnified to include only these

particles.  The mapping scan revealed the smooth particle to have a high

concentration of P on its surface, with some small scattered spots of Mg.  On
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Figure 20. Agrico dolomite, 65 x 150 mesh float fraction (apatite particle is in
center). (a) Backscattered electron image. (b) Calcium distribution map.
(c) Magnesium distribution map. (d) Phosphorous distribution map.



the other hand, the granular particle showed high Mg concentration, as

expected, with very little P present.

Images of particles from the float fraction and sink fraction after two

stage conditioning are presented in Figures 20 and 21, respectively.  It is

clear that more particles in the sink fraction contain a significant amount of

P than in the float fraction.  Also, it appears from the Mg mapping of the

float fraction that the apatite particle in the center does contain some Mg on

its surface.

Amax Apatite and New Jersey Dolomite Mixture

The two stage conditioning process was very successful when tried on a

mixture of the Amax apatite and New Jersey dolomite.  The MgO content of the

feed material, using M-28 as the collector, was reduced from 1.5% MgO to 1.1%

MgO in the sink fraction with a recovery of 99% of the P2O5 (see Table 10).

Similarly when a sulfonated fatty acid (OA-5) was used as collector the

flotation concentrate assayed 1.0% MgO at a P2O5 recovery of about 92% (see

Table 11).

Agrico Apatite and IMC Four Corners Dolomite Mixture

A few flotation tests were performed with a mixture of Agrico apatite and

IMC Four Corners dolomite.  As shown in Table 12, the MgO content of the

mixture was reduced from 1.85% to about 1%.  The recovery of P2O5 in the sink

fraction was in the range 67-74%.

No attempts to optimize the two stage conditioning process with this or

the previous mixtures of minerals were made.  Instead, a limited optimization

of the process and a study of the effect of different flotation parameters
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Table 10

Flotation of 95:5 Apatite and Dolomite Mixture
after Two-Stage Conditioning

Feed: Apatite (Amine Concentrate Amax)
Dolomite (New Jersey crystalline)

Collector: M-28, 2.0 lb/t
Extender:   IMC Fuel oil, 4.0 lb/t

Conditioning: 2 min at pH 10.0
Reconditioning: 5 min at pH 4.0

BPL % MgO, % BPL Recovery, %

100.0

Concentrate
(Sink Fraction)

67.0, 67.0 1.1, 1.1 99.2, 99.3
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Table 11

Flotation of 95:5 Apatite and Dolomite Mixture after
Two-Stage Conditioning Using OA-5 as the Collector

Feed: Apatite (Amine Concentrate Amax)
Dolomite (New Jersey crystalline)

Collector: M-28, 2.0 lb/t
Extender: IMC Fuel oil, 4.0 lb/t

Conditioning: 2 min at pH 10.0
Reconditioning: 5 min at pH 4.0

BPL % MgO,% BPL Recovery, %

Feed 65.0 1.5

Concentrate
(Sink Fraction)

67.2 1.0, 1.0 92.0, 92.8
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Table 12

Flotation of a Synthetic Mixture of Agrico Apatite and
IMC Four-Corners Dolomite After Two Stage Conditioning

Feed: Apatite apatite
IMC Four-Corners dolomite

Collector: M-28, 6.0 lb/t
Extender: IMC fuel oil, 6.0 lb/t
Frother: Aerofroth 73, .12 lb/t

Conditioning: 6 min at pH 10.0
Reconditioning: 5 min at pH 4.0

BPL % MgO, % BPL Recovery, %

Feed 67.19 1.85 100.0

Concentrate
(Sink Fraction)

67.84, 67.04 0.85, 1.26 67.16, 74.31
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was carried out with a mixture of Agrico apatite and Perry dolomite.  This

sample was chosen because it was better characterized, did not present

problems of excessive softness or interlocked apatite particles and it was

available in the large amounts required for bench scale study.

Agrico Apatite-Perry Dolomite Mixture

Tests were conducted with an Agrico apatite-Perry dolomite mixture to

establish the influence of parameters such as pulp density, particle size, pH,

and collector concentration as they were varied from the values prevalent

during Hallimond tube testing up to values similar to those prevalent in the

industrial practice of phosphate flotation.

Effect of pulp density: The influence of increasing the pulp density during

two stage conditioning and flotation from 0.8% solids (equivalent to Hallimond

tube tests) up to 32% solids (which is a pulp density similar to that

currently used in most phosphate flotation plants) was studied.

As shown in Tables 13, 14, and 15 increasing the pulp density during

conditioning and flotation had a very minor effect on the efficiency of the

two stage conditioning process.  Excellent recoveries and grades were obtained

even at 32% solids. Recoveries in excess of 95% with a MgO grade below 1.0%

were obtained with relatively high pulp densities. It is necessary to point

out, however, that during the flotation test at high pulp densities, pH

control was difficult and also a larger amount of acid was required to

maintain pH within the prescribed limit.
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Table 13 

Effect of Pulp Density on Flotation of 8O:ZO Agrico Apatite 
and Perry Dolomite 65 x 100 mesh 

Feed: Agrico Apatite, 65 x 100 mesh 
Perry Dolomite, 65 x 100 mesh 

Collector: Sodium Oleate 
Frother: Aerofrtith 65 

Reconditioning pH: 2.6-4.3 

Collector Frother Pulp Density BPL, WL BPL Recovery, 
cont., mg/l w/l %: % % % 

-- 90 -- 59.69 4.0 -- 
410 90 4.0 71.27 0.9 99.0 
370 
274 kit E 

70.79 1.0 100.0 
73.26 0.6 97.8 

410 90 0.8 73.20 0.6 95.3 
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Table 15 

Effect of Pulp Density on Flotation of 8O:ZO Agrico Apatite 
and Perry Dolomite 35 x 150 mesh 

Feed: Agrico Apatite, 35 x 150 mesh 
Perry Dolomite, 35 x 150 mesh 

Collector: Sodium Oleate, 410-2740 mg/l 
Frother: Aerofroth 65, 90 mg/l 

Reconditioning pH: 2.3-4.3 

Pulp Density BPL, 
% % 

$0, 
% 

BPL Recovery, 
% 

se 59.69 4.0 100.0 
4.0 70.53, 69.22 1.2, 1.6 96.6, 95.0 
4.0 71.93 0.8 96.5 
8.0 72.83 0.8 96.5 

16.0 71.95 0.8 97.0 
16.0 70.77 1.0 98.9 
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Effect of particle size:  Three different particle sizes were studied:

65 x 100 mesh, like the one used in Hallimond cell test, a coarse 35 x 65, and

a size distribution 35 x 150 mesh similar to the industrial practice.  By

comparing Table 13 which shows data for the fine 65 x 100 mesh feed with Table

14 which shows data for 35 x 65 and Table 15 which shows data for 35 x 150

mesh fractions, it is observed that the particle size had very little, if any,

effect on the recoveries and selectivity obtained by the two stage

conditioning process.  With all these size fractions, recoveries approaching

100% P2O5 were obtained while the MgO content of the concentrate was below

1.0% MgO.  This would be an important advantage of the two stage conditioning

process because other flotation schemes have been reported not to be efficient

in floating dolomite particles larger than about 48 mesh.  Probably the large

amount of collector that dolomite can adsorb during the alkaline conditioning

remains on the dolomite sample during the final conditioning and explains the

good recoveries of this mineral.  Flotation schemes that rely upon acidic

flotation alone are unable to float large dolomite particles because under

acidic conditions not enough collector is adsorbed on dolomite and therefore

large particles cannot be hydrophobacized  to the extent required for their

flotation.

Effect of collector concentration:  As seen in Table 16, apatite did not float

even when more than double the concentration of collector needed for dolomite

flotation was used.  These results indicate that the two stage conditioning is

very effective in depressing the apatite.
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Table 16 

Effect of Collector Concentration on Flotation of 8O:ZO 
Agrico Apatite and Perry Dolomite 

Feed: 65 x 100 mesh, 4.0% MgO, 
59.7% BPL 

Collector: Sodium Oleate 
Frother: Aerofroth.65, 90 mg/l 

Reconditioning pH: 2.6-4.3 by tumbling 
Pulp Density: 0.8% 

Collector 
Cont., mg/l 

BPt', % WA % BPL Recovery, 
est. % 

iii 59.69 70.95 4.0 100.00 90.7 
205 83.07, 69.20 ii': 

0:5: 
1 8 

205 72.83, 73.74 0:4, 
92.6, 87.7 
93.1 

274 73.24 0.6 95.3 
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Effect of reconditioning pH: Flotation results presented in Tables 17 and 18

indicate that pH during reconditioning has an extraordinary influence on the

selectivity of dolomite flotation. The role of reconditioning pH has to be

more thoroughly investigated. As can be seen in Table 17 and 18, for this

particular mixture the best results were obtained when the reconditioning pH

is maintained at 3.5-3.6. However, other minerals or ores can have a

different optimum pH, and this has to be determined experimentally in each

case.

Natural Agrico Feed

In the previous section, synthetic mixtures of apatite and dolomite were

used to establish the influence of the various parameters such as pulp

density, particle size, pH, and collector concentration on the separation of

dolomite from apatite using two stage conditioning.  As it was learned that

reconditioning pH and collector concentration are the major parameters

contributing to the effectiveness of the method, it was decided to test

natural ores, varying these parameters.  As can be seen from results presented

in Tables 19, 20, 21, and 22, the % MgO of the feed was reduced from 1.7% to

less than 0.7% in all cases, with P2O5 recoveries of more than 85% at Sodium

oleate concentrations from 2.4 to 3.0 lb/t.

Natural Brewster Feed

From Table 23, it can be seen that the % MgO was reduced from 2.0% to

1.2%, with P2O5 recoveries of >85.0% using sodium oleate concentration's of

4.8 lb/t total.
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Table 17 

Flotation of 8O:ZO Agrico Apatite and Perry Dolomite 
After Two Stage Conditioning_ 

Feed: 

Collector: 
Frother: 

Pulp Density: 

35 x 150 mesh, BPL = 55.69% 
MN = 4.0% 
Sodium Oleate 
Aerofroth 65, 1.0 lb/t 
16.0% 

Reconditioning, pH BPL, % NO, % BPL Recovery, % 

z*: 

3:5 

64.1 73.4 0.6 3.0 100.0 94.0 

69.5 1.5 99.0 
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Table 18 

Flotation of 80:20 Agrico Apatite and Perry Dolomite 
After Two Stage Conditioning by Agitation 

Feed: 35 x 150 mesh, BPL = 59.69%, MgO = 4.0% 
Collector: Sodium Oleate, 7.1 lb/t 

Frother: Aerofroth 65, 2.0 lb/t 
Pulp Density: 8.0% 

Reconditioning pH BPL Recovery, X 

;*‘5 

3:7 

64.0 74.2 0.4 3*0 100.0 94.0 

44.3 7.8 48.0 
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Table 19 

Flotation of Natural Agrico Feed 
After Two Stage Conditioning 

Feed: 
Collector: 

Frother: 
Pulp Density: 

Reconditioning pH = 

48 x 150 mesh Agrico Feed 
Sodium Oleate, 3.0 lb/t 
(1.2 lb/t float #l, 1.8 lb/t float #2) 
Aerofroth 65, 1.0 lb/t 
6.0% 
3.6 

BPL, % W, % BPL Recovery, % 

Feed 28.84 1.70 100.00 

Concentrate 66.05 0.68 84.10 

Dolomitic Float 43.93 -- 
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Table 20 

Flotation of Natural Agrico Feed 
After Two Stage Conditioning 

Feed: 48 x 150 mesh Agrico Feed 
Collector: Sodium Oleate, 2.4 lb/t 

(1.2 lb/t float #l, 1.2 lb/t float #2) 
Frother: Aerofroth 65, 1.0 lb/t 

Pulp Density: 16.0% 
Reconditioning pH = 3.6 

BPL, % MgO, % BPL Recovery, % 

Feed 28.84 1.70 100.00 

Concentrate 66.93 0.57 95.60 

Dolomitic Float 20.30 -- -- 
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Table 21 

Flotation of Natural Agrico Feed 
After Two Stage Conditioning 

Feed: 35 x 150 mesh Agrico Feed 
Collector: Sodium Oleate, 2.7 lb/t 

(1.2 lb/t float #l, 1.5 lb/t float #2) 
Frother: Aerofroth 65, 2.0 lb/t 

Pulp Density: 8.0% 
Reconditioning pH = 3.4 

BPL, % W-L % Insols, % BPL Recovery, % 

Feed 26.96 1.70 60.05 -- 

Concentrate 68.78 0.30 5.68 86.60 

Dolomitic Float 54.63 -- 2.51 -- 

Quartz Sink 0.92 -- 97.71 -- 
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Table 22 

Flotation of Natural Agrico Feed 
After Two Stage Conditioning, 

Feed: 35 x 150 mesh Agrico Feed 
Collector: Sodium Oleate, 2.7 lb/t 

Frother: 
(1.2 lb/t float #l, 1.5 lb/t float #2) 
Aerofroth 65, 2.0 lb/t 

Pulp Density: 8.0% 
Reconditioning pH = 3.6 

BPL, % MO, % Insols, % BPL Recovery, % 

Feed 26.96 1.70 60.05 100.00 

Concentrate 68.17 0.35 6.45 87.70 

Dolomitic Float 57.23 em 2.40 -- 

Quartz Sink 0.98 -- 97.46 -- 
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Table 23 

Flotation of Natural Brewster Feed - 
After Two Stage Conditioning 

Feed: 35 x 150 mesh Brewster Feed 
Collector: Sodium Oleate, 4.8 lb/t 

(1.8 lb/t float #l, 3.0 lb/t float #2) 
Frother: Aerofroth 65, 2.0 lb/t 

Pulp Density: 8.0% 
Reconditioning pH = 3.3 

BPL, % NO, % Insols, % BPL Recovery, X 

Feed 21.98 2.00 62.97 100.00 

Concentrate 57.23 1.20 16.12 90.10 
61.53 1.00 10.89 85.80 

Dolomitic Float 30.70 -- 6.49 -- 
32.23 -- 6.53 -- 

Quartz Sink 0.59 -- 97.13 SW 
3.26 mm 94.76 mm 

336

Gary Albarelli




SUMMARY

A new technique involving two-stage conditioning prior to flotation has

been developed. This involves conditioning the feed at pH 10 followed by

reconditioning at a lower pH before flotation. Selective flotation of

dolomite from apatite was observed both for single and mixed minerals by

reconditioning at pH 4. To understand the mechanisms of observed selective

flotation, further studies involving oleate adsorption, infrared spectroscopy,

and solubility of the minerals were conducted. Selective flotation of

dolomite by reconditioning at pH 4 is attributed to the combined effect of

higher oleate adsorption on dolomite and hydrolysis of the adsorbed oleate

molecules to oleic acid at lower pH values.

The method has been tested at bench scale level with several dolomite-

apatite mixtures and several natural high magnesium phosphate samples from the

Florida phosphate field.

Samples containing 1.8-4.0% MgO were upgraded to below 1% MgO with

recoveries of about 90% P2O5.

Reconditioning pH was determined to be the most important process

parameter in this new method.

337



Chapter VIII

SELECTIVE FLOCCULATION

INTRODUCTION

It has been observed that some of the ores obtained from South Florida

are not completely liberated in the particle size range 35 x 150 mesh.  The

extent of interlocking between apatite and dolomite varies in samples obtained

from different sources, ranging from 1.0% interlocked grains in sample K-5 to

82.5% interlocked grains in sample K-2 (see Table 26, Chapter III).  Thus, the

removal of pure dolomite grains alone from the ore would not always be

sufficient to lower the MgO content to below 1.0%.  In such cases it would be

necessary to grind the ores to finer sizes to achieve liberation of the

interlocked minerals before physical separation of apatite and dolomite can be

attempted. However, flotation may not be efficient in fine particle size

range's and an alternative method such as selective flocculation might prove

to be more effective in achieving the desired separation.

Selective flocculation involves the aggregation of one of the components

of the mixture of minerals in suspension in water with the aid of a polymer.

The polymeric molecules adsorb on two or more particles and bind them

together.  The aggregates so formed are termed flocs and are separated from

the unflocculated fines to achieve the desired separation.  Polymer properties

such as molecular weight, conformation in water, nature of charges and the

chemical moieties that make it up are important variables affecting

flocculation.  It is possible to achieve selective flocculation either by

manipulating the surface characteristics of the particles, or the nature of

the polymer.  A number of studies have been carried out to separate gangue
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from value minerals by selective flocculation.  (1-5) An attempt was made to

develop a suitable selective flocculation scheme for separating apatite and

dolomite.

EXPERIMENTAL

Materials

Minerals

Apatite used in this study was obtained from Agrico Chemical Company,

Florida.  Dolomite was received from International Minerals and Chemical

Corporation, Florida.  The minerals were ground in a high purity alumina mill

after being dried at 110°C and dry sieved to obtain the -400 mesh fraction.

The size distribution of the particles measured with an X-ray sedigraph

revealed the mean size of apatite to be 12 µm.  The surface area and pore size

distribution of the samples was determined with a Quantachrome Autosorb-6

unit.  Both apatite and dolomite are highly porous, about 98% of the surface

area being contributed by the pores.

X-ray diffraction analysis of the apatite indicated that quartz was the

only impurity present.  Visual observations through a microscope revealed that

the entire sample consists of apatite with a few crystals of quartz, confirm-

ing the X-ray data.  On the other hand, X-ray scans of the dolomite sample

revealed minor amounts of quartz and apatite.  Microscopic studies show that a

large percentage of the dolomite is composed of individual dolomite rhombs.

Apatite detected in the sample by X-ray is very small in amount; some of the

apatite has a trace of dolomite interlocked with it while the rest consists of

pure apatite particles.
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Chemical analysis of the samples revealed apatite to be made up of 34.6%

P2O5, 0.2% MgO, and 2.3% insolubles, and dolomite to contain 0.7% P2O5, 19.4%

MgO and 4.8% insolubles.

Polymers

Poly(ethylene oxide), a partially hydrophobic polyer, was used in this

study.  The molecular weight of the polymer was quoted as 5 million by the

manufacturer (PolySciences, Inc.).

Methods

Flocculation

Since flocculation is sensitive to the nature of agitation, a standard

mixing assembly was used in the flocculation experiments.   A 150 ml beaker

fitted with removable plexiglass baffles served as the mixing tank.   A

stainless steel turbine impeller with six blades, mounted on a variable speed

motor, was used to agitate the sample.

The mineral suspension of the required pulp density (usually 2.0 to 5.0

wt %) was made up with a sodium silicate solution (5.0 kg/t of solids) as

dispersant  and aged for 1 hour.   After aging, it was conditioned for 4 minutes

to stabilize the pH at 9.50 and sonicated to ensure complete dispersion of the

mineral particles.   The suspension was further agitated for 30 seconds to keep

the soli ds in suspension and a predetermined amount of the polymer was

added.   The agitation was continued for 2 additional minutes followed by

separation of the flocs from the suspension.   The various fractions were dried

at 110°C overnight, weighed, and analyzed.
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Separation of Flocs

Two methods were used for separating the flocs and fines in this

investigation.   A sedimentation column with an ID of 4.5 cm and length of 73.0

cm was used to settle the flocs.   After allowing 200 seconds for sediment-

ation, the supernatant above a fixed height was siphoned out.  Since this

method of separation is sensitive to the size, it can be used for monitoring

floc properties as a function of the given variable.

The other method of separation utilized a 400 mesh screen submerged in a

water bath.   The flocculated mixture was poured on the screen and the whole

assembly gently rocked for 2 minutes at a fixed frequency.   Since the material

used in this study is -400 mesh, all the fines passed through the screen while

the flocs stayed on it.

Analysis of Flocs and Fines

The flocs and the fines consisting of mixtures of apatite and dolomite

were analyzed using the spectrophotometer for the amount of P2O5 as noted in

Chapter II.  The composition of the mixtures was also confirmed by analyzing

for Mg2+ ion concentration using the ICP method as described earlier in

Chapter II.

Polymer Adsorption

PEO adsorption on the minerals was determined by the solution depletion

method.  The adsorption measurements were conducted under conditions identical

to the flocculation tests so that meaningful correlations between the two

could be established.  PEO concentrations were initially determined by the

turbidity method reported by Attia and Rubio (6).  But ions leaching out of
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the minerals interfered with the polymer analysis resulting in erroneous

readings.   In order to obtain reliable data, the viscosity method of PEO

analysis was utilized.   A Ubbelohde viscometer was used to generate a

calibration curve and determine the concentration of the given sample.

RESULTS AND DISCUSSION

Single Mineral Flocculation

In selective flocculation, it is necessary to use a polymer that will

flocculate only one of the minerals.   Experiments conducted with different

polymers showed that poly(ethylene oxide) flocculated dolomite but did not

flocculate apatite.   Further tests were conducted to study the flocculation

behavior of the minerals as a function of the polymer dosage.  It was observed

that apatite was not flocculated at any polymer dosage.  On the other hand,

dolomite flocculated instantaneously on polymer addition even at very low

polymer dosages.

The size of the dolomite flocs grew larger as the amount of polymer added

increased.  The amount of apatite and dolomite settled in 200 seconds in a

sedimentation column after addition of various amounts of polymer is shown in

Table 1.  These results suggest the possibility of selectively flocculating

dolomite from a mixture of apatite and dolomite.

Mixed Mineral Flocculation Studies

Mixed mineral tests were conducted with 80:20 mixtures of apatite and

dolomite as a function of polymer dosage.  It can be seen from Table 2 that

the grade of the apatite is increased from 80.0% to 94.5% by flocculation.  In

fact, with critical control of experimental parameters, it is possible to
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Table 1 

Single Mineral Flocculation of Apatite and Dolomite 

Minerals: Apatite (Agrico high grade product, Florida) 
Dolomite (International Minerals and Chemical 
Corporation, Florida) 

Polymer: Poly(ethylene oxide) (PolySciences Inc., 
Pennsylvania) 

Polymer Dosage, kg/t Amount Settled in 200 set, wt % 

Apatite Dolomite 

0.0 6.9 11.2 
0.5 6.8 99.7 
5.0 5.8 97.9 

10.0 6.3 99.9 
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Table 2 

Flocculation of Apatite-Dolomite Mixtures 

Feed: 80% Apatite 
20% Dolomite 

Feed Analysis: 3.88% MgO 
Polymer: Poly(ethylene oxide) 

Polymer Dosage 

kg/t 

Apatite, % WO, % Recovery 
of Apatite 

% 

0.2 87.7 2.39 24.1 
0.4 94.5 1.07 21.6 

::i 92.6 92.9 1.38 1.44 25.7 43.0 
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increase the grade of apatite from 60% in the feed to 98% in the product (MgO

decreased from about 7.76% to 0.39%) after flocculation.  However, the

recoveries obtained in these tests are low.

Reasons for Poor Recoveries

The basic reason for obtaining poor recoveries can be traced to the

association of the apatite with dolomite in the flocs.  The unflocculated

apatite is relatively pure as reflected by the grade of the product.  While

the process succeeds in removing most of the dolomite by flocculation, it

abstracts apatite with the dolomite.  Efforts at increasing the recovery of

apatite are thus aimed at understanding the reasons for the association of

apatite in the dolomite flocs.

Previous studies on selective flocculation have documented causes for

such association of the "inert" material in the flocs.  They include

heterocoagulation, ion activation, entrapment of the inert material in the

flocs, and entrainment of fines between the flocs.

Charges of similar nature on both apatite and dolomite under the

experimental conditions suggest that heterocoagulation is not a major cause

for the association of apatite in the dolomite flocs.  Experimental evidence

shows that although ions leaching out of dolomite have a minor role in

activating apatite, ion activation is not a major cause for the presence of

apatite in the flocs.  Entrapment can occur due to the engulfment of the inert

particles in a growing three-dimensional structure of the floc because of the

mere presence of the particles in the vicinity of the growing floc.  Physical

entrapment however, can be minimized by breaking the flocs.  No significant

reduction of the apatite content of the floc was detected even after breaking
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them to smaller sizes, proving that physical entrapment is not a significant

factor in the aggregation of apatite along with dolomite.  Entrainment of the

fines occurs when the flocs that are settling down sweep the unflocculated

fines along with them. Experiments conducted with unflocculated apatite and

flocculated dolomite revealed no effects of entrainment, eliminating it as a

possible cause for the poor recoveries obtained in the mixed mineral

flocculation experiments.

It is observed that although apatite is not flocculated with PEO, it

adsorbs the polymer. Adsorption data is presented in Table 3.  It can be seen

that dolomite adsorbs more than four times the amount of polymer adsorbed by

apatite. It is proposed that the adsorption of PEO by apatite is the main

reason for its association with dolomite in the flocs.  Experiments with

mixtures of other minerals and dolomite show a correlation between the amount

of polymer adsorbed by the minerals and the extent of their presence in the

dolomite flocs.

Future work needs to concentrate on efforts to prevent adsorption of PEO

on apatite which would result in higher recoveries of apatite while

maintaining the excellent grades observed. Modification of the surface

chemistry of apatite and the solution chemistry of the polymers are promising

methods to achieve this objective. It is also possible to investigate

additional polymers with special chelating groups which would permit specific

adsorption on only one of the minerals.

SUMMARY

Although exhaustive data about the nature and extent of interlocking of

apatite and dolomite grains in the South Florida deposit is not available,
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Table 3 

Saturation Adsorption of PEO on Apatite and Dolomite 

Minerals: Apatite (Agrico high grade product, Florida) 
Dolomite (International Minerals and Chemical 
Corporation, Florida) 

Polymer: Poly(ethylene oxide) (PolySciences Inc., Pennsylvania) 

Minerals Amount Adsorbed, mg/g 

Apatite 0.46 
Dolomite 2.04 
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preliminary studies suggest that certain ores would need to be ground to fine

sizes for complete liberation. Selective flocculation is a promising

technique for separating the minerals existing in such fine sizes.

Preliminary results using PEO as a flocculant are very encouraging in reducing

the MgO levels below 1.O%, although recoveries are low.  Further experiments

show that adsorption of PEO on apatite needs to be reduced or eliminated to

achieve higher recoveries.
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