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PERSPECTIVE

Patrick Zhang
Director of Beneficiation Research

On-line analysis and process automation are powerful tools for
achieving optimal industry efficiency. The rewards of an effective
on-stream analysis technique coupled with modern process control
include: improved recovery of P,05, reduced chemical consumption and
improved concentrate grade. As the quality of phosphate reserves
decline and become more difficult-to-process, improvement in plant
efficiency is even more critical. Unfortunately, process control
in phosphate beneficiation plants is still primitive, after 100
years. This is due to the following difficulties in analyzing the
plant slurry: (1) multi-element analysis is required for meaningful
process control (P,O,, CaO, SiO2, and MgO), (2) the slurry is a
heterogeneous system with about 20-30% solids and (3) the major
elements to be analyzed, phosphorus and calcium, are low in atomic
number.

Searching for an accurate and rapid on-stream phosphate assay
technique has been on FIPR's agenda since its inception. FIPR has
sponsored three projects for evaluating on-line analytical systems:
a magnetic resonance technique, an optical sensor, and a neutron
activation probe. However, limitations with these systems have
prevented the industry from endorsing any one enthusiastically.

In January 1994, the FIPR Board approved funding for the
fourth type of on-line analyzer, the Mintek X-ray diffraction
system (Midfox). One of the main advantages of this technique is
its ability to distinguish mineral components rather than elemental
compositions, as do most of the other techniques.

This project has demonstrated the potential of the Midfox by
on-line, continuous determination of numerous samples from three
main processing streams in a typical Florida beneficiation plant.
The ranges in plant product compositions exceeded the Midfox
measuring errors in all instances.

However, the accuracy in analyzing phosphate in rougher tails
and silica in concentrates was not satisfactory. Some kinks also
need to be worked out of the sampling system.
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ABSTRACT

A system for the on-stream X-ray diffractometric determination of mineral phases in slurries
was developed at Mintek. A contractual agreement between the Florida Institute of Phosphate
Research (FIPR) and IMC Agrico (contract #93-04-051R) was signed in July 1993, whereby
IMC Agrico was appointed as the contractor for the project, with Mintek acting as a sub-
contractor. The principal goal of this project was to demonstrate the capabilities and benefits
of on-stream X-ray diffraction (Midfox), at a beneficiation plant to the Florida phosphate
industry.

In preparation for the installation of the equipment at the Four Comers mine, hardware
components such as the slurry transporting system, as well as customized software to control
the analyser and process the data, were developed at Mintek. The system was installed at the
Four Comers plant in July and August, 1994. From then onwards until the end of October, the
quartz and Bone Phosphate of Lime (BPL) concentrations of sample sets of rougher tails,
amine feeds and final concentrates were measured. The results of 163 calibration samples as
well as 584 further analyses are presented in this report.

The range in plant product compositions encountered during the sampling campaign exceed
Midfox measuring errors in all instances.
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EXECUTIVE SUMMARY

In response to the need in the mining industry for process control during the beneficiation of
industrial minerals such as phosphate rock, a system for the on-stream X-ray diffractometric
determination of mineral phases in slurries was developed at Mintek. The system was initially
designed to monitor and supply real-time data from multiple slurry streams on phosphate rock
flotation plants. The Mintek on-stream X-ray diffraction analyser has been operating
successfully at Foskor, the major South African phosphate producer, for several years. The
Foskor phosphate rock, however, is from an igneous ore body, with mineral characteristics
different to those of the Florida sedimentary deposits. Mintek was subsequently contracted to
prove that the Midfox analyser functions equally well for the sedimentary ore on a
beneficiation plant in Florida. Slurried sedimentary phosphate rock samples from Florida were
previously analysed by on-stream X-ray diffraction (Midfox) in the laboratory at Mintek.

The principal goal of this project, therefore, was to demonstrate to the Florida phosphate
industry the capabilities and benefits of on-stream X-ray diffraction analysis by operating the
Midfox analyser under plant conditions.

Hardware components such as the slurry transporting system, as well as customized software
to control the analyser and process the data, were developed at Mintek. The system was
installed at the Four Corners plant in July and August, 1994. IMC Agrico provided the
primary sample cutters on the rougher tails, amine feeds and final concentrates lines. From
that time onwards until the end of October, the quartz (insolubles) and BPL concentrations of
sample sets of rougher tails, amine feeds and final concentrates were measured. The results of
163 calibration samples as well as 584 further samples are presented in this report.

The patented sample presenter ensures that an adequately large sample is measured, and that
concentrations of as low as 0.2 per cent quartz and BPL in the slurry can be measured. Such
detection limits, especially for the BPL, is required to quantify the very low concentrations in
the rougher tails. Variations statistically greater than the analytical errors, are measurable by
Midfox and are considered to be compositional fluctuations of the flotation plant products.
The range in plant product compositions occurring during the sampling campaign statistically
exceeded the Midfox measuring errors in all instances.

Quartz (insolubles) BPL

Range of concentrations, rougher tails 91.1 - 98.0 0.4 - 3.5

Midfox error 0.7 0.4

Range of concentrations, amine feeds 10.3 - 44.00 40.2 - 64.6

Midfox error 1.7 2.4

Range of concentrations, final concentrates 3.3 - 16.8 59.8 - 72.2

Midfox error 1.0 2.4

This shows that fluctuations on the plant product compositions can be quantitatively
monitored by the Midfox system. The statistics clearly demonstrate that these Midfox data can
be applied to manual or automated plant control.
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The advantages of having an on-stream analyser such as Midfox to generate real-time data,
and to ultimately achieve plant control, are summarized as follows:

l The Midfox analyser operates on the principle of X-ray diffraction, which directly
measures the apatite (francolite) and quartz concentrations in the slurries. On the
beneficiation plant these are the specific minerals being floated. Other techniques such as
X-ray fluorescence (XRF) spectrometry, wet chemical methods, neutron activation
analysis (NAA) and nuclear magnetic resonance (NMR), however, measure the chemical
compositions of materials, e.g. phosphorus (P) or silicon (Si) contents. Such chemical
analyses are re-calculated in terms of assumed mineral compositions. Silicon for example
occurs in several minerals such as quartz and clay minerals, which could lead to incorrect
mineral content calculations.

l No special skills are required of the operator. Furthermore, once the system has been
calibrated it functions independently of an operator. The slurry streams are automatically
selected, analysed and the results continuously transferred to a control room.

l The system has been designed to operate under plant conditions, with a minimum of
maintenance required. 

l There is no sample preparation required. The slurries produced on the flotation circuit are
continuously sampled and automatically fed into the analyser. Although the most reliable
results are obtained on slurries with solids contents of 25 per cent, slurries with solids
contents varying between 5 and 40 per cent can be readily measured.

l The windowless sample presenter and the design of the detector system allows for
accurate measurements to be made on large representative samples. For normal 100
second measuring intervals and 25 per cent solids in a slurry, the mineral contents of
approximately 1.25 kg of sample is measured. This allows for detection limits of better
than 0.2 per cent for both quartz (insolubles) and BPL in the slurries to be achieved.

l The computer software is written in a user-friendly fashion, is Microsoft@ WindowsTM

based and allows for a variety of options such as measuring time and measuring sequence
to be easily selected.

l All the data are automatically processed, displayed on the computer screen in the control
room, filed on a hard drive from where it can be retrieved for further processing or
archiving.

l The Midfox analyser generates real-time analyses of the flotation plant products every 8
minutes or less. Adjustments to the flotation circuit can be timeously executed from the
control room. The Midfox measurements can ultimately be integrated into an automated
plant control strategy.

The most important benefits to a phosphate plant of having a Midfox analyser are therefore:

l No pre-blending of flotation plant feeds from the different mining operations required.

l Maximizing on recoveries at rougher flotation step, by optimizing on fatty acid and other
reagent additions.

l Optimizing on the addition of amine and other reagents at the cleaner flotation step so as
to ensure a consistent grade for the final product to the client or chemical plant.

l Savings on costs of flotation reagent additions.
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l Automated sampling and analyses, independent of operator, producing a result every few
minutes.

l The measurements can be utilized in automated feed-back and feed-forward plant control.

l Less blending, or stacking and reclaiming of final product to achieve a specified final
product grade.

In summary it can be stated that the Midfox system at the IMC Four Corners plant proved on-
stream X-ray diffraction (XRD) to be an accurate, fast and reliable method for the real-time
analyses of both quartz (insolubles) and apatite (BPL) in flotation plant products, over a wide
range of mineral compositions. It also proved that the high quality of results that were
previously obtained at Foskor, and in the laboratory at Mintek, could equally well be achieved
under severe plant conditions at the IMC Agrico Four Comers Plant.

In order to further enhance the quality of the Midfox results, it is suggested that the
ruggedised commercial unit be buffered against adverse conditions such as variable
temperatures, high humidities, vibrations, dust, and power failures. To obtain greater
accuracies the primary sampling system should provide reasonably consistent slurry flows as
well as slurry densities to the analyser. Although it was not the purpose of this project to test
the primary sampling system, for subsequent projects attention needs to be given to ensuring
consistent flow-rates and reasonable slurry densities (approximately 25 per cent solids) to the
Midfox multiplexer tank. It is also recommended that Micromotion densitometers be
integrated into the Midfox system so as to improve the data on the solids content
measurements of the slurries.

Estimates of savings on reagent and manpower costs, as well as the benefits from consistent
grades and greater recoveries have shown that the investment in a Midfox system can be
recovered in less than a year.
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1 . INTRODUCTION

For better process control in the beneficiation of industrial minerals such as phosphate rock, a
system for the on-stream X-ray diffractometric determination of mineral phases in slurries
was developed at Mintek. The system was initially designed to monitor and supply real-time
data from multiple slurry streams on phosphate rock flotation plants1,2,3,4,5,6,7. Slurried
sedimentary phosphate rock samples from Florida1,5,6 were previously analysed by the Mintek
Integrated Diffraction and Fluorescence On-stream X-ray (Midfox) analyser at Mintek.
Following, its successful use in this application, the on-stream X-ray diffractometer was
adapted to handle and analyse slurries of other ore minerals such as fluorspar8,9,10, pyrite11

and ilmenite.

The Mintek on-stream X-ray diffraction analyser has been in operation at Foskor, the major
South African phosphate producer, for several years. The system has been updated, and an
improved slurry transporting system incorporating a de-aerator tank, was installed at their
plant. The Foskor phosphate rock, however, is from an igneous ore body, with mineral
characteristics different to those of the Florida sedimentary deposits.

Although many samples from various phosphate rock ore bodies world wide had been
analysed on the Midfox system at Mintek, the analyser had previously not been tested at a
sedimentary phosphate rock beneficiation plant. The principal goal of this project was,
therefore, to demonstrate the capabilities and benefits of on-stream X-ray diffraction at a
Florida phosphate plant.

IMC Agrico has been committed to the development of on-stream and rapid off-stream
compositional measurements of various plant products for many years. They had agreed to
collaborate with Mintek and the Florida Institute of Phosphate Research (FIPR) in researching
the applicability of the Midfox system, for the benefit of the Florida phosphate industry.

2. AGREEMENTS

A contractual agreement between FIPR and IMC Agrico (contract #93-04-051R) was signed
in July 1993, whereby IMC Agrico was appointed as the contractor for the project, with
Mintek acting as a sub-contractor. A letter of agreement specifying that Mintek would install
and test the Midfox analyser over a period of five months at an IMC Agrico flotation plant
was signed by Mintek in November and IMC Agrico in December 1993.

It was, furthermore, agreed that the system would be installed at the Four Comers plant. The
letter of agreement specified that IMC Agrico would provide and maintain, amongst others, an
air-conditioned enclosure for the Midfox analyser, a support structure for the multiplexer, as
well as primary sample cutters feeding into slurry lines to the multiplexer. Mintek laid down
specifications for slurry flow-rates and solids contents to the analyser. The IMC Agrico
laboratory was, furthermore, committed to analysing the slurry samples for solids contents,
and the dried samples for bone phosphate of lime (BPL*) and insolubles contents.

* BPL: Bone Phosphate of Lime. 1.355 x BPL = Apatite  (var. Francolite)
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3. SCHEDULE

In preparation for the installation of the equipment at the Four Comers mine, hardware
components such as the slurry transporting system, as well as customized software to control
the analyser and process the data, were developed at Mintek. Dr. Johann Engelbrecht held
planning meetings with IMC Agrico in Florida on May 9 and 10, 1994, so as to discuss details
of the Letter, of Agreement relating to the preparation of the site for the Midfox analyser.
Discussions were also held with FIPR on this occasion.

Dr. Engelbrecht and Mr. Stefan de Bruyn reported at IMC Agrico for the mandatory three day
Mine Safety and Health Administration training course on July 20. The unpacking and
installation of the Midfox equipment commenced on August 1. This was followed by the
alignment of the diffractometer, the installation of the slurry lines and adjustment to the slurry
cutters and cyclones. IMC Agrico provided the primary sample cutters on the rougher tails,
amine feeds and final concentrates lines. The sample cutters fed into lines to de-watering
cyclones and the multiplexer tank mounted on a specially erected steel tower. The selected
slurry stream thereafter fed into an air-conditioned room in which the Midfox analyser was
installed. Some difficulties were experienced with maintaining adequate flows in the three
lines transporting slurry to the Midfox instrument. Furthermore, the two Micromotion
densitometers were not installed on the Midfox slurry transporting system at the Four Corners
plant as was planned. One of these were lent to Mintek, to be integrated into the Midfox
system in future applications.

The first samples were measured on the Midfox system on September 15 by Mr. de Bruyn.
For the following one and a half months until the end of October, Mr. de Bruyn and
Mr. Petrus van den Heever, who succeeded him, measured 169 rougher tails, amine feeds and
final concentrates samples for calibration purposes (of which 163 were subsequently used).
These samples were subsequently analysed by the IMC Agrico Four Comers metallurgical
and analytical laboratories for their solids contents as well as for their BPL and insolubles
concentrations. The calibration data were fed into the Midfox system to serve as references
against which subsequent measurements were made. A further 584 samples were successfully
measured on the Midfox system.

Sample splits of the calibration samples were also sent to Mintek in South Africa to be
analysed for their BPL and silica (SiO2) concentrations.

Mintek submitted interim reports on the results to IMC Agrico on November 10, 1994, as well
as on January 17 and March 31, 1995.

4. THE MIDFOX SYSTEM

The system used at the Four Comers phosphate rock beneficiation plant is configured in the
following way:

One of three slurry streams from the plant, e.g. rougher tails, amine feeds or final concentrates
are automatically selected by means of a multiplexer tank (Figure 1).
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A header tank, which is an integral component of the slurry transporting system, assures a
constant hydrostatic pressure and flow-rate to a de-aerator tank. From this tank, the slurry
gravitates through sample splitters to two parallel windowless sample presenters, where each
slurry curtain is irradiated by the X-ray beam.

The configuration (Figure 2) used for slurried phosphate rock analyses includes a
molybdenum anode X-ray tube installed in a vertical tube stand from which two sub-
horizontal line-focus beams are taken, as well as vertical fixed-geometry goniometers. Each of
the goniometers are fitted with a curved pyrolytic graphite incident-beam monochromator and
two scintillation detectors to measure forward-diffracted X-ray intensities.

Figure 2. Diagrammatic representation of the Midfox dual XRD analyser, showing the
slurry transporting system, the dual vertical fixed-geometry goniometer system, and the
detectors (Det.).

The advantage of the fixed-geometry goniometer over a sequential instrument for X-ray
diffraction (XRD) analysis is that the peak and background counts are measured
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simultaneously, thereby accommodating the effects of fluctuating slurry density and mineral
segregation during the measuring interval. The vertical goniometer has an advantage over a
horizontal goniometer since the slurry stream is irradiated across its width instead of along the
stream. In this mode more representative samples of the slurry are measured. The
uncomplicated windowless sample presenter has advantages over other designs, such as no
window failure or window contamination, and being able to operate in the transmitted mode.

The Mintek components of the system include the patented de-aerator and windowless sample
presenters, the vertical fixed-geometry goniometers and software tailored to the requirements
of the Florida phosphate rock industry. These components are configured with commercially
available hardware, including the X-ray generator and accessories, detectors and measuring
electronics, and a desk-top computer.

The slurry transporting and presentation system can comfortably handle phosphate rock
bearing slurries with as high as 40 per cent solids contents. Measurements at various pulp
densities indicated that in general, a solids content in the slurry of 20 per cent gives the best
figures of merit. An optimum flow rate of 2.5 ± 0.3 l/min. was maintained through each of the
sample presenters. The header tank was fitted with a 2 mm screen to prevent blockage of the
sample presenter by coarse objects.

For the best results to be obtained, the grain-size distribution and the slurry density should
remain reasonably constant. To attain the greatest accuracy separate calibration curves were
constructed for the rougher tails, amine feeds and final concentrates, for each of the quartz
(insolubles) and the BPL contents.

5. THEORETICAL  PRINCIPLES

The concentration of a given phase (x) measured by XRD in the slurry can be expressed as:

Where:

W, is the mass fraction of the mineral phase x in the slurry,

K is a instrument constant.

lY the net diffraction peak intensity of phase x,

,u, is the matrix (slurry) mass attenuation coefficient (mac) for the sample containing
phase x.

Unknown concentrations of apatite and quartz in the slurry are determined from reference
slurries analysed by other off-stream chemical methods:
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Mac’s are expressed relative to that of water. The mac of the slurry is, furthermore, inversely
proportional to the intensity of the scattered radiation as measured at the background
positions:

The background intensities adjacent to the apatite and the quartz peaks are measured
sequentially on water and slurry. Background factors for the calculation of net peaks are
derived from these background intensities.

In the Florida phosphate rock slurries the mineral phases apatite (var. francolite) and quartz,
each with a different relative mac, are dominant, and together with water contribute to the
total mac of the slurry.

All peak intensities are corrected for background, and thereafter for relative mac. Calibration
curves are constructed from these corrected net peak intensities against the known
concentrations of the apatite and quartz in the reference slurries. The unknown concentrations
of the apatite and the quartz in slurries  of the beneficiation plant are determined from these
calibration curves.

The concentrations of the mineral phases in the unknown solids can subsequently be
calculated from the mass fractions of apatite ( W,,a~ite)  and quartz (W,,,,)  in the slurry  as
determined by the above method, and the solids content of the slurry. The solids content is
calculated from the sum of the apatite and quartz contents of the slurry, assuming these to be
the only two major minerals present.

Sources of errors not accounted for by the above algorithm are attributed to fluctuations in
slurry density at the sample presenter, particle-size distribution, crystallinity and the
contributions to the slurry mac by minerals other than apatite and quartz.

Owing to consistent chemical and physical conditions prevailing over a large area during the
genesis of sedimentary phosphate rock deposits, properties such as grain size distribution,
mineral composition and crystallinity can be assumed not to vary significantly within a
specific deposit. Normal screening and de-sliming procedures on beneficiation plants confine
the particle size ranges in the slurries.

Besides apatite (var. francolite), the sedimentary phosphate ore contains quartz as the major
gangue mineral, together with minor amounts of clay minerals, aluminium phosphates, iron
phosphates, microcline, calcite and dolomite. Following the screening and hydro-cycloning
processes, apatite and quartz were found to be the only major minerals present in the flotation
feeds.

Apatite and quartz concentrations in the slurries were determined simultaneously by the dual
goniometer system (Figure 2). The 211 apatite diffraction peak and background intensities
were measured at 14.58° 29 and 17.06° 28 respectively, while the 101 quartz diffraction peak
and background were measured at 12.18° 20 and 12.55° 20 respectively, by four simultaneous
scintillation detectors mounted in pairs on the two opposing vertical goniometers. Three
general XRD scans of slurried feeds, concentrates and tails are presented (Figure 3).
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Figure 3. XRD scans of water, and phosphate rock bearing slurries.

6. GRAVIMETRIC AND CHEMICAL  ANALYSES

The 163 slurry samples reported on in this document were gravimetrically analysed for their
solids contents by the IMC Agrico Four Corners metallurgical laboratory. Replicate sample
splits of the dried samples were subsequently analysed at their analytical laboratory according
to prescribed methods 12,  for BPL and insolubles contents. The rougher tails samples were also
analysed for their magnesium contents.

Splits of the 163 samples were thereafter sent to Mintek in South Africa where duplicate
milled samples were chemically analysed. The BPL contents were determined spectro-
photometrically, using the same method as that of the IMC Agrico laboratory. The samples
were also analysed for SiO,, A&O,, Fe,O,,  CaO and P,O, by X-ray fluorescence spectrometry
and wet chemical methods.

The silica (SiOZ) as well as the insolubles concentrations of the samples were taken to
approximate the quartz content, which is the phase measured by the Midfox XRD system on
the plant.

7. RESULTS

All the data were processed on spreadsheets at Mintek, and the results are presented in this
report. A description of the calculation procedures and the table headings is given in
Appendix E. These include data of 163 samples analysed by the laboratories of IMC Agrico
and Mintek (Appendices A, B, and C) from which the calibration curves were produced, as
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well as results of 584 samples produced by the Midfox algorithm, read from the mentioned
calibration curves, and for which no laboratory analyses are available. These 584
measurements are equivalent to real-time data as produced by the Midfox analyser.

The chemical data from the Mintek laboratory were processed in a similar fashion as those
from the IMC Agrico laboratory, and the final results from the two data sets compared. In
general there are no significant differences, and therefore it was decided to present only the
IMC Agrico data in this report.

Separate quartz (insolubles) and BPL calibration curves were constructed for each of the
rougher tails, amine feeds, and final concentrates sample sets. In each case calibration curves
were constructed for the solids contents of the slurries, the background factors and the relative
mass attenuation coefficients (mac’s). Calibration curves were also constructed which relate
the net XRD peak intensities to quartz (insolubles) or BPL contents of the slurries. For the
initial calibrations, the initial data were filtered, and only those from slurries of solids contents
of between 15 and 40 per cent were retained. Samples showing inconsistent chemical
analyses, and outliers were also discarded from these provisional calibrations. Similar
calibration data had been installed on the Midfox analyser at the Four Corners plant, and
produced the real-time quartz (insolubles) and BPL results, in the course of the measuring
campaign. The calibration procedures conducted off-line on spread sheets as reported on in
this document, are similar to those followed by the Midfox algorithm.

All the tabulated data and regression curves are depicted in the appendices to this report. The
initial calibration curves were constructed from the individual IMC Agrico solids content
determinations, the IMC Agrico analytical laboratory insolubles and BPL data, and the
Midfox XRD intensity measurements. It should be noted that the solids contents of all
samples, including the calibration data sets, were subsequently read from calibration curves
relating individual sample solids contents to XRD background intensity measurements.

The coefficient of variation expressed as a relative percentage is taken to be the measure of
statistical error (uncertainty) in this report. This statistic was calculated for each of the six data
sets, between the Midfox and the IMC Agrico laboratory data, as well as for the replicate
analyses from the IMC Agrico Four Corners laboratory. The difference between the Midfox
and the Four Corners laboratory and within laboratory CV’s is a measure of the error ascribed
to the Midfox measurement alone. Variations in slurry compositions greater than the CV’s of
the Midfox measurements are considered to be measurable by the Midfox analyser.

7.1 .  Rougher tails

A set of 58 rougher tails samples were measured by Midfox and subsequently analysed by the
IMC Agrico laboratory (Appendix A, Tables 4, 5). The results of a further 141 samples
analysed on the Midfox system only are given in Appendix A, Tables 6, 7. A few control
samples were inserted in both data sets. The calibration curves for the quartz (insolubles) and
the BPL are given in Appendix A, Figures 4 and 5. The plots for these two species, comparing
the results of Midfox to those of the IMC Agrico analytical laboratory are given in Appendix
A, Figures 6 and 7.

A summary of the statistics from Appendix A, Tables 4 and 5 are given in Table 1 below.
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Rougher tails, quartz (insolubles), Appendix A, Table 4, Figures 4, 6.

Although the range of measured quartz (insolubles) compositions lie between 91.1 and 98.0
per cent, most of the samples were within a standard deviation of 1.4 per cent of the mean
value of 95.1 per cent. Figure 6 illustrates the tight clustering of the results, with the quartz
(insolubles) concentrations remained consistent during the measuring campaign. The mean
statistical error, CV (%) between the Midfox and the laboratory results is 0.96 per cent. A
large proportion of this, however, can be ascribed to the error between duplicate laboratory
results (0.7 per cent). The mean error ascribed to the Midfox measurement alone in this
instance is 0.7 per cent, which happens to be equal to laboratory error. 

The absolute error (0.7 per cent) encountered with the Midfox measurements lie well within
the range of concentrations (91.1 - 98.0 per cent) encountered during the sampling campaign,
meaning that these fluctuations could be quantified by the Midfox analyser.

Rougher tails, BPL, Appendix A, Table 5, Figures 5,7.

The BPL values show a wide range of concentrations (0.4 - 3.5 per cent) as well as a large
standard deviation (0.6 per cent). Due to the very low BPL contents of the tails in the slurries,
the net relative error ascribed to the Midfox analyser alone is 27.8 per cent.

The absolute error (0.4 per cent) encountered with the Midfox measurements lies well within
the range of concentrations (0.4 - 3.5 per cent) encountered during the sampling campaign,
and such fluctuations could easily be assessed by the Midfox analyser.

Table 1. Comparative statistics for rougher tails.

7.2. Amine feeds

A set of 67 amine feeds samples were measured by Midfox and subsequently analysed by the
IMC Agrico and Mintek laboratories (Appendix B, Tables 8, 9). The results of a further 255
samples analysed on the Midfox system are given in Appendix B, Tables 10, 11. The
calibration curves for the quartz (insolubles) and the BPL are given in Appendix B, Figures 8
and 9. The plots of these two species, comparing the results of Midfox to those of the IMC
Agrico analytical laboratories are given in Appendix B, Figures 10 and 11.

A summary of the statistics from Appendix B are given in Table 2 below.
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Amine feeds, quartz (insolubles), Appendix B, Table 8, Figures 8, 10.

The quartz (insolubles) show a very large range of concentrations (10.3 - 44.0 per cent) and
standard deviation (8.3 per cent). The net error between Midfox and the Four Corners
laboratory is 8.6 per cent.

The absolute error (1.7 per cent) encountered with the Midfox measurements lies well within
the range of concentrations (10.3 - 44.0 per cent) encountered during the sampling campaign,
meaning that these fluctuations could be assessed by the Midfox analyser.

Amine feeds, BPL, Appendix B, Table 9, Figures 9, 11.

The feeds show a reasonable range of concentrations (40.2 - 64.6 per cent) and standard
deviations (6.8 per cent). The relative error from the duplicate laboratory analyses is relatively
small and the net error ascribed to Midfox is 4.2 per cent.

The absolute error (2.4 per cent) encountered with the Midfox measurements lie well within
the range of concentrations (40.2 - 64.6 per cent) encountered during the sampling campaign,
meaning that these fluctuations could be assessed by the Midfox analyser.

Table 2. Comparative statistics for amine feeds.

7.3. Final  concentrates

A set of 38 concentrates samples were measured by Midfox and subsequently analysed by the
IMC Agrico laboratory (Appendix C, Tables 12, 13). The results of a further 188 samples
analysed on the Midfox system are given in Appendix C, Tables 14, 15. A few control
samples were inserted in both data sets. The calibration curves for the quartz (insolubles) and
the BPL are given in Appendix C, Figures 12 and 13. The plots of these two species,
comparing the results of Midfox to those of the IMC Agrico analytical laboratory are given in
Appendix C, Figures 14 and 15.

A summary of the statistics from Appendix C are given in Table 3 below.

Final concentrates, quartz (insolubles), Appendix C, Table 12, Figures 12, 14.

The range of concentrations (3.3 - 16.8 per cent) and standard deviation (3.0 per cent) of the
quartz (insolubles) are large. The error ascribed to the duplicate analyses is also large (5.3 per
cent) resulting a net error due to the Midfox analyser of 14.6 per cent.
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The absolute error (1.0 per cent) encountered with the Midfox measurements lies well within
the range of concentrations (3.3 - 16.8 per cent) encountered during the sampling campaign,
meaning that these fluctuations could be assessed by the Midfox analyser.

Final concentrates, BPL, Appendix C, Table 13, Figures 13, 15.

From the standard deviation (2.6 per cent) it can be seen that most of the samples had BPL
concentrations close to the mean of 68.6 per cent. The net relative error ascribed to the Midfox
analyses is 3.4 per cent, meaning that small variations in BPL concentrations as is found here
are not easily quantified. These closely clustered data are illustrated in Figure 15.

The absolute error (2.3 per cent) encountered with the Midfox measurements, however, lie
within the total range of concentrations (59.8 - 72.2 per cent) encountered during the sampling
campaign, meaning that the larger fluctuations in concentrations could be assessed by the
Midfox analyser.

Table 3. Comparative statistics for final concentrates.

8.    DISCUSSION OF RESULTS

The Midfox slurry transporting system of Midfox analyser, including the computer control
thereof functioned most satisfactorily for a wide range of slurry densities encountered during
the sampling campaign.

Although it was not the purpose of this project to test the primary sampling system, for
subsequent projects attention needs to be given to ensuring consistent flow-rates and
reasonable slurry densities (approximately 25 per cent solids) to the Midfox multiplexer tank.

The two Micromotion densitometers were not installed at the plant because of inconsistent
flow-rates from the de-aerator tank and delays with interfacing them with the computer. One
of these densitometers was later tested in the Mintek laboratories. Problems were encountered
with measuring phosphate rock slurries with solids contents in excess of approximately 15 per
cent. This problem was resolved by using a Micromotion densitometer of a slightly different
design. It is therefore recommended that densitometers be integrated into the Midfox system
so as to improve the data on the solids contents of the slurries.

However, for the purpose of this study the Midfox X-ray measurements proved to be adequate
for the monitoring of the solids contents of the slurries.
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The windowless sample presenter ensures that an adequately large sample is measured, and
that concentrations of as low as 0.2 per cent quartz and BPL in the slurry can be measured.
Such detection limits, especially for the BPL is required to quantify the very low
concentrations of the rougher tails.

The statistical errors calculated from the Midfox data are perceived to be adequate for the
manual or automated plant control. The plots of these two species, comparing all the results of
Midfox to those of the IMC Agrico analytical laboratories are given in Appendix D, Figures
16 and 17.

It should be pointed out that all 163 samples were included in the course of this investigation,
including any outliers. The statistics can be improved if the outliers had been filtered from the
data sets.

9. CONCLUSIONS

In conclusion it can be stated that the Midfox system at the IMC Four Corners plant proved
on-stream X-ray diffraction (XRD) to be an accurate, fast and reliable method for the real-
time analysis of both quartz (insolubles) and apatite (BPL) in flotation plant products, over a
wide range of mineral compositions. It also proved that the high quality of results that were
previously obtained in the laboratory at Mintek, could equally well be achieved under severe
plant conditions.

The statistical uncertainties of the Midfox measurements and the range of slurry compositions
which were measured during the sampling campaign demonstrate the versatility of the
analiser for the monitoring of quartz (insolubles) and BPL concentrations on a beneficiation
plant. The range in plant product compositions occurring during the sampling campaign
exceeded the Midfox measuring errors.

Preliminary laboratory investigations at Mintek have shown that the accuracy of the
measurements can be greatly improved by replacing the existing scintillation detector system
by a single position sensitive detector (PSD). The PSD has the advantage of simultaneously
measuring all the diffraction peak and background intensities for any number of mineral
phases in the slurry

In order to further enhance the quality of the Midfox results, it is suggested that the
ruggedised commercial unit be shielded from adverse conditions such as variable
temperatures, high humidities, vibrations, dust, and power failures.

To obtain greater accuracies the primary sampling system should ensure reasonably consistent
slurry flows as well as slurry densities to the analyser.

The advantages of having an on-stream analyser such as Midfox to generate real-time data,
and to ultimately achieve plant control, can be summarized as follows:

l The Midfox analyser operates on the principle of X-ray diffraction, which directly
measures the apatite (francolite) and quartz concentrations in the slurries. On the
beneficiation plant these are the specific minerals being floated. Other techniques such as
X-ray fluorescence (XRF) spectrometry, wet chemical methods, neutron activation
analysis (NAA) and nuclear magnetic resonance (NMR), however, measure the chemical
compositions of materials, e.g. phosphorus (P) or silicon (Si) contents. Such chemical
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analyses are re-calculated  in terms of assumed mineral compositions. Silicon for example
occurs in several minerals such as quartz and clay minerals, which could lead to incorrect
mineral content calculations.

l No special skills are required of the operator. Once the system has been calibrated, it
functions independently.

l The system has been designed to operate under plant conditions, with a minimum of
maintenance required.

l The computer software is written in a user-friendly fashion, is Microsoft ® WindowsTM

based and allows for a variety of options such as measuring time and measuring sequence
to be easily selected.

l All the data are automatically processed, displayed on the computer screen in the control
room, filed on a hard drive from where it can be retrieved for further processing or
archiving.

l The Midfox analyser generates real-time analyses of the flotation plant products every 8
minutes or less. Adjustments to the flotation circuit can be timeously executed from the
control room. The Midfox measurements can ultimately be integrated into an automated
plant control strategy.

l There is no sample preparation required. The slurries produced on the flotation circuit are
continuously sampled and automatically fed into the analyser.

l Although the most reliable results are obtained on slurries with solids contents of 25 per
cent, slurries with solids contents varying between 5 and 40 per cent can be readily
measured.

. The windowless sample presenter and the design of the detector system allows for
accurate measurements to be made on large representative samples. For normal 100
second measuring intervals and 25 per cent solids in a slurry, the mineral contents of
approximately 1.25 kg of sample is measured. This allows for detection limits of better
than 0.2 per cent for both quartz (insolubles) and BPL in the slurries to be achieved.

The most important benefits of having a Midfox analyser are:

No pre-blending of flotation plant feeds from the different mining operations required.

Maximizing on recoveries at rougher flotation step, by optimizing on fatty acid and other
reagent additions.

Optimizing on amine and other reagent additions at cleaner flotation step so as to ensure a
consistent grade for the final product to the client or chemical plant.

Savings on costs of flotation reagents.

The measurements can be utilized in automated sampling and analyses, independent of
operator, producing a result every 8 minutes or less.

Automated feed-back and feed-forward plant control strategy.

Less blending, or stacking and reclaiming of final product to achieve a specified final
product grade.
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Estimates of savings from better grades, recoveries, and manpower have shown that the
investment in a Midfox system can be recovered in less than a year.
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Rougher Tails
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Table 6
Results - rougher tails, quartz (insolubles)
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Table 6
Results - rougher tails, quartz (insolubles)
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Table 6
Results - rougher tails, quartz (insolubles)
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Table 7
Results - rougher tails, BPL
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Table 7
Results - rougher tails, BPL
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Table 7
Results - rougher tails, BPL
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Figure 4
Rougher tails - XRD net peak intensity versus insolubles in slurry

Figure 5
Rougher tails - XRD net peak intensity versus BPL in slurry
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Figure 6
Rougher tails - Midfox quartz versus Four Corners laboratory insolubles

Figure 7
Rougher tails - Midfox versus Four Corners laboratory, BPL
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Amine Feeds
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Table 10
Results - amine feeds, quartz (insolubles)
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Table 10
Results - amine feeds, quartz (insolubles)
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Table 10
Results - amine feeds, quartz (insolubles)
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Table 10
Results - amine feeds, quartz (insolubles)

B-8



Table 10
Results - amine feeds, quartz (insolubles)
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Table 11
Results - amine feeds, BPL
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Table 11
Results - amine feeds, BPL
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Table 11
Results - amine feeds, BPL
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Table 11
Results - amine feeds, BPL
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Figure 8
Amine feeds - XRD net peak intensity versus insolubles in slurry

Figure 9
Amine feeds - XRD net peak intensity versus BPL in slurry
Figure 9
Amine feeds - XRD net peak intensity versus BPL in slurry
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Figure 10
Amine feeds - Midfox quartz versus Four Corners laboratory insolubles

Figure 11.
Amine feeds - Midfox versus Four Corners laboratory, BPL
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Table 14
Results - final concentrates, quartz (insolubles)
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Table 14
Results - final concentrates, quartz (insolubles)
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Table 14
Results - final concentrates, quartz (insolubles)
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Table 15
Results - final concentrates, BPL
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Table 15
Results -final concentrates, BPL
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Table 15
Results - final concentrates, BPL
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Figure 12
Final concentrates - XRD net peak intensity versus insolubles in slurry

Figure 13
Final concentrates - XRD net peak intensity versus BPL in slurry
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Figure 14
Final concentrates - Midfox quartz versus Four Corners laboratory insolubles

Figure 15
Final concentrates - Midfox versus Four Corners laboratory, BPL
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Appendix D:

Figures of all Midfox versus laboratory results
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Figure 16
Tails, feeds and concentrates - Midfox quartz versus Four Corners laboratory insolubles

Figure 17
Tails, feeds and concentrates - Midfox versus Four Corners laboratory, BPL
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Appendix E:

Explanation of calculations and table headings
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Appendix E: Explanation of calculation procedures and table headings for quartz
(insolubles). A similar format is used for the BPL tables.
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