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ABSTRACT
A new test method was developed which increaséstibm yield across a range of coal types. It remsanuch
of the inconsistency that occurs with the use efdbrrent Australian Standard tree method and pwates
some improvements to equipment.

The Ultimate Flotation Test (UFT) involves floatingdO0 g sample of coal sequentially to produceraber of
concentrates and a tailings. All samples are #iwed at 0.106 mm. The two tailings samples arefsen
drying and analysis whilst the coarse and fine eatrate fractions are added back to the flotatahie turn
and sequentially refloated. Each new concentradetailings is then dried and analysed for massstue and
ash. Both yield and ash are reported on a drgbd3ie advantage of sizing after flotation is thatash values
associated with the +0.106 mm fraction are guaezhté being slimes free.

INTRODUCTION
The Australian Coal Association Research Progra@ARP) commissioned a study to develop a new test
procedure that would determine the best possibtatfbn performance for a wide variety of coal s&spwith
varying characteristics and feed ash values. rHugires the production of a cumulative mass yweldus ash
curve that is as close as possible to the ultifflatgtion response. To achieve this, the procederss firstly
to be able to eliminate or at least minimize amyss contamination within the concentrates. Thegemial is
currently recovered using standard laboratorypgestedures.

Through successive trials of the various methodssasequent analysis of the results achievedeosaime
flotation feed sample, it is possible to show haffedent methods perform in their prediction oftéidon
response. From the results of each of the frotiatilon tests a cumulative mass versus cumulashiecarve
was produced for each sample. The best responge far each method was then charted for each apar
sample on the same graph allowing the methods thrbeetly evaluated.

Four coal samples of different type and from vasicegions of Australia were tested, namely;

Hunter Valley Coal (HV), very high ash (72% d), niglimes

Bowen Basin Coal (BB), intermediate ash (37% djhtsglimes

Newcastle-Lake Macquarie Coal (NML), intermediath 835% d), intermediate slimes
lllawarra Coal (1), low ash (15% d), low slimes
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Various methods were assessed during this projgoe. samples above were analysed by each of tlosvfob
flotation methods:

AS4156.2.2(1998)

ISO 8858-3 (2004)

ACARP Project C6044

Ultimate Flotation Test (UFT developed during ACAR®ject 14068)
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PROPOSED METHODOLOGY
Equipment & Settings
* Flotation machine - mechanical impeller-type flaatmachine with air flowmeter
* Flotation cell — 3.5 litres capacity, transparent
+ Deflection block, minimum clearance of 3mm fromlcel
e Scrapers, for removing the froth from the entirdae of the pulp
» Calibrated micro-syringe or micro-pipette



e Containers (2L), marked to show 200mL and 1000mumes
e Calibrated timing device, accurate to +1 second

Method Summary

The UFT method consisted of 4 discreet stagesfif$iestage is the initial flotation of the sampléne flotation
process needs to be controlled very slowly to pcedbe low ash concentrates. This is achievedigirohe
use of low dose rates of frother (laboratory griilBC at 5 pL/L) and collector (dodecane at 0.01gggblids).
The air rate is set at 4 L/min and the vacuum piressecorded. This initial flotation produces ugséven
separate concentrates and is continued until éiddmahat is, no floatable material left in thdga

The second stage is then a desliming step. Theeotrates are sized at 0.106 mm to remove any slimes
contamination from the + 0.106 mm material. Thisweas that little if no slimes contamination isgaet in the
coarse fraction.

The third stage is to refloat the sized concerdratethat each is separated further into a vacielygh and low
ash fractions. The number of concentrates prodfroed the individual refloat of each sample will @&yl on
the mass of the individual sized fraction.

The fourth stage is the air drying and visual ircsijpa of all concentrates for slimes contaminatibmhere is a
significant amount of slimes contamination in tBel06 mm concentrates, they should then be sizeéd®260
mm and given adequate sample mass, the subseqaesé@nd fine fractions undergo further flotation.

Sample preparation is then able to proceed, ergsatiriractions are air dried and the mass, moéstantent,
and ash of each determined. The mass and ashleméated to a dry basis, all concentrate and tgdlifractions
are sorted into ascending ash order and flotagspanse is shown graphically by plotting the cunivdaash
Vs cumulative mass yield curve % (d). A detailedatiption of the method is given in ACARP 14068aw.
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Figure 1 — Flowsheet



RESULTS
The different methods were compared to each otsiegwyield-ash graphs produced by each coal type.four

samples were chosen to allow comparison of flotat@sponses over a large range of coal ash vaheeleeels
of slimes.
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Figure 2 Hunter Valley Sample — Comparison of Methds
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Figure 3 Bowen Basin Sample — Comparison of Methods



Cumulative Mass Yield % (d)
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Figure 4 Newcastle Lake Macquarie Sample — Compaiis of Methods
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Test Method
AS4156.2.2 C6044 UFT ISO
Yield % Yield % Yield % Yield %

HV Sample (Refer Figure 2
Product Ash - 12% 0.0 0.0 10.0 0.0
Product Ash - 18% 18.0 22.9 22.9 0.2
BB Sample (Refer Figure 3
Product Ash - 6% 0.0 24.4 55.8 -
Product Ash - 7.5% 55.5 58.5 62.2 -
NLM Sample (Refer Figure 4
Product Ash - 6% 25.0 0.0 27.5 -
Product Ash - 8% 50.6 34.0 54.6 -
| Sample (Refer Figure 5
Product Ash - 6% 75.7 0.0 65.8 -
Product Ash - 7.5% 88.3 86.7 85.8 -

Table 2 — Estimated yield for a specific product ds

Relative Flotation Response Reference
Sample Ash AS4156.2.2 C6044 UFT ISO 88583
% (d)
Hunter Valley (HV) 72 Poor Good Very Good Very Poo Figure 2
Bowen Basin (BB) 37 Good Good Very Good - Figure 3
Newcastle, Lake Macquarie (NLM) 35| Very Good Poor Very Good - Figure 4
llawarra (1) 15 Very Good Poor Very Good - Figure 5

Table 3 — Summary of flotation response

Table 2 and Table 3 endeavour to summarise thatitbot response for each of the methods and eattte of
samples. This summarised data was interpreted éamrh of the cumulative yield versus cumulative grsiphs
that were produced.

The International standard ISO 8858-3 (2004) ffitation test for coal was only trialled on therier Valley
sample. The performance of this test was extrepety when compared to the other froth flotation tes
methods. The method does not use desliming stefpesmncentrates produced by this method will ibadly
include slimes and hence produce a yield-ash camagy from the theoretical optimum response forcibe

sample Due to this poor performance, no further testsgi$80 8858-3 were conducted.

DISCUSSION
Flotation Response
A number of the methods tested had their own benefid range over which they seem to give the stose
yield-ash curve to the theoretical response cunvéhie four samples tested. The method develop&CliRP
project C6044 uses wash water to remove entraimedsfrom the products and as expected it perfdrmel|
on the high ash Hunter Valley sample and the BoBesin samples. The C6044 froth flotation test haavev
does have limitations which are clearly observethéresults of the low feed ash lllawarra sampée¢ Figure
5). The resultant yield-ash curve understated aulistly the possible flotation response for thosldype.
Also, method C6044 requires specialised laboratguipment as well as a much larger sample masg)800
when compared to the Australian Standard or UFThowe{400g).

The Australian Standards AS 4156.2.2 (1998) treéhateshowed some limitations, in that it perfornvedy
well on the low ash Illawarra flotation feed samaitel the NLM sample. However, on the high ash Hunte




Valley sample, it missed the “knee” of the respotiaeve (refer figure 2). AS 4156.2.2 (1998) frolhtdition
method produced the poorest (but only slightlylltasit yield-ash curve for the Bowen Basin samatsin
appearing to miss the “knee” of the curve. Thisest likely due to the collection of slime mateiiathe
concentrates, which is not being removed throughthiltiple refloating of the concentrates. In gahe
however, this method was shown to perform well.

The UFT froth flotation test method was the bestqrening test and in particular on the high ash téunivalley
sample and also the Bowen basin sample. Thisatylikue to the desliming/sizing step which remabes
slimes contamination from the + 0.106 mm matenial the subsequent refloating of the -0.106 mm had t
+0.106 mm material to further remove slimes from ¢toncentrates. The UFT test also performed velyome
the Newcastle Lake Macquarie sample giving a rastiifield-ash curve equivalent to the Australisan8trd
method. For the low ash lllawarra sample the UFTho was able to show a flotation response at lasbr
values than the other comparable methods. A prakitof 3 % (d) with a yield of 20 % (d) was progdiérom
the UFT method whereas the AS4156.2.2 (1998) metitbdot show any response until a 4 % (d) ash was
produced and method C6044 indicated that therenwdkotation response at all below a 6 % (d) ash.

Table 2 and Table 3 endeavour to summarise thatibot responses for all of the methods

Sizing of Flotation Fractions

To achieve the closest ultimate flotation respansee to the theoretical flotation response cuoreafy coal
sample, the entrainment of slimes into the coneéedrhas to be minimised. There are various ways of
achieving this, such as using wash water as iIC6@44 froth flotation method. Using wash water hesve
does not eliminate all slimes from the concentratess clearly seen in the test results. The useuttiple
refloats as a desliming process works well on adstv coal sample but does not remove the slimesthe
concentrates for a high ash coal sample. The diegliprocess for the UFT froth flotation test is at8ge
process. After the initial flotation, the concetésaare sized to totally remove the slimes fromtBd.06 mm
material which then is refloated to further sgiié tsample into higher and lower ash concentrates.-7.106
mm is also refloated to remove slimes, however aftésual inspection, if slimes are still presehen they
may undergo another sizing step at 0.020 mm. Fbeofithese desliming steps followed by refloating,
dramatically improved the yield-ash curve for tlialcsample, bringing it closer to the optimum resg®

The sizing step helps show a more accurate flotatsponse for the coarser particles. The sizioglig
performed on concentrates, ie particles that hietdd. Observation shows that some of these aopastcles
tend to remain in the flotation cell on refloatifidhis appears to be due to the hydrodynamics of¢ieThe
coarse particles are observably caught in eddigntihe centre of the cell. Consequently, numenegioats
of concentrates are often required to remove thaieed slimes. Each time that this refloat is perfed, it
appears that a proportion of these coarser pastioke lost, due to them being caught in these sdd@
because they are unwilling to attach to bubblezngithe sample at 0.106 mm completely removes the
entrained slimes from the plus 0.106 mm concentraganing that only a single refloat is requirekisT
reduces the loss of the coarser material to tails.

To size the flotation products for the purposeliofies removal may at first be considered inappedpri
however it is merely a tool to help maximise thelgiof low ash coal. This test is to find the tretmal yield
from a sample, not to replicate exact plant practiBizing guarantees the removal of slimes froaflgtation
products. The choice of 0.106mm aperture was basede ease and speed of sizing at this screerasit the
requirement that a minimum (< 4L) of underflow beguced. In some circumstances, plant sizing is
performed to maximise flotation yield. Hydrocycésmay be used prior to flotation and either theeuiow
floated only (this has a reduced slimes loadind)ath the underflow and overflow floated separately
Cycloning is an imperfect plant practice, whildidaatory sieve sizing ensures perfect desliming.

Sizing the coal sample into a coarse and fineifsadiefore the flotation test, could adversely etfthe
flotation results. The small fine coal particlesulbbe removed. These fine coal particles can bg ve
hydrophobic and may help the less hydrophobic facgal particles to float. The fine coal particdso
increase the froth stability. Another detrimentifet of sizing before the initial flotation process that
particles could break down into slimes during tla¢ation and contaminate the concentrates. Algs,rhethod
would not allow for subsequent mathematical recorafddon of the individual concentrates to show wdfégct
if any, of the sizing step. As a result, the UF&thod involves the sizing of each concentrate dfteinitial
flotation.



Another major advantage of using the UFT methddas it allows for the mathematical recombinatidnhe
results so that the affect of the desliming/siztep and the affect of the refloating of the siaetions can be
easily identified. This is shown in Figure 6, whéris clearly seen that without the desliming/sgzistep and
the refloat step, the resultant yield-ash curveldibe dramatically to the right and further awaynfrthe
theoretical yield-ash curve for the sample beirsteiz.
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Figure 6 UFT Method — Effect of sizing and refloat

Equipment Recommendations

The use of a clear plastic flotation cell allowbd bperator greater visual control over the UFT. tEse
operator can now visually see what is happenirtgerflotation cell throughout the UFT test as vealifor the
first time, the ability to continually monitor thHeoth depth. The disadvantage of a stainless stdkis that
only the surface of the froth can be seen.

The placement of the air control valve (refer Fegdy after the rotameter ensures a true readittyeddirflow
and also the measurement of the vacuum pressuhe Wlacuum pressure is not stable then thergisldem
with the flotation system.

Rotameter
le] Open to
atmosphere

Denver Vacuum " Control
cell gauge valve

Figure 7 — Placement of air control valve

Cell level is adjusted by the operator. The transpt cell allows the level to be clearly seen tredevel is
adjusted by manual additions of water. The opergiould use this water to wash the material thheees to
the deflector block and the cell walls adjacerthe deflector block, back into the slurry. It wasnd that
having a 3mm gap between the deflector block aficatewed the particles to be easily washed dowd was
the reason for increasing the gap from less tham Which is currently used.

Collector Rates
Slimes entrainment is inevitably collected with tecentrate due to the incredibly fine clays (kss 0.002
mm) being entrained in the froth water. The uskwfreagent dosage rates allows for greater cqoniiitth low



ash material floating with the least amount of Bxdgossible. Dependent on coal type, this verydestv
material may even float with just the addition ofta the cell.

Reporting of Results

It is very important that yield and ash resultsrirfiotation studies are reported on a dry basisis femoves
variations due to moisture when comparing the dfféfractions or when comparing one sample tolaroiAs
well, some understanding of the mineral matter wdd a significant advantage when interpretingafion
results.

To calculate to a dry basis the following equatiomse used:

Q) Ash % (d) =100 * Ash % (ad) / (100 — Moistdfte(ad) )

2) Mass g (d) = Mass g (ad) * (100 — Moisture %) (5100
After converting all mass to a dry basis, percemtagiss was then calculated.
Australian Standard AS2418 defines ash as “thegenac residue after the incineration of coal tostant mass
under standard conditions”. Ash as determinedloiatory testing of coal samples, can sometimes be
misleading if it is interpreted as being represgveaof the total inorganic portion of coal. Théneral matter
present in coal undergoes many chemical changésgduigh temperature heating which will directlyeaft the

ash Vs mineral matter relationship. For examplesier Table 4 which shows the tailings ash frooFd
sample.

Size Fraction Moisture % (ad) Ash % (ad) Ash % (d)
+0.106 mm 1.4 92.4 93.7
-0.106 mm 7.0 84.7 91.1

Table 4 - Comparison of ash results at different misture basis

On viewing the air-dry results only, it would beanrect to assume that the flotation process has bere
efficient with the coarse coal in separating thgaoic and inorganic components as it could be wyong
interpreted that there is 15.3 % organic matteraiaing in the fines and only 7.6 % organic mat&maining in
the coarse. The flotation results on a dry basig siwow the two ash values being similar and in ifattineral
matter was to be determined then, the two valugsevan be identical and perhaps very close to 1%0.0

ASSESSMENT OF PLANT PERFORMANCE
There has been much anecdotal evidence that thenturustralian Standard AS 4156.2.2 (1988)h flotation
method underperforms actual industrial practicehil8¥this is a perception a number of points nizelle
considered.

Sampling of flotation streams

Sampling of flotation streams, particularly thedeis often difficult and can be subject to bids an example,
sampling slurry from the bottom of horizontal pipeay result in samples which are over represematithe
coarse particles. As well, sampling fast flowiregtical slurry streams may over represent the eopasticles if
the “boiling effect” results in the loss of mairfipe particles from hand held ladles. The feed lbaithe most
difficult of the streams to sample due to the greaariability in ash of each of its particles.ofétion circuits
are challenging due to their high volume, theygarerally sampled manually and the sampling points
themselves do not normally comply with the requieeis for correct sampling location. The accurataging
and testing of these streams is critical as thevakles of the feed, concentrate and tailingsfze tised to
estimate flotation yield.

Consider the following:

Feed Ash = 20.0 % (d)
Concentrate Ash = 10.0 % (d) Calculated Yield5=0®%
Tailings Ash = 50.0 % (d)

If the feed ash had been biased low due to difiiesiin sampling, then the actual recovery wouldehaeen:




Feed Ash = 22.0 % (d)
Concentrate Ash = 10.0 % (d) Calculated Yield>=0®%
Tailings Ash = 50.0 % (d)

A 2.0 % (absolute) change in just the feed ash baf/resulted in a 5.0 % change in yield.

If the laboratory flotation test and a plant awdit to be compared accurately, then the feed adiotb needs
to be identical and all results reported on a @rsiss For accurate results, the feed sample sheulde same
as that used for flotation testing and any subsilivi performed to ensure that all samples are septative.

Australian Standard AS 4156.2.2-1998 Method

The current Australian Standard AS 4156.2.2 (1988hod does suffer from a number of issues such as
operator dependency (eg selection of reagent dos#e®). As such operators require a very higéllef/
training and experience as various stages of Stengeessitate operator judgement which will imptretctly

on the results obtained. As well, the lack offiratashing leads to the entrainment of slimes ircthcentrates.
These issues may not only contribute to poor regoitdlity of the test but also accuracy as it may
underestimate the flotation yield as well as peshayerestimating product ash. The method alseselh a
high number of sample transfer steps, each onergrhe risk of incomplete sample recovery. Angdof
sample may effect sample integrity and impact mdy gield but also ash.

Another factor is a myriad of client defined “madi froth flotation methods” have become commonergby
a very small number of fractions only are requesbéién as low as six. The curves produced froahsu
methods may still be used for plant comparisonsrbatl probability would show an inferior flotaticesponse
which may in turn contribute to a poor reputation AS4156.2.2.

Feed
-0.5mm
10% Solids

Concentrate 1 Tailings 1

Concentrate 2 Concentrate 3 Concentrate 4 Concentrate 5 Tailings 2
Timed Collection Timed Collection Timed Collection Timed Collection

Figure 8 — Example of modified tree flotation methd

This method recommends that mass and ash for édlh fiotation fractions be reported on an airedrbasis.
The influence of moisture variations between sampl@l distort the flotation response. Dry bagporting
should be mandatory.

In general however the method did perform relagiwegll. This indicates that with cautious applioatof
reagents and a high degree of diligence being miaed throughout the test, then adequate flotagsponse
curves can be produced. In fact the Australiam@&ted method performed as well as the UFT methothifo
of the samples tested (NLM & I). The other intéireg point to note was that the repeatability a&f thethod
appeared to be quite good.

Tailings Ash

The tailings ash (dry basis), should be a very goditator of plant performance and yield. If thdings ash is
lower for actual plant circuit samples than whaswattained for the laboratory sequential tests) giant
performance is likely to be giving lower yields thie laboratory tests showed. If this is notahase, then the
feed ash’s may be different and as such no di@oparison between the two could be made with any
confidence.

Sample Integrity
Samples collected for laboratory flotation testingy suffer a deterioration in flotation propertikge to storage
time and/or sample preparation procedures. Thisimaself lead to discrepancies, if compared clireto the



flotation response from “fresh” flotation feed thisiconstantly delivered to industrial plant equgnh
Essentially, regardless of the similarity in festh @alues, the laboratory sample may have quiferdift
physical properties.

This may be especially true for borecore type sasgiiat undergo the effects of drilling, lengthg-freatment
stages followed by numerous air-drying steps.

CONCLUSIONS AND RECOMMENDATIONS
The new test method gave the best overall yieldfeshionse when compared against other known meérats
using a variety of coal types. Analytical resitidicate the most marked improvement in flotatiesponse
curves was for coals high in clay. The UFT metolss operator dependent than the current Auestrali
Standard method AS 4156.2.2 (1998), with tight caraver reagent dose rates, flotation cell desigd setup,
control of air rates and desliming procedures.

In summary, the UFT froth flotation method perfodvetter than the current industry standard praeeduln
particular, the major advantages with this methedenconsidered to be:

Improved flotation response curves

Total elimination of slimes entrainment from coacs@centrate fractions

Detailed operator instructions which define reagettitions

Improvements to flotation test equipment and setup

Requirement that mass yield and ash be reportadity basis

No new specialised equipment needed

O O O o o o o

Small (400g) sample mass required

The recommendation is that the UFT froth flotatioethod undergoes further testing to quantify pregisThis
testing is required to determine the repeatabiléproducibility and robustness of the test procedu
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