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Abstract: The flotation behavior of Xixia andalusite was studied with different collectors. The tests were conducted with a pure
andalusite sample in micro-flotation cell and then with an ore sample in a mechanical flotation cell. The surface charge was measured
on pure andalusite sample and the isoelectric point (IEP) was found to be pH 5.2. Andalusite is floated with an amine collector above
IEP where mineral surface is negatively charged. In contrast, an alkyl sulfonate collector (sodium dodecyl benzene sulfonate) is
effective in the pH range where andalusite surface is positively charged. Furthermore, andalusite is floated with oleate in neutral and
mildly alkaline pH values. 55.3% Al,O;is produced with 75.6% andalusite recovery when using the alkyl benzene sulfonate collector.
Starch is found to be an effective depressant for gangue minerals in alkyl benzene sulfonate flotation. Moreover, slimes are found to
have an adverse effect on the flotation of andalusite. Therefore, pretreatment by desliming and pre-float (to remove carbonaceous

species) prior to andalusite flotation is necessary.
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1 Introduction

Although three
minerals, andalusite, kyanite and sillimanite, are of the

anhydrous aluminum silicate
same chemical composition, Al,O;-SiO,, they have
different crystal

properties. Andalusite, with orthorhombic crystals, is one

structures and different physical

of the most important minerals used in the production of
advanced refractory material [1-2].

Andalusite ores usually contain 5%—15% andalusite.

Other minerals contained in the ores are mainly quartz,
biotite and garnet [3—4]. The ores must be beneficiated in
order to be used for the refractory material industry. In
general, the andalusite concentrate contains not less than
54% Al,O; and not more than 42% SiO,, 1.5% Fe,0s,
2% TiO,, 0.1% CaO and 0.1% MgO [5]. Currently, the
beneficiation of andalusite ores is commercially realized
by gravity concentration, magnetic separation and froth
flotation [6—9].

Flotation is the most commonly used method for
fine-grained andalusite beneficiation. There are many
reagents for andalusite flotation. For example, at pH 4,
oleic acid, linoleic acid and linolenic acid can all be used

as andalusite collectors [9]. Research has shown that
when a small amount of biotite is contained in an
andalusite ore, other anionic collectors, such as
naphthenic acid or its salt, can be used to float andalusite
in acidic media [3—4]. A French company, DAMREC,
reported in 1987 that, at pH <3.5 and solids 15%—30%,
alkyl sulfonate can be used as a collector for andalusite
flotation. An andalusite concentrate of the highest
standard, the KF class, assaying 60% Al,O; and 0.6%
Fe,0;, was produced. This method was patented in
Europe in 1989 (Patent No. 238479). After dissolving the
aluminum ions from the surface with dilute acid, a
cationic collector, dodecylamine acetate, is a very good
collector for andalusite at pH 7 [3—4].

The Xixia andalusite mine, located in the Henan
province of China, is a large sedimentary metamorphic
deposit. It is of a simple ore type. Most of the deposits
are porphyritic biotite and quartz schist. The flowsheet of
the operating consists of selective grinding, scrub
desliming, heavy liquid pre-concentration and dry
high-intensity magnetic separation. A coarse concentrate
is produced with 55%—58% Al,O; and 27.9% recovery
(concentrate mass recovery of 2.7%). Fine andalusite
particles lost in tails must be recovered in order to increase
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andalusite recovery. The objective of this research is to
understand the flotation behavior of andalusite and then
to develop a flowsheet to recover lost fine andalusite
particles by means of flotation.

2 Experimental

In this research work, the flotation behavior of
andalusite was investigated. The ore sample was
collected from Yangnaigou zone of Xixia mine, Henan
province, China. In the first stage of the study,
micro-flotation tests were conducted on pure andalusite
sample obtained by hand-sorting. In the second stage,
batch and continuous flotation tests were conducted on
the ore sample. The results of chemical analysis of test
samples are given in Table 1.

According to the chemical analysis, the pure
96.2%
Mineralogical examinations on the ore sample showed

mineral  sample  contained andalusite.
that quartz, biotite and garnet were the main gangue
minerals. Other impurities were muscovite, staurolite,
and carbonaceous

materials. A minute amount of titanium indicates that

almandine, plagioclase, chlorite,
this ore could be suitable for the manufacture of
refractory materials.

Micro-flotation tests were conducted using an XFG
micro-flotation cell (40 mL). The mineral sample was
dry ground using an agate mortar and pestle and then dry
screened. The fraction in —0.104+0.04 mm was used for
the micro-flotation tests. 5 g sample was used in each test.
Flotation properties of andalusite were determined with
respect to pH using different types of collectors. Surface
charge of pure andalusite was measured against pH using
a JS94J enhanced micro-electrophoresis meter.

Small-scale batch flotation tests on the ore sample
were performed in a 0.5 L XFD mechanical flotation cell.
The mass of the ore sample used in each test was 250 g.
Dodecylamine (DDA), sodium dodecylbenzene sulfonate
(SDBS) and sodium oleate (NaOl) were used as the
flotation collectors. Continuous flotation tests on the ore
sample were performed in a series of 0.5—1.0 L lab-used
miniature continuous mechanical flotation cells. The
equipment had a capacity of 3 kg/h and was run in 24 h
continuous operation. The flotation conditions were
similar to those used in the batch flotation tests.

3 Results and discussion

3.1 Micro-flotation of pure mineral sample

Previous micro-flotation tests were conducted with
each of the three collectors at varying dosages. Then the
optimum dosage for each collector was chosen to test the
effect of flotation pH. The results of pH tests are shown
in Fig. 1 which also presents the optimum dosage for
each collector, i.e. 10 mg/g for DDA, 1 mg/g for SDBS
and 2 mg/g for NaOl.
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Fig. 1 Results of andalusite flotation using 10 mg/g DDA,
1 mg/g SDBS and 2 mg/g NaOl

It is found that DDA is a cationic collector, giving
relatively better flotation results in alkaline medium;
SDBS is an anionic collector with more effective in
acidic pH, especially pH 3—4; NaOl, another anionic
collector, floats andalusite the best in the range of
pH 6-9.

The zeta potential of andalusite is given in Fig. 2 as
a function of pH. It is seen that the IEP of andalusite is
around pH 5.2.

3.2 Ore flotation

Since SDBS had shown more favorable flotation
performance than DDA and NaOl in micro-flotation of
pure mineral sample, only SDBS was used in the ore
flotation tests. In the micro-flotation tests, SDBS of
analytical grade was used. In the ore flotation tests,
industrial petroleum sulfonate was used. The main
component of the petroleum sulfonate is SDBS.

Table 1 Chemical analysis of pure andalusite and andalusite ore sample

L WALOY  w(SI0) w(Fe0)/ wTi0)/ w(K:0) w(Na0) wMgO) w(CaO) wC)  Lossof
Sample % % % % % % % % %  ignition/%

Purc andalusite ~ 61.5 378 0.21 001 002 000 0.05 001 - 0

Andalusite ore 8.9 62.2 7.43 089 298 0091 2.25 036 065 330
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Fig. 2 Zeta potential of andalusite as function of pH

Previous scoping tests indicate that for the Xixia
andalusite ore, desliming and pre-float (to remove
carbonaceous species) before andalusite flotation were
necessary, and the best flotation results were obtained in
acidic pH range. Therefore the sample was ground to be
less than 0.076 mm using a steel ball mill and deslimed
before flotation. The material balance of slimes and the
sand is presented in Table 2.

Table 2 Material balance of slimes and sand
Mass recovery/ Al)O5 grade/  Al,Ozrecovery/

Product

% % %
Sand 96.4 28.3 97.3
Slime 3.6 20.8 2.7
Total 100.0 28.0 100.0

Batch flotation tests were carried out with
petroleum sulfonate at pH 3.5 since micro-flotation tests
had showed that the best flotation results using SDBS
was achieved at pH 3—4. Batch flotation tests showed
that the optimum dosage for petroleum sulfonate at pH
3.5 was 3 200 g/t. The results can be seen in Table 3. All
tests conducted later were carried out under these
conditions.

Modifiers such as sodium silicate (Na,SiO;) and
starch were tested to enhance separation. Sodium silicate
was first tested as a depressant for gangue minerals but
proved to be ineffective. Then the starch was tested. The
results can be seen in Table 4. The test results show that
starch was good depressant for the selective flotation of
andalusite in this ore when petroleum sulfonate was used
as collector.

Following simple one-stage flotation tests,
additional flotation tests were conducted. The flowsheets
are opened-circuit flowsheet with multi-stage cleaning.
The results are presented in Tables 5—7.

Table 5 indicates the importance of adding an
appropriate amount of H,SO4 during the cleaner stages in
order to maintain the slurry pH at about 3.5. This ensured
high concentrate Al,O; grade and recovery. Addition of
both starch and sulphuric acid to the cleaner stages did
not further improve flotation results. Addition of starch
alone without acid gave poor Al,O; recovery due to its
loss to the middling. Therefore, addition of starch in the
cleaner stages was redundant.

Based on the above test results, continuous flotation
tests were also conducted. It was determined that the
flowsheet should consist of three stages of rougher
followed by three stages of cleaner; petroleum sulfonate

Table 3 Flotation results at pH 3.5 with various petroleum sulfonate dosages

Petroleum sulfonate dosage/(gt*') Product Mass recovery/% Al,O5 grade/% Al,Ozrecovery/%
Slime 30.1 24.7 26.9
Carbonaceous 8.6 20.0 6.2
2 000 Concentrate 25.1 45.6 41.4
Tailings 36.2 19.5 25.5
Total 100.0 27.6 100.0
Slime 29.9 24.9 26.4
Carbonaceous 7.2 20.2 5.1
3200 Concentrate 34.9 43.8 54.2
Tailings 28.0 14.3 14.2
Total 100.0 28.2 100.0
Slime 32.7 25.0 29.1
Carbonaceous 6.5 19.5 4.5
4 400 Concentrate 39.6 41.4 58.2
Tailings 21.2 10.8 8.1
Total 100.0 28.1 100.0




ZHOU Ling-chu, et al/Trans. Nonferrous Met. Soc. China 21(2011) 1388—1392 1391
Table 4 Effect of starch dosage (3 200 g/t petroleum sulfonate, pH 3.5)

Starch dosage/(gt*l) Product Mass recovery/% Al,O5 grade/% Al,Osrecovery/%
Slime 30.8 24.7 27.6
Carbonaceous 8.0 20.2 5.9
0 Concentrate 30.3 46.4 50.9
Tailing 30.9 13.9 15.6
Total 100.0 27.5 100.0
Slime 39.3 25.0 36.4
Carbonaceous 6.6 20.2 5.0
120 Concentrate 29.4 433 47.2
Tailing 24.7 124 11.4
Total 100.0 27.0 100.0
Slime 38.2 24.9 34.5
Carbonaceous 6.1 20.5 4.5
200 Concentrate 30.7 44.4 49.4
Tailing 25.0 12.9 11.6
Total 100.0 27.6 100.0
Slime 37.7 25.0 34.0
Carbonaceous 5.7 20.5 4.2
280 Concentrate 30.9 45.6 50.8
Tailing 25.7 11.8 11.0
Total 100.0 27.7 100.0

Table 5 Results of cleaner flotation with various reagent dosages

Reagent dosage/(g't ')

Cleaner stage Product Mass recovery/% Al,O5 grade/% Al,Ozrecovery/%
Starch H,SO,
Slime 30.6 25.0 273
Carbonaceous 4.6 19.5 3.2
Cleaner 1 40 Concentrate 20.4 49.2 35.8
Cleaner 2 20 o
Cleaner 3 20 Middling 14.5 36.3 18.9
Tailing 29.9 13.9 14.8
Total 100.0 28.0 100.0
Slime 30.1 25.0 27.1
Carbonaceous 6.5 20.0 4.7
Cleaner 1 400 Concentrate 23.2 53.2 443
Cleaner 2 400 o
Cleaner 3 400 Middling 10.7 23.7 9.2
Tailing 29.5 13.9 14.7
Total 100.0 27.8 100.00
Slime 30.5 24.9 27.2
Carbonaceous 6.1 20.5 4.5
Cleaner 1 40 400 Concentrate 23.9 52.5 45.1
Cleaner 2 20 400 o
Cleaner 3 20 400 Middling 10.9 23.8 9.1
Tailing 28.6 13.7 14.1

Total 100.0 27.8 100.0
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Table 6 Effect of cleaner stages on concentrate grade and recovery
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Cleaner stage Product Mass recovery/% Al,O5 grade/% Al,Ozrecovery/%
Slime 31.0 24.9 27.8
Carbonaceous 6.3 19.8 4.5
Concentrate 24.6 52.2 46.3
2
Middling 7.7 22.1 6.1
Tailing 30.4 13.9 15.3
Total 100.0 28.0 100.0
Slime 30.5 24.9 27.2
Carbonaceous 6.1 20.5 4.5
Concentrate 23.9 52.5 45.1
3
Middling 10.9 23.9 9.1
Tailing 28.6 13.7 14.1
Total 100.0 27.8 100.0
Table 7 Effect of rougher and cleaner stages on flotation results
Grade/% Recovery/%
Flowsheet Product Mass recovery/%
Al,03 Andalusite AlLO; Andalusite
Slime 31.0 24.8 15.3 27.8 16.3
Carbonaceous 6.3 19.8 20.0 4.5 4.3
Z-stagerougher o centrate 24.5 52.2 81.4 46.2 68.4
and 2-stage o
cleaner Middling 7.8 22.1 16.8 6.2 4.4
Tailing 30.4 13.9 6.3 15.3 6.6
Total 100.0 27.7 29.2 100.0 100.0
Slime 19.3 25.0 13.3 17.2 8.9
Carbonaceous 4.0 18.1 16.5 2.6 2.3
3-stagerougher o onirate 24.6 53.2 82.8 46.8 70.1
and 3-stage o
cleaner Middling 18.6 26.3 21.6 17.5 13.8
Tailing 33.5 13.2 4.2 15.9 4.9
Total 100.0 28.0 29.0 100.0 100.0

should be used as the collector; starch should be used as
the depressant; the flotation pH should be between 3 and
4 in both rougher and cleaner. This flowsheet is a
closed-circuit flowsheet with 3-stage rougher and 3-stage
cleaner. In a closed-circuit where the middling (the
cleaner tailing) is recirculated to respective preceding
stages. The results are presented in Table 8.

3.3 Discussion
In this investigation, tests were carried out on both a
pure andalusite mineral sample and an andalusite ore
sample to outline the flotation separation of andalusite.
The adsorption of many collectors to oxide and
silicate surfaces is through electrostatic interaction

[10—12]. In this case, the IEP of the minerals is the key
[13—14]. Zeta potential values of andalusite with respect
to pH show that the IEP of this mineral is around pH 5.2
(Fig. 2). Below the IEP, andalusite surface is positively
charged; thus, negatively charged alkyl sulfonate ions
may adsorb in the pH range (Fig. 1). Above the IEP, the
andalusite surfaces are negatively charged and alkyl
sulfonate ions are repelled from the surface. On the other
hand, ammonium (RNH;") ions, which are positively
charged, are adsorbed on the negatively charged surface
(Fig. 1). Therefore, andalusite presents much better
flotation behaviour with the sulfonate collectors below
IEP and with the ammonium collectors above IEP. The
flotation behaviour of andalusite presented in Fig. 1
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Table 8 Continuous flotation results of andalusite ore with 3-stage rougher and 3-stage cleaner

Grade/% Recovery/%
Product Mass recovery/%
Al,03 Andalusite AlLO; Andalusite

Slime 19.3 25.0 13.3 17.4 8.8

Carbonaceous 4.0 18.1 16.4 2.6 2.3

Concentrate 31.2 52.2 82.9 58.4 80.1

Tailing 45.5 13.2 4.2 21.7 8.8
Total 100.0 27.8 29.0 100.0 100.0

suggests that electrostatic interaction occurs between
collector and mineral surface. Studies on the zeta
potential of quartz and biotite prove that the IEP of
quartz and biotite are pH 2.1 and pH 3.8, respectively
[15]. In this investigation, the IEP of andalusite was
found to be around 5.2; therefore, it is safe to presume
that, in the pH range of 3—4, the quartz surfaces were
negatively charged and the biotite surfaces carried little
charges, while the andalusite surfaces were positively
charged. Therefore selective adsorption of petroleum
sulfonate and thus separation could be obtained in the pH
range. This explains why the andalusite recovery
decreased sharply when pH was increased to above 5, as
shown in Fig. 1.

Although oleate is an anionic collector, it floats
andalusite above IEP (Fig. 1). This indicates that
chemical adsorption rather than electrostatic interaction
occurs between the oleic ions and andalusite surface.
Flotation experiments conducted with oleate at different
pH values show that andalusite floats well in a pH range
where formation of AI(OH)*" or AI(OH)," complexes is
favored. On the other hand, recovery decreases as pH
increases beyond 9 because of the formation of
AI(OH);(s) or AI(OH)4 [16—17]. The floatability was the
best around pH 7.5 that was almost natural.

Amine is tested in micro-flotation of the pure
mineral but not in batch flotation of the ore sample. This
is because that, in the pH range where amine effectively
floats andalusite, the floatabilities of quartz or biotite is
similar to that of andalusite, and separation of andalusite
from the gangue minerals is not anticipated. Quartz and
biotite are negatively charged even in acidic pH values;
therefore, ammonium cations can easily adsorb on to
their surfaces [13, 18—19].

As the floatability of garnet is similar to that of
andalusite and a small amount of biotite may be
entrained, the concentrate (Table 8) has a high Fe,O;
grade, around 5.25%. Accordingly, a high-intensity
magnetic separation is needed to remove the iron and
titanium from the flotation concentrate. After the
magnetic separation, the AlL,O; content rises to 55.3%

that is translated to 85.9% andalusite, with a recovery of
75.6%. The results of chemical analysis of the final
concentrate are given in Table 9. This concentrate meets
the market specifications.

Table 9 Chemical analysis of final andalusite concentrate
(mass fraction, %)

A1203 SlOz F€203 T102 Kzo

55.3 39.8 1.45 0.21 0.01

Na,O MgO CaO MnO Loss of ignition

0.07 - - - -

4 Conclusions

1) The IEP of andalusite is found to be around pH
5.2. DDA, a cationic collector, is therefore effective in
alkaline pH region; on the other hand, SDBS, an anionic
collector, is effective in acidic pH range. However, NaOl
acts more effectively between pH 6 and 9.

2) Because of the presence of slimes and
carbonaceous species, desliming and pre-float are
necessary prior to andalusite flotation. The experiment
results show that effective separation of andalusite from
quartz and biotite could be achieved in pH <3.5 with
SDBS or petroleum sulfonate as the collector and starch
as the depressant.

3) The process consisting of desliming, pre-float,
andalusite flotation at pH <3.5 with starch as the
depressant and SDBS as the collector, followed by
high-intensity magnetic  separation, produces an
andalusite concentrate of 55.3% A1,0; equivalent to
85.9% andalusite at an andalusite recovery of 75.6%.
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