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1. Introduction

The processing of low-grade and poor-quality ores with com-
plex mineralogy and resource maximization are two of the
several challenges in the mineral processing industry. To
improve the performance of numerous flotation systems, the
innovation regarding reagents over the last years has been
focused on developing reagent-mineral characterization data
and extensive structure-property—performance relationships.
Therefore, the better selectivity in separation through min-
imizing the deleterious gangue minerals can be achieved
more efficiently and economically via suitable selected
reagents [1].

Beneficiation of more than half of the world’s marketable
phosphate occurs by froth flotation and different reagents
are employed in each mineral processing plant. Although
the most extensively collectors used in phosphates flota-
tion are long-chain fatty acids and their salts, cationic
collectors are employed in the reverse flotation of silicates,
dolomitic and calcitic minerals from phosphate minerals.
Sodium silicate is more promising as a selective depres-
sant in a wide pH range. However, corn starch has been
used widely for increasing selectivity in igneous phosphates
flotation, as gangue depressant, for example, in all Brazilian
concentrators [2,3].

On other hand, phosphates are undesirable in iron ores,
because phosphorus causes negative effects on steel mak-
ing [4]. In order to reduce the phosphorus content, the
reverse flotation with fatty acids as collectors has been
widely used for apatite removal from magmatic origin iron
ores. However, the phosphorus intensely disseminated as
secondary minerals, like wavellite [Al3(PO4)2(OH)3-5H,0] and
turquoise [CuAlg(PO4)4(OH)g-5H,0], or adsorbed onto the iron
hydroxides render the flotation a challenge [5,6]. Aluminium
secondary phosphates, like wavellite and turquoise, are also
common in igneous rocks and carbonatitic alkaline complexes
and, generally, these phosphates do not affect the beneficia-
tion process. However, their associations with apatite particles
decrease the flotation selectivity and, consequently, the total
phosphorus recovery [7,8]. Other systems that contain phos-
phate minerals are some molybdenum oxide ores, where
fluorapatite can occur as predominant gangue, jointly with
pyrite and quartz. Wang et al. [9] concluded that the flotation
separation of molybdenite from fluorapatite could be achieved
in weakly alkaline, neutral and acidic pH range with CPC - cetyl
pyridinium chloride, a cationic collector type.

The chemical and structural differences among phosphate
minerals indicate different results concerning electrokinetic
properties and, consequently, froth flotation. Mishra [10] eval-
uated the floatability of apatites with dodecylamine chloride
(DDAC]I). At the concentration 10~4M, high floatability values,
around 100%, were obtained above pH 8 for crystalline fluo-
rapatite, while amorphous fluorapatite did not float. Smani
et al. [11] verified floatabilities around 100% between pH 4
and pH 10 when 5x10*M and 7.5x 10~*M solutions of
DDACI were used as collector for phosphate odlites from
Khouribga, Morocco. In microflotation tests performed by
Nunes et al. [6,12], amine based collectors yielded higher val-
ues of wavellite floatability than sodium oleate. The authors

concluded that since the apatites present higher floatabilities
with anionic collectors (fatty acids), the different behaviours
between apatite and wavellite could be attributed to the higher
stability of the precipitated calcium oleate onto apatite surface
compared to the precipitated aluminium oleate onto wavellite
surface. Furthermore, the electrostatic interaction between
wavellite and amine dissociated species seems to be more
intense than in the apatite-amine system.

Since the amine and starch combination has been widely
used in several ore flotation concentrators, this work aims
to investigate the effect of alkyl chain length of amines on
aluminium phosphates and fluorapatite floatabilities, deter-
mining the major differences between primary and secondary
phosphates. Besides, the objective was also to evaluate the
amylopectin as phosphate depressant. The results could
expand the understanding of different systems that involve
phosphates, mainly as gangue minerals, contributing to the
definition of the best selective flotation conditions in several
concentrators.

2. Experimental

2.1.  Samples preparation and characterization

The wavellite, turquoise and fluorapatite samples, originated
from Mauldin Mountain Quarries (USA), Sleeping Beauty Mine
(USA), and Ipird/Pedras Altas (Brazil), respectively, were the
same used by Nunes et al. [13], in previous studies.

The phosphate samples were comminuted in a porcelain
mortar and the coarser fraction (—300 pm +75 pm) was used
in the microflotation experiments. The finer fraction (—38 wm)
was used for the zeta potential measurements.

The samples were qualitatively analysed using an X-ray
diffractometer, model PHILIPS PW 1710, CuKa radiation and a
graphite monochromator crystal. The results were compared
with the standard data base PDF-2 of the ICDD - International
Centre for Diffraction Data. The software X'Pert HighScore
version 2.1-2004 was used for analysis. SEM/EDS analyses
(Scanning Electron Microscope/Energy-Dispersive Spectrome-
ter) were carried out for the coarse fraction (—300 pm + 75 pm).
Semiquantitative analyses were performed by X-ray fluo-
rescence in a Philips-Panalytical spectrometer, model PW
2400 with a rhodium anode tube, to check the presence of
major constituents and trace elements. Fourier transform
infrared spectroscopy analyses (FTIR) were performed with
the transmission KBr pellet technique, using a Perkin-Elmer
spectrometer, model 1760-X.

2.2. Zeta potential measurements

The zeta potential measurements were performed by the
microelectrophoretic technique using the Zeta-Meter System
3.0+ ZM3-D-G with direct video imaging. The zeta potential
values were calculated by the Helmholtz-Smoluchowski equa-
tion.

Samples of 0.025 g of the mineral of size —38 wm were added
into 200 mL of the reagent solution to prepare the suspensions.
The suspensions settled during 24 h to produce supernatant
particles with a size below 5 wm, according to Stokes’s Law; the
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Table 1 - Reagents used in the microflotation tests.

Reagent Chemical formula Molecular
weight
(g/mol)
Octylamine CH3;—(CH3)s—(CH,)—NH,; 129.24
Dodecylamine CH3—(CHg2)10-(CH2)—NH; 185.35
CH,0H
O_H
H
OH H
CH,0H CH,O0H C H OH
H " O H H i O H H i O _H
OH H OH H OH H
OH
Amylopectin H OH H OH H OH _
sample’s specific weights were obtained by helium pycnome- 2.3. Microflotation tests

try analyses, which were performed using a Quantachrome
NOVA 1200.

Sodium nitrate (NaNOs3) was used as supporting elec-
trolyte at the concentrations 2.5 x 10~3 M for fluorapatite and
5 x 103 M for wavellite and turquoise. The lower concentra-
tion in the case of fluorapatite was due to its interaction with
sodium nitrate. According to zeta potential results, observed
also in previous studies [5,13], the increase in NaNOs con-
centration increases the absolute value of fluorapatite zeta
potential, indicating that sodium nitrate may not be com-
pletely indifferent to this system. The smallest variations of
the fluorapatite zeta potential were observed at 2.5 x 1073 M
NaNOs3 solution.

The pH values were adjusted with hydrochloric acid (HCI)
and sodium hydroxide (NaOH). The measurements were also
performed in the presence of surfactants in two concentra-
tions (1 x 10~* and 1 x 10~3 M) to evaluate the effect of the ions
on the phosphate surface characteristics, i.e., on the phos-
phate electrokinetic behaviour.

Intensidade (cps)

L —

The microflotation tests were carried out in a modified Hal-
limond tube at selected pH values varying from 2 to 13. The
air flow rate used was 30mLmin~1. The volume of solution
in the tube was 180 mL, and the phosphate weight was 1g for
each test. The collector reagents used in the microflotation
tests are presented in Table 1. The samples were conditioned
with collectors for 5min and the flotation time in all tests was
3min. The reagents, all of analytical grade, were prepared at
the concentrations 1 x 10~% and 1 x 1073 M. Octylamine and
dodecylamine were 100% neutralized with acetic acid. The
neutralization is an important parameter, since the higher
neutralization degrees enhance the collector solubility.

Some tests were also carried out in the presence of amy-
lopectin, under alkaline pH, to check the depressant effect
of this reagent on the phosphates floatability. In these tests,
the collectors were used at the concentration 1 x 107 M. The
amylopectin solubilization was achieved by adding sodium
hydroxide at the weight ratio 5:1. The mineral samples were
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Fig. 1 - (a) SEM, backscattered electron images (BSE) and (b) XRD pattern for apatite sample.
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Fig. 2 - (a) SEM, backscattered electron images (BSE) and (b) XRD pattern for wavellite sample.

conditioned in a 90 mL volume of amylopectin solution, at the
concentrations 5, 10, 20, 40 and 80mg L1, for 5min. Imme-
diately, 90mL of collector solution 2 x 10~*M (resulting in
1 x 10~*M final concentration) were added. The collector con-
ditioning time was 5 min and the flotation time was 3 min.

3. Results and discussion
3.1. Samples characterization

The samples were analysed by SEM/EDS and the habit of
the crystals by backscattered electrons image (BSE) were
observed (Figs. 1-3). The apatite and wavellite crystals showed
good crystallization, however, turquoise crystals seem to be
more massive and earthy. The SEM/EDS and X-ray diffrac-
tion results corroborated the samples’ high purity because no
other phases were detected in each diffractogram, as can be
seen in Figs. 1-3. Concerning the fluorapatite and wavellite
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(Figs. 1(b) and 2(b)), amorphization domes were not observed,
indicating the absence of amorphous phases. However, in the
XRD pattern of turquoise (Fig. 3(b)), amorphization tendency
was observed, indicating lower crystallization degree than flu-
orapatite and wavellite samples.

As reported by Nunes et al. [13], the XRF analyses con-
firming the phosphate samples purity, and the detection of
fluoride in the fluorapatite sample indicated that this element
is likely present in the sample at concentrations above the
detection limit, thus confirming that the apatite sample con-
sists mainly of fluorapatite. In the FTIR spectrum obtained for
the fluorapatite (Fig. 4), the displacement of the OH vibration
band to 3525 cm~?! and 742 cm ™1, characteristic of the interac-
tions between OH groups and fluorine [14], and the presence
of CO32~ stretching vibration at 1424-1461cm~? further con-
firms that the sample is a fluor-hydroxi-carbonate-apatite.
As reported by Araujo [15], the position of CO3?~ stretching
vibration indicates that this sample is a carbonate-apatite
characterized by CO32~ groups replacing in part the PO43~
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Fig. 3 - (a) SEM, backscattered electron images (BSE) and (b) XRD pattern for turquoise sample.
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Fig. 5 — FTIR spectrum for wavellite sample.

groups. According to the author, other carbonate-apatite types
present CO32~ groups inside “tunnels” of the crystal lattice,
exhibiting stretching vibration at 1465-1542cm~!. Besides
these two vibrational modes, and 860-885cm™! in and out
bending mode, other carbonate vibrational modes are gener-
ally absent in the infrared spectra of carbonate-apatites [15].

The symmetric and antisymmetric stretching vibrations of
the PO43~ groups were observed in all FTIR spectra, mainly at
900cm~! and 1100 cm™? (Figs. 4-6).

In the FTIR spectrum for wavellite sample (Fig. 5), the
stretching vibration bands related to the PO43~ groups were
observed at 1050-1100 cm ™!, while in the turquoise spectrum
(Fig. 6) these bands are observed in the 1012-1192cm™!
region. The phosphate deformation modes are identified
below 731cm~! in the wavellite spectrum and 724cm™! in
the turquoise spectrum. The bending vibrations of the water
molecules of the wavellite and turquoise can be observed
at 1641cm~! and 1631cm™1, respectively. The strong bands
in the wavellite and turquoise spectra at 3519cm~! and
3510cm™?, respectively, can be ascribed to the stretching
vibrations of the oxygen and hydrogen bonds related to
the Al-O—H groups in aluminium phosphates. In the FTIR

spectrum of turquoise, the vibration bands at 611cm~! can
be ascribed to the copper-oxygen bonds.

3.2 Fluorapatite floatability

The results of fluorapatite floatability and zeta potential mea-
surements in the presence of octylamine and dodecylamine
acetates are presented in Fig. 7. The maximum floatability, in
the 1 x 10~4 M octylamine solution, was 62.2%, achieved at pH
11. In the 1 x 10~3 M solution, two maxima values (above 90%)
occur at approximately pH 6.5 and pH 10.5.

The dodecylamine is a more effective collector for fluo-
rapatite than octylamine, as can be seen in Fig. 7(b). The
floatability was approximately 100% in all investigated pH
range, showing the strong dependence of the surfactant
adsorption on chain length. Besides, the zeta potential is
reverted from negative to positive between pH 6 and pH
8.5 at 1x 10~* M solution and until approximately pH 12 at
1 x 10~3 M solution.

The predominant species for amines in the acidic and neu-
tral pH regions are the cationic species (RNH3* and (RNH3),%*),
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Fig. 7 - Microflotation curves and zeta potential for fluorapatite sample with octylamine (a) and dodecylamine (b).

and the neutral molecules (RNHy(,q)) precipitates in the alka-
line pH range. The continuous rise in the floatability until
PH 6.5 observed in Fig. 7(a) suggests octylamine adsorption
due to the electrostatic interactions between negative surface
sites and dissociated amine species. However, jointly electro-
static interactions, hydrogen bonds between negative surface
sites, mainly sites that contain fluorine, and amine dissoci-
ated species, must be considered (Fig. 8(a) and (b)). Until pH
6.5, these interactions can be described by the reaction:

—OHF~ +RNH3* <> —OHF~...*H3NR

Amines can also undergo additional intramolecular reac-
tions in aqueous media, forming ionomolecular complexes
((RNH2RNH3)*) by association of aminium ion and neu-
tral amine molecule and dimerization of aminium ions
((RNHs),%*). The ionomolecular complexes present high
activity between pH 9 and pH 11, while the dimers are highly
active between pH 6 and pH 10.5 [16]. The high activities of the
dimeric species between approximately pH 6 and pH 10 may
justify the floatability decrease in this region (Fig. 7). These
dimeric species certainly participate of the adsorption onto
apatite, rendering the surface less hydrophobic due the charge
excess generated after the adsorption, related to the polar
head groups projected outwards. Normal bonds, responsible
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Fig. 9 - Proposed scheme for interaction mechanisms between dodecylamine and fluorapatite surface, at different pH

ranges.

for adsorption, force the surfactant to adsorb on the solid with
the other polar head groups fixed at the solid (Fig. 8(c)):

ZOHF~ + (RNH3),2* <» —OHF~...*(H3NR)(HsNR)* ©)

Above pH 9, the ionomolecular species of the octylamine
become predominant and restore the fluorapatite floatability
through hydrogen bonds between fluorapatite and ionomolec-
ular species (Fig. 8(d)):

ZOHF~ + (RNH,RNH;)* <> —OHF~...*(H3NR..RNH,) 3)

Adsorption of dodecylamine onto fluorapatite can also
be described by reactions (1)—(3), and the fluorapatite floata-
bilities indicate the high influence of the hydrocarbon
chain length, corroborating previous studies addressing the

effects of surfactant chain length on adsorption. Increas-
ing the hydrocarbon chain length, the aversion between
the surfactant molecules and aqueous medium becomes
more intense, due the hydrophobicity increase imparted
by the surfactants’ longer tail, increasing the aggregation
tendency [17-21]. Considering molecular association into two-
dimensional aggregates [22] normal bonds are responsible
for polar head-surface interactions and hydrophobic inter-
actions will occur laterally between the hydrocarbon chains
of the adsorbed surfactant, providing the attractive force to
promote two-dimensional condensation as well as the for-
mation of patches. Therefore, the longer chain will promote
enhancement of the adsorption onto mineral surface, since
the chain—chain hydrophobic interaction will be sufficiently
strong to anchor more surfactant molecules onto mineral sur-
face, leading to the compact hemimicelle formation, even at
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low concentrations. The excessive dodecylamine adsorption
onto fluorapatite causing the increase in the zeta potential,
as can be seen in Fig. 7(b), while even at 1 x 1073 M, the octy-
lamine did not reverse the surface charge (Fig. 7(a)), can be
explained by these phenomena (Fig. 9(a) and (b)).

Considering the occurrence of amine species precipitation,
the fluorapatite floatability above pH 9 shown in Fig. 7(a) may
also be attributed to amine colloids precipitated onto fluo-
rapatite surface, as additional adsorption mechanism. The
increase in the zeta potential values, above pH 9 at the
1x1073M and pH 9.5 at the 1 x 10~*M, makes this hypoth-
esis reasonable, once these pH values are coincident with the
critical pH of amine precipitation [23]. In addition, the pre-
precipitation of the ionomolecular species onto the surface
would cause the decrease in the floatability at pH 9 and the
redispersion would be responsible for the new increase in the
floatability until pH 10.8 [16]. The decrease in the floatability
above pH 11 can be due to the negative charge of the amine
colloids (Fig. 8(e)), which present PZC at pH 11 [24].

The fluorapatite floatability was not significantly affected
by the presence of amylopectin even at high concentrations,
as can be seen in Fig. 10. Sterical hindrance effects may be
considered as a hypothesis for these results, being explained
by the position of the hydroxyl groups in amylopectin not
fitting the spacing between the fluorapatite surface active
sites. In fact, Leal Filho et al. [25] ascribed the starch and
ethyl-cellulose inabilities to depress hydroxyapatite to ster-
ical hindrance effects, since they obtained low values of
fitting number (a measure of the steric compatibility) for the
interaction apatite/starch and apatite/ethyl-cellulose through
modelling mineral surfaces and polysaccharides molecules.
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- -4 — Octylamine  ---e-- Dodecylamine

Fig. 10 - Microflotation curves for fluorapatite sample with
collectors and amylopectin at pH 10.5. Collector
concentrations: 1 x 10~4 M.

Another hypothesis to explain the low depressant effect is
the fact that the collector dosage is sufficient to prevent amy-
lopectin adsorption onto the mineral.

Araujo [15] investigated also the fluorapatite floatability in
the presence of starch, amylose and amylopectin. The three
compounds effectively depressed the fluorapatite. Pinto et al.
[26] also obtained expressive depressant effects of the starch
onto apatite. However, Mohammadkhani et al. [27], evaluat-
ing the selective conditions to recover phosphate from a very
low-grade sedimentary ore through reverse flotation, observed
that starch was ineffective to depress the phosphates. There-
fore, different results related to the starch’s depressant action
on apatite can be ascribed to extremely complex crystal struc-
tures, besides ion replacements and its dissolution in aqueous
media. These properties lead to high dependency of adsorp-
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Fig. 11 - Microflotation curves and zeta potential for wavellite sample with octylamine (a) and dodecylamine (b).

*According to Nunes et al. [12].
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tion mechanism on the mineral specificity, genesis, and its
surface properties [28-33].

3.3.  Floatability of wavellite

The secondary phosphates have higher chemical and struc-
tural complexities than apatite [12,13]. Therefore, this mineral
class will present major differences regarding interfacial prop-
erties and, consequently, in flotation results. Confirming this
perspective, great differences between the apatite and wavel-
lite floatabilities with octylamine and dodecylamine were
detected, as can be seen in Fig. 11.

Below pH 5.2, where the IEP of wavellite occurs [13], the
low floatabilities support the hypothesis that interactions
of chemical nature concur with electrostatic repulsion, and
the latter is predominant. As the pH increases, the wavellite
becomes progressively more negative, favouring the elec-
trostatic interaction with surfactant and, consequently, the
hemimicelle formation. Therefore, between pH 6 and 10, for
both concentrations, the abrupt rise in floatability could be
ascribed to the hemimicelle formation. The wavellite floata-
bilities with octylamine achieved values close to 100% above
pH 8 at the 1 x 1073 M concentration, and above pH 10 at the
1 x 1074 M concentration.

The octylamine renders the wavellite surface less nega-
tively charged and shifts the IEP from pH 5.2 to approximately
PH 6.5 at the both concentrations. The onset of hemimicelle
formation at 1 x 10~3 M coincides with the IEP, at pH 5.2, which
indicates electrostatic attraction. At the 1 x 10~*M concen-
tration, the same mechanism is considered, since the onset
occurs where the surface and collector are oppositely charged.
The higher floatabilities occur when the wavellite is more neg-
atively charged.

According to Nunes et al. [12], the adsorption of amines
onto wavellite can be attributed to both chemical and elec-
trostatic interactions. This hypothesis would be explained
by wavellite floatability with dodecylamine, as can be seen
in Fig. 11(b). Below the IEP, where wavellite was more pos-
itively charged, a rapid rise in floatability is observed at
1 x 10~3 M; the values achieved 100% near pH 5. Nunes et al.
[12] proposed also the adsorption of amines onto wavellite
by hydrogen bonds between neutral surface sites and amine
dissociated species. According to these authors, the mineral
surface becomes more positively charged due this adsorption,
which can be described by the reactions:

ZAIOH + RNH3* <> —AlOH,.. . *NH,R )
=AIOH + (RNH,RNH3)* <> —AlOH,. . .*(NH,R), )
=AIOH + (RNH3),2* <> —AlOHj,.. .+ (NH,R)* (NH3R) 6)

These interactions can also explain the high wavellite
floatabilities with dodecylamine below its IEP, justifying also
the more positively charged surface in the surfactant pres-
ence. Until pH 10.6, the high wavellite floatabilities with both
octylamine and dodecylamine are the result of interactions
between amine dissociated species and active sites at the
wavellite surface. Above this pH, the floatability could be
explained by the precipitation of amine colloids onto the
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Fig. 12 - Microflotation curves for wavellite sample with
collectors and amylopectin at pH 10.5. Collector
concentrations: 1 x 10~ M.

wavellite surface. As in fluorapatite, the zeta potential curves
reinforce this hypothesis, once the pH range of the high zeta
potential values are coincident with the critical pH of precip-
itation and PZC of the amine colloids at pH 11 [24].

The onset of rise in the floatability at 1 x 10~*M, for both
octylamine and dodecylamine, occurs only at pH 7.0, where
the surface becomes more negatively charged, evidencing the
strong role of the electrostatic mechanisms. Reinforcing this
hypothesis, the dodecylamine reverses the wavellite surface
charge until pH 11.5.

As the fluorapatite, the wavellite floatability was not signif-
icantly affected by the presence of amylopectin. These results,
presented in Fig. 12, were similar to those reported previ-
ously by Nunes et al. [12], achieved in the presence of corn
starch. Although the floatability with octylamine decreases
from 100% in the absence of amylopectin to 70% in the pres-
ence of 80 mg/L amylopectin solution, no depressant action
was observed using dodecylamine as collector.

Two hypotheses were proposed to explain the low depres-
sant effect of starch onto wavellite [12]. The first refers to the
amount of complexes formed through the starch hydroxyl
groups and Al cations (Al**, Al(OH),*, e Al(OH)?*) onto the
mineral surface; the drop in Al cations concentrations in the
wavellite surface active sites prevents the formation of com-
plexes with the starch, inhibiting the adsorption. The other
one is related to the sterical hindrance effects, as the position
of hydroxyl groups in starch may not fit the spacing between
wavellite surface active sites.

3.4.  Floatability of turquoise

As fluorapatite, the turquoise presented lower floatability with
octylamine than wavellite (Fig. 13(a)). Between pH 3 and pH 6,
the floatability is negligible at the concentration 1 x 10~*M.
However, the floatability values achieve more than 40% at the
concentration 1 x 1073 M, in the same pH region, and the max-
imum of 100% is achieved above pH 9.

Considering the electrokinetic properties of turquoise and
its floatabilities presented in Fig. 13, the electrostatic adsorp-
tion seems to be the main mechanism for interaction between
amines and turquoise above the IEP, which occurs at pH 7.2
[13]. The floatabilities increase sharply above the IEP, where
the mineral surface becomes negatively charged.
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Fig. 13 — Microflotation curves and zeta potential for turquoise sample with octylamine (a) and dodecylamine (b).

Below the IEP both mineral surface and collector charges
are positive. So, chemical adsorption mechanism must be
necessary to yield floatability levels above 40% for the
octylamine concentration 1x 10-3M. Considering that both
chemical adsorption and electrostatic repulsion are present,
one hypothesis is proposed: small amounts of amine disso-
ciated species are required by turquoise to become slightly
hydrophobic. The results are the relative floatability and zeta
potential magnitude maintenance, relative to the mineral sur-
face in the absence of collector.

As already proposed for the wavellite-octylamine system,
the turquoise floatability can be due to the adsorption of amine
dissociated species onto neutral surface sites, through hydro-
gen bonds. Therefore, besides Egs. (4)-(6) where amine species
adsorb onto neutral sites containing aluminium, other ana-
logue reactions for octylamine adsorption onto neutral surface
sites containing copper are proposed:

=CuOH + RNH3* <> =CuOH,..."NH,R

~CuOH + (RNH,RNH3)* <> —CuOHj...*(NH,R),

ZCuOH + (RNH3),2* <+ —CuOHj..." (NH,R)* (NH;R)
Until pH 7, the lower floatability values could be attributed,

partially, to a higher surface active cations number than in

the case of both fluorapatite and wavellite, i.e., the turquoise

has in its structure two elements, copper and aluminium,
that contribute with positive charges. Therefore, the chemical

adsorption concurs with electrostatic repulsion, and the latter
is predominant.

Another notable aspect observed in Fig. 13(b) is the unal-
tered zeta potential for both concentrations of dodecylamine,
until the IEP. Additionally, between pH 2 and pH 9, the floatabil-
ity increases gradually at the 1 x 10~* M concentration. Above
pH 9, the interaction between collector and mineral surface
causes the rapid rise in floatability. At the 1 x 10~3M concen-
tration, this increase is observed above pH 6. The zeta potential
is reversed above the IEP in the presence of dodecylamine,
achieving high positive values joint to high floatability val-
ues, indicating the hemimicelle formation. Therefore, it can be
concluded that the electrostatic mechanism becomes essen-
tial.

Until pH 9, the turquoise floatabilities with dodecylamine
are result of interactions between amine dissociated species
and active sites at the turquoise surface, probably by elec-
trostatic and chemical interactions. Above this pH value, the
floatability values near 100% could also be explained by pre-
cipitation of amine colloids onto the mineral surface. The zeta
potential curves in Fig. 13(b) show the continuous increase
where the critical pH of precipitation and the PZC of the amine
colloids occur. Above pH 11, where the PZC of the amine
occurs, the floatability decreases abruptly, as a result of the
sign reversal of the precipitated colloid surface charge.

In Fig. 14 are presented the results of turquoise floatability
in the presence of amylopectin. The floatability with octy-
lamine decreases from 93% in the absence of amylopectin, to
30% in the concentration 80 mg/L. The same behaviour was
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observed for dodecylamine, where the floatability decreases
from 83% to 30%.

One hypothesis for the depressant effect of amylopectin
onto turquoise is the formation of complexes through the
amylopectin hydroxyl groups and Cu and Al cations (Cu?*,
Al3*, Al(OH),*, and Al(OH)?*), on the mineral surface, favour-
ing the depression. As reported by Nunes et al. [13], turquoise
has two elements that contribute to positive charges in its
structure, as potential determining ions - PDI, namely, copper
and aluminium. Wavellite has only aluminium as its cationic
PDI. Besides, the apatite, composed mainly of fluorapatite,
presented a negative surface charge in the full pH range evalu-
ated, and has only species Ca?* as cationic PDI [13]. Therefore,
the amount of the cationic species in phosphate crystal struc-
tures seems to be a considerable explanation to the different
results in presence of amylopectin obtained for the fluorap-
atite, wavellite, and turquoise: higher cation amounts lead to
higher starch adsorption, improving the depressant effect.

This hypothesis can be reinforced by the effects of cation
concentrations on the selective flocculation of different ores
using starch [34-36]. Using natural iron ores in a pilot-scale
desliming thickener, Haselhuhnt and Kawatra [35] verified
that increases in the calcium concentration within the pro-
cess water resulted in higher metallurgical recoveries. Eisele
et al. [37] verified that in the filter cake of the magnetite con-
centrate, the calcium concentrations were 565 times higher
than in the filtrate water. These results indicate the strong
starch adsortpion induced by cations amounts present in the
systems, improving the aggregation processes.

4, Conclusions

The fluorapatite floatability in the 1x10*M octylamine
solution presented low values. The floatability values with
dodecylamine can exceed between 30% and 90% the floata-
bilities with octylamine. Besides, while in the octylamine
solutions the fluorapatite charge remains negative, with dode-
cylamine the zeta potential changes sign from negative to
positive until approximately pH 12, evidencing the strong
dependence of the surfactant adsorption on chain length. The
fluorapatite floatability was not significantly affected by the
presence of amylopectin.

The high wavellite floatabilities with dodecylamine below
its IEP can be ascribed to hydrogen bonds between neutral
surface sites of wavellite and amine dissociated species. How-
ever, the onset of rise in the floatability at the 1x 104 M
occurs only pH 7.0, where the surface becomes more nega-
tively charged, evidencing the strong role of the electrostatic
mechanisms. Besides, the dodecylamine reverses the wavel-
lite surface charge until pH 11.5, evidencing a hydrophobic
surface after longer hydrocarbon chain adsorption. The amy-
lopectin presented moderate depressant effect on wavellite in
the presence of octylamine. However, this reagent was com-
pletely ineffective using dodecylamine as collector.

As already proposed for the wavellite-octylamine system,
the turquoise floatability can also be due to the adsorption,
via hydrogen bonds, of amine dissociated species onto neu-
tral sites containing aluminium and copper. Above the IEP,
the zeta potential is reversed, achieving high positive values
jointly the high floatability values, indicating hemimicelle for-
mation and the dependence of floatability on hydrocarbon
chain length. The turquoise floatability decreases from 93%
in the absence of amylopectin, to 30% in the concentration
80mg/L, using octylamine. For dodecylamine, the floatabil-
ity decreases from 83% to 30%. Therefore, the amount of the
cationic species in phosphate crystal structures seems to be
an explanation for the results in the presence of amylopectin.
The higher cation amounts lead to higher starch adsorption,
improving the depressant effect.
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