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Zeta potential measurements were used to assess the electrokinetic characteristics of chalcopyrite,
molybdenite and pyrite in the presence of biosolids and their main components (humic acids, glucose
and serum albumin) as well as a commercial collector (Aero 6697). Fourier transform infrared spec-
troscopy (FTIR) was then used to gain a deeper understanding of the interaction of these compounds with
these sulfide minerals. It aims to achieve a better understanding of the surface chemistry of sulfide–water
interfaces that improve froth flotation at industrial scale in the step of copper sulfide ore concentration.
Zeta potential results show that hydrogen and hydroxide ions are potential determining ions for each sul-
fide mineral studied. The addition of 50 g/t biosolids or all the other chemicals used in this investigation
shift the isoelectric point of chalcopyrite. Under the same conditions, only humic acid significantly affects
the zeta potential of molybdenite, making it more negative in the pH range investigated, and shifting its
isoelectric point about 6 pH units. These compounds seem to have a poor affinity with pyrite surfaces
because their zeta potential is slightly modified. FTIR spectroscopy characterization shows that biosolids
and their main components can interact with chalcopyrite, molydenite and pyrite surfaces through a
complex mechanism involving chemical or physical linkages. The results reported here seem to indicate
that biosolids may be used as new environment-friendly froth flotation agents to concentrate copper and
molybdenum sulfide minerals.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Both copper oxides and sulfides ores have been concentrated by
froth flotation in Chile and throughout the world for many years.
However, the concentration of copper sulfides ores is by far more
intensive than that of copper oxides (Bulatovic, 2007; Cochilco,
2012). In copper sulfides ores, the main valuable copper sulfide
mineral is chalcopyrite (CuFeS2). Another valuable sulfide they
often contain is molybdenite (MoS2). However, these ores also
contain varying amounts of non-valuable and undesired pyrite
(FeS2) (Bulatovic, 2007).

According to statistics from Cochilco (Chilean Copper
Commission, 2013), in the year 2012 the copper mining operations
had an annual handling capacity to concentrate 450 million tonnes
of copper sulfide ore by froth flotation, yielding 3.7 million tonnes
of fine copper. It is projected that for the year 2021, the installed
capacity to process copper sulfide ores will increase to 1200 mil-
lion tonnes and fine copper production will reach 6.8 million
tonnes. However, during the period 2004–2013, the copper grades
of Chilean copper sulfide ores decreased from 1.16% Cu to 0.90% Cu
(Cochilco, 2013). Therefore, the projected copper production and
the decreased copper grades of copper sulfides ores will result in
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a greater consumption of water, energy and chemical reagents. In
particular, the consumption of collectors, frothers and modifiers
in froth flotation is increasing because higher amounts of
low-copper grade ore are processed. Consequently, the evaluation
of new environment-friendly froth flotation agents, such as bioso-
lids and their main components, may help to make froth flotation
plants more efficient and reduce their damage to the environment.

The typical chemical composition of stabilized biosolids is
highly diverse; however, their main components are humic sub-
stances (fulvic and humic acids), proteins (aminoacids), polysac-
charides (sugars) and to a lesser extent nucleic acids (Baham and
Sposito, 1982; Escudey et al., 2004; Eskicioglu et al., 2006;
Parnaudeau and Dignac, 2007; Ras et al., 2008; Reyes-Bozo et al.,
2011a). Therefore, biosolids, humic acids, a-D-glucose and bovine
serum albumin were used to evaluate the interactions of biosolids
with sulfide minerals.

Electrokinetic studies of chalcopyrite, molybdenite and pyrite
are important for the development of their effective separation
by froth flotation during the concentration of copper sulfide ores.
Compared with the well-known electrokinetic behavior of oxides,
that of sulfide minerals is less well understood, and different iso-
electric points (IEP) are reported in the literature. In the case of
chalcopyrite, for example, an IEP at around pH 3.0 has been
reported by Rath et al. (2001), but Mitchell et al. (2005) have
reported an isoelectric point at pH 5.5 for a chalcopyrite sample
containing 65% chalcopyrite. For pyrite, Mitchell et al. (2005) and
Patra and Natarajan (2006) have reported an isoelectric point at
a pH between 2 and 2.5. Liu and Huang (1992) report that pyrite
and molybdenite have an isoelectric point at pH values smaller
than 3.0. The main reason for these inconsistencies is that a num-
ber of factors affect the electrokinetic behavior of sulfide minerals
such as surface oxidation, lattice defects, cationic charge, photoir-
radiation and sample pretreatment (Fuerstenau and Mishra,
1980; Liu and Huang, 1992).

The aim of this research work was to delineate the effect of the
interaction of biosolids and their main components on the elec-
trokinetic characteristics of chalcopyrite, molybdenite and pyrite,
using zeta potential measurements and Fourier transform infrared
spectroscopy (FTIR) analysis. A better understanding of the
surface chemistry of these sulfide minerals in the presence of bio-
solids and their main components may aid to make the industrial
froth flotation of copper sulfides ores a more efficient and
environment-friendly process.
2. Materials and methods

2.1. Chalcopyrite, molybdenite and pyrite samples

Chalcopyrite and pyrite mineral specimens were obtained from
División Los Bronces (Anglo American, Chile), while a molybdenite
concentrate sample was supplied by Molymet (Santiago, Chile).
Samples of chalcopyrite and pyrite were ground in an IKA MF 10
Basic Microfine grinder apparatus. The ground mineral samples
were then sieved for 6 min in a Rotap (W.S. Tyler Model Number
RX-29-10) to obtain 75-106 lm (�140 +200 mesh) size fractions
for Fourier transform infrared spectroscopy (FTIR) analysis and
zeta potential measurements.

The mineralogical compositions of chalcopyrite, molybdenite,
and pyrite samples were determined by an accredited laboratory
(Laboratory MAM Ltda., Chile) following standard methods accord-
ing to Gaines et al. (1997). Elemental chemical analyses were also
performed for each of these mineral samples. The metal contents
were determined by atomic absorption spectrophotometry with a
Perkin Elmer Analyst 300 apparatus. Dumas combustion method
was used to quantify sulfur contents. Further, X-rays diffraction
(XRD) analyses were performed with a Siemens D5000 diffrac-
tometer (k: 1.5406 Å, 0.02� each 2 s, temperature 24 �C).
Diffractograms were interpreted through Diffract Plus v.15 soft-
ware and JCPDS-ICDD (2009), PDF-2 database.

The elemental chemical analysis of chalcopyrite reports 21.5%
copper, 30.2% iron, 26.2% sulfur and 0.01% molybdenum.
Mineralogical analyzes indicate that the chalcopyrite sample con-
tains 65.4% chalcopyrite, 13.4% pyrite, 9.9% magnetite and 10.2%
nonmetallic gangue minerals. The diffractogram of the chalcopy-
rite sample (not included) shows that chalcopyrite (CuFeS2) and
pyrite (FeS2) are the main components of this mineral sample.
Quartz (SiO2) and iron oxide (Fe3O4) are also detected in this
diffractogram.

The elemental chemical analysis of molybdenite reports 0.2%
copper, 0.6% iron, 61.4% sulfur and 37.7% molybdenum. The molyb-
denite sample was found to contain 98.7% MoS2, and minor
amounts of chalcopyrite (0.6%) and nonmetallic minerals (0.7%).
XRD shows only the presence of molybdenum sulfide (MoS2).

The elemental chemical analysis of pyrite reports 0.2% copper,
46.8% iron, 47.5% sulfur and 0.01% molybdenum. The purity of
the pyrite sample was found to be 95.8%, with minor contents of
chalcopyrite (0.5%) and nonmetallic minerals (3.2%). The diffrac-
togram of pyrite indicates that this mineral is the main component
of this sample, with minor amount of quartz (SiO2).
2.2. Biosolids and their main components

Biosolids used in this research work were obtained from a
wastewater treatment plant (Essbio, Concepción, Chile) where
the biological removal of organic load was performed using acti-
vated sludge technology. This biosolids sample was ground in a
mortar, and then homogenized and sieved to a fraction smaller
than 1 mm. Biosolids samples were physically and chemically ana-
lyzed in certified laboratories (Análisis Ambientales and
Laboratorio de Suelos y Análisis Foliar, PUCV). Biosolids contained
66.5% organic matter, and their aqueous suspensions (1:2.5
solid:water ratio) had a pH of 7.8 and an electrical conductivity
of 7.2 mS/cm. The total content of Cu = 280.8, Fe = 5652.2,
Mo = 2.6 and P = 13148.3, expressed as mg/kg. All metal contents
were determined by atomic absorption spectrophotometry with a
Perkin Elmer Analyst 300 apparatus. The content of humic sub-
stances, quantified by standard method (Sadzawka et al., 2006),
was 10.6% fulvic acid, 2.5% humic acids and 27.8% humins.

a-D-glucose and bovine serum albumin (both from Aldrich)
were used as sugars and protein representatives contained in the
biosolids. A commercial sodium salt of humic acid (Aldrich) was
used as representative of humic substances present in the bioso-
lids. According to Pandey et al. (1999), humic acid has a character-
istic composition of 44.67% organic carbon, 5.87% hydrogen, 4.88%
total nitrogen, 43.9% oxygen, and 0.58% ash with a total acidity of
12.3 mol/kg. The concentration of functional groups such as –
COOH and phenol (–OH) was 4.1 and 8.2 mol/kg, respectively.
2.3. Zeta potential measurements

The interaction of the surfaces of chalcopyrite, molybdenite and
pyrite with biosolids and their main components (i.e., sugars, pro-
teins and humic substances) was investigated through zeta poten-
tial measurements. For the zeta-potential measurements, 0.2 g of
sulfide mineral was dispersed in 200 mL of 1.0 mM KNO3 solution
and sonicated for two minutes. Then, the suspension was condi-
tioned for five minutes upon the addition of the biosolids, their
main components or chemical collector to be tested, at a concen-
tration of 50 g/t. Typical collector dosage used at plant-scale oper-
ations range between 10 and 100 g/t (Thomas, 2010). Then, a



Fig. 1. The zeta potential of chalcopyrite, molybdenite and pyrite as a function of
pH at constant ionic strength of 1.0 mM KNO3. Figure shows the average value
(n P 20) and standard error is within the symbols. Lines not necessarily represent
linear trends.
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dosage of 50 g/t, within the range used in industrial operations,
was first selected for zeta potential experiments.

The ionic strength of these dispersions was maintained constant
at 1.0 mM with KNO3. All electrokinetic measurements were made
using an auto-sampler with a zeta-meter (Zeta Meter, Inc., USA).
The pH was adjusted by adding 0.1 M KOH or 0.1 M HNO3 solu-
tions. The reported pH corresponds to the measurements obtained
after the overall conditioning process. Reported zeta potential val-
ues are the average of at least 20 measurements. The reliability of
the Zeta Meter apparatus was periodically verified by calibration
against a standard test colloid (Min-U-Sil, colloid supplied by the
manufacturer, Zeta Meter, Inc., USA). Min-U-Sil maintained a con-
stant zeta potential of �56 ± 3 mV over a wide range of concentra-
tion when suspended in distilled water. The standard deviation of
these measurements was lower than 5%.

As a positive control, an industrial chemical collector reagent
(Aero 6697 promoter, Cytec), was used for comparison. This
collector, an alkyl monothiophosphate, has a specific gravity of
1.14 (@ 20 �C), pH > 13, viscosity of 15-35 (cps @ 20 �C), and it is
completely soluble in water. Cytec reports that a common dose
of 5–100 g/t of Aero 6697 is used to concentrate copper and pre-
cious metals (Thomas, 2010).
2.4. Preparation of mineral samples for characterization with FTIR
spectroscopy

For Fourier transform infrared spectroscopy (FTIR) analyses,
0.5 g of chalcopyrite, molybdenite, or pyrite was dispersed in
5 mL of double-distilled water. Then, 50 g/t of Aero 6697 promoter,
biosolids, a-D-glucose, bovine serum albumin or sodium salt of
humic acid were added and the suspension conditioned for
30 min under agitation at 250 rpm. The pH was then adjusted to
10 with NaOH aliquots and the suspension conditioned for 24 h
under agitation at 250 rpm. Mineral control samples were condi-
tioned following the described procedure, but without the addition
of biosolids or chemical compounds to be tested as possible flota-
tion collectors. At the end of the conditioning period, all mineral
samples were washed 5 times with double-distilled water to
remove physically adsorbed chemicals on the surfaces of the sul-
fide minerals investigated. Washing involved 5 min sonication
and 20 min of centrifugation at 2500 rpm. All samples were dried
under vacuum for 48 h.

Pellets for FTIR spectroscopy analysis were prepared by mixing
1 mg of the mineral sample to be tested with 100 mg of dry KBr
(KBr spectroscopic, Merck). The samples were analyzed in tripli-
cate on a Bruker Vector 22, reporting the region between 4000
and 500 cm�1, using 16 scans every 10 s.

A deconvolution process, by using Gaussian curves, was per-
formed in the sulfates regions to obtain a measure of the concen-
tration of sulfates before and after treatments on each
experimental run. The software Igor 5.0.2.0 was used for this task.
This measure was used to calculate percentage of signals modified
on each treated sample.
3. Results and discussion

3.1. Zeta potential

The zeta potential of chalcopyrite, molybdenite and pyrite min-
erals was first determined as a function of pH, open to the atmo-
sphere, at a fixed ionic strength of 1.0 mM KNO3 in the absence
of biosolids or their main components, and these results are pre-
sented in Fig. 1. This figure shows that the zeta potential of these
minerals depends on the pH: it is positive at low pH values, goes
through zero and becomes negative as the pH increases.
Therefore, hydrogen and hydroxide ions are potential determining
ions for these sulfide minerals. According to the zeta potential
results plotted in Fig. 1, the isoelectric point (IEP) of chalcopyrite
occurs at pH 3.9, that of molybdenite at pH 9.1, and that of pyrite
at pH 8.1.

The IEP of the chalcopyrite sample used in this investigation is
close to the value reported by other researchers, namely around pH
3.0 (Rath et al., 2001). However, Mitchell et al. (2005) have
reported an isoelectric point at pH 5.5 for a chalcopyrite sample
containing 65% chalcopyrite. This chalcopyrite content is equal to
that of the sample used in this research work. In addition to the
purity of the mineral sample, it is well known that the IEP reported
for the same sulfide mineral depends on factors such as surface
oxidation, pre-treatment and preparation of the sample (Steger
and Desjardins, 1978; Sutherland and Wark, 1955). Das et al.
(1997), have also reported a significant effect of the solid:liquid
ratio on the IEP of freshly ground and aged chalcopyrite samples.

The isoelectric point of natural molybdenite has been reported
to occur in the pH range between 1.5 and 4.0 (Healy and
Fuerstenau, 2007; Liu and Huang, 1992). Synthetic molybdenite
also shows an IEP within this pH range, namely 2.8 (Gil-Llambías
et al., 1984). Because the IEP of sulfides depend on the source of
the mineral, the electrolyte and the method (i.e., electrophoretic
mobility, streaming potential, etc.) used, and the preparation of
the sample, among other factors, it is not surprising that the IEP
of the molybdenite concentrate used in this research work (at pH
9.1) is in sharp disagreement with the values reported by other
researchers for non-floated samples of molybdenite.

Mitchell et al. (2005), Patra and Natarajan (2006), and
Reyes-Bozo et al. (2011b) have reported that the isoelectric point
of pyrite occurs between pH 2 and pH 2.5. Liu and Huang (1992)
have reported that pyrite has an isoelectric point at pH values
smaller than 3.0. Fuerstenau and Mishra (1980), however, reported
that the isoelectric point of pyrite occurs at pH 7 when the mineral
sample is conditioned open to the atmosphere for a period
between 1 h and 24 h in the presence of two different concentra-
tions of NaNO3. Earlier, Gaudin and Sun (1946) reported an isoelec-
tric point at pH 6.4 for pyrite. These different IEP of pyrite, as well
as the one found in this research work (IEP at pH 8.1), result from
the different factors that affect the electrokinetic behavior of sul-
fide minerals.

Fig. 2 presents the zeta potential of chalcopyrite as a function of
pH in the absence and presence of an initial concentration of 50 g/t
of a-D-glucose, bovine serum albumin, sodium salt of humic acid,
biosolids or Aero 6697 promoter. As can be seen in this figure, bio-
solids as well as all the other chemicals used in this investigation



Fig. 2. The zeta potential of chalcopyrite in the absence and presence of an initial
concentration of 50 g/t glucose, bovine serum albumin, sodium salt of humic acids,
biosolids or Aero 6697. Figure shows the average value (n P 20) and standard error
is within the symbols. Lines not necessarily represent linear trends.

Fig. 3. The zeta potential of chalcopyrite as a function of pH in the absence and the
presence of two different initial dosages of sodium salt of humic acids: 50 g/t and
500 g/t. Figure shows the average value (n P 20) and standard error is within the
symbols. Lines not necessarily represent linear trends.

Fig. 4. The zeta potential of molybdenite as a function of pH in the absence and the
presence of glucose, bovine serum albumin, sodium salt of humic acid, biosolids and
Aero 6697, all at an initial dosage of 50 g/t. Figure shows the average value (n P 20)
and standard error is within the symbols. Lines not necessarily represent linear
trends.
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shift the isoelectric point of chalcopyrite. With the initial concen-
tration of biosolids, bovine serum albumin or Aero 6697 used in
this research work, the isoelectric point of chalcopyrite occurs at
pH 6.5. At this same concentration of glucose and sodium salt of
humic acid, the IEP of chalcopyrite occurs at pH 3 and pH 2.5,
respectively.

The sodium salt of humic acid makes the zeta potential of chal-
copyrite more negative. Because the molecular structure of this
organic compound contains carboxylic acid functional groups
(von Wandruszka, 2000), whose pKa occurs at about pH 4, the
more negative zeta potential of chalcopyrite in the presence of
the sodium salt of humic acid may be associated to the adsorption
of the anionic carboxylate functional groups of the humic com-
pound on the metal sites of chalcopyrite. Pandey et al. (2000) have
reported that both Cu (II) and Fe (II) form coordination complexes
with humic acids.

Previous studies have revealed that in a copper sulfide ore froth
flotation plant, total or partial replacement of the main industrial
collector (i.e., xanthate) by humic acids is possible (Reyes-Bozo
et al., 2014a). At laboratory scale, humic acid and a mixture of
humic acid and industrial collector give similar metallurgical indi-
cators, namely copper recovery and grade of the concentrate.
Further, humic acids exhibit similar collector ability for chalcopy-
rite and molybdenite as that of an industrial collector reagent
(for example, Aero 6697 promoter or a xanthate type collector)
whereas biosolids show more affinity for pyrite (Reyes-Bozo
et al., 2014b).

Therefore, the effect of the initial concentration of the sodium
salt of humic acids on the zeta potential of chalcopyrite, molybden-
ite and pyrite was evaluated by conditioning the mineral with
50 g/t and 500 g/t of humic acids. This second dosage was used
to investigate the effect that an excess of this chemical would have
on the zeta potential of the sulfide minerals used in this research
work.

Fig. 3 shows the zeta potential of chalcopyrite when two differ-
ent initial dosages of sodium salt of humic acid are added. A
ten-fold increase in the initial concentration of humic acids shifts
the isoelectric point of chalcopyrite below pH 2 and makes its zeta
potential significantly more negative between pH 3 and pH 10.
Again, this significant increase of the negative zeta potential of
chalcopyrite in the presence of 500 g/t of sodium salt of humic acid
seems to be related to the adsorption of the carboxylate functional
groups of the humic compound on the copper and iron sites of
chalcopyrite. Laskowski and Yu (1994) have also reported that
the adsorption of humic acids changes the zeta potential of a min-
eral, making it more negative.
Fig. 4 presents the zeta potential of molybdenite as a function of
pH, when a 50 g/t dosage of a-D-glucose, bovine serum albumin,
sodium salt of humic acid, biosolids or Aero 6697 promoter is
added. Only the sodium salt of humic acid has a significant effect
on the zeta potential of molybdenite, shifting the isoelectric point
from pH 9.1 to pH 3.6. This value of the IEP of molybdenite in the
presence of the sodium salt of humic acid is very close to the pKa of
carboxylic acid, namely about pH 4. The negative zeta potential of
molybdenite in the presence of humic acid suggests the adsorption
of humic molecules, through their carboxylate anionic functional
groups, at molybdenum surface sites.

According to the zeta potential results presented in Fig. 4, Aero
6697 promoter does not interact strongly with molybdenite
surfaces. This electrokinetic behavior of molybdenite correlates
well with industrial flotation results that indicate that the reagent
Aero 6697 has greater affinity and selectivity for copper-containing
species (Thomas, 2010).

Fig. 5 shows that the addition of 500 g/t of sodium salt of humic
acid shifts the isoelectric point of molybdenite to a more acid pH:
to about pH 2. Similar to the zeta potential of chalcopyrite under
these conditions, the adsorption of humic molecules makes the
zeta potential of molybdenite significantly more negative in the
whole range of pH investigated. These zeta potential results clearly
indicate that humic molecules have a strong affinity for molybden-
ite surfaces, and that their adsorption onto molybdenite seems to



Fig. 5. The zeta potential of molybdenite as a function of pH in the absence and the
presence of two different initial dosages of sodium salt of humic acid: 50 g/t and
500 g/t. Figure shows the average value (n P 20) and standard error is within the
symbols. Lines not necessarily represent linear trends.

Fig. 7. The zeta potential of pyrite as a function of pH in the absence and presence
of two different initial concentrations of sodium salt of humic acid: 50 g/t and
500 g/t. Figure shows the average value (n P 20) and standard error is within the
symbols. Lines not necessarily represent linear trends.
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take place through the interaction of the carboxylate anionic
functional groups with molybdenum surface sites.

Fig. 6 presents the zeta potential of pyrite as a function of pH in
the absence and the presence of an initial concentration of 50 g/t
a-D-glucose, bovine serum albumin, sodium salt of humic acid, bio-
solids or Aero 6697 promoter. The results shown in Fig. 6 indicate
that the zeta potential of pyrite becomes slightly more negative
between pH 7 and pH 10 when this dosage of biosolids and chem-
ical compounds is used. These results suggest a poor affinity
between pyrite surfaces and these compounds, unlike the zeta
potential of chalcopyrite under the same conditions.

When the initial dosage of the sodium salt of humic acid is
increased from 50 g/t to 500 g/t, Fig. 7 shows that the isoelectric
point of pyrite shifts to a significantly more acid pH, namely about
pH 2. Similar to the zeta potential of chalcopyrite and molybdenite
under the same conditions, this initial dosage of sodium salt of
humic acid makes the zeta potential of pyrite more negative
between pH 2 and pH 7. These results suggest the adsorption of
humic acid on pyrite, most likely through the interaction of the
anionic carboxylate functional groups with the iron surface sites.

3.2. Fourier transform infrared spectroscopy (FTIR) analyses

FTIR spectroscopy was used to characterize chalcopyrite,
molybdenite and pyrite before and after conditioning in solutions
of biosolids, a-D-glucose, bovine serum albumin, sodium salt of
Fig. 6. The zeta potential of pyrite as a function of pH in the absence and the
presence of an initial concentration of 50 g/t glucose, bovine serum albumin,
sodium salt of humic acid, biosolids or Aero 6697. Figure shows the average value
(n P 20) and standard error is within the symbols. Lines not necessarily represent
linear trends.
humic acid, or Aero 6697 in order to gain a better understanding
of the interaction of these sulfide minerals with these different
compounds.

Discussion and interpretation of FTIR spectra are based on the
peaks assigned to the different sulfate species reported in the liter-
ature. As described by Steger and Desjardins (1978) and Sutherland
and Wark (1955), sulfates can be formed from the oxidation of
chalcopyrite, molybdenite and pyrite. Pure metallic signatures of
mineral samples cannot be observed on the wave-range considered
in the present study since the vibrations of metallic components
tend to be present at the lower energetic range (molybdenite
MoS2 � 470 cm�1 (Liu et al., 2012); pyrite FeS2 � 420 cm�1

(White and Roy, 1964)). Nevertheless, as will be described on the
following section, sulfate signatures from chalcopyrite, molybden-
ite and pyrite have been identified and could be used for analyses
that, as focused on in the present work, tend to report the presence
of molecular interactions involved among the reagents used and
the surfaces of the minerals under consideration. For example,
the adsorption of humic substances on pyrite was studied. The
interaction between humic acid and pyrite was irreversible and
their adsorption blocked the electrochemical activity of pyrite
(Acai et al., 2009). Therefore, biosolids that contain humic sub-
stances should interact with sulfides mineral, such as pyrite.
Furthermore, given the organic nature of the reagents evaluated,
the FTIR wave-range considered (4000–500 cm�1) is ideal for iden-
tifying chemical interactions, by evaluating the formation of
metal-organic species over the mineral surfaces.

Figs. 8–10 show the FTIR results obtained by using the proce-
dure previously described. As observed in the figures, CuFeS2 and
FeS2 pure samples spectra (upper spectrum in each corresponding
figure) indicate the presence of pure sulfates, water, ammonium
ions, carbonate and/or quartz. In the case of MoS2 concentrate,
its FTIR spectrum indicates the presence of water and sulfates only.

As can be observed in Figs. 8–10, between 1250 cm�1 and
900 cm�1 there is a considerable concentration of signals related
to sulfates which could come from hydroxyl ferric sulfate, ferric
sulfate, hydrated ferric sulfate, ferrous sulfate, ferric sulfate clus-
ters, hydrated ferrous sulfate, and hydrated ferrous sulfates for
minerals containing iron ions (Derycke et al., 2013); sulfates with
copper ions also produce vibrations in the similar range and given
the relatively small differences in electronegativity, vibrations
could overlap with those from sulfates with iron ions, especially
with those with the same oxidation state.

In the present analyses, only the most intense signals were con-
sidered and compared with the work of Derycke et al. (2013),
Haber (1977), and Miller and Wilkins (1952). Derycke et al.



Fig. 8. Fourier Transformed Infrared (FTIR) spectra of chalcopyrite before and after conditioning in aqueous solutions of glucose, bovine serum albumin, sodium salt of humic
acid, biosolids or Aero 6697 promoter at an initial concentration of 50 g/t.

Fig. 9. Fourier Transformed Infrared (FTIR) spectra of molybdenite before and after conditioning in aqueous solutions of glucose, bovine serum albumin, sodium salt of humic
acid, biosolids or Aero 6697 promoter at an initial concentration of 50 g/t.
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(2013) have considered only sulfate ion interactions with iron ions
whereas Haber (1977) and Miller and Wilkins (1952) have also
considered the interaction of sulfate ions with surface copper ions.

As observed in Fig. 8, which corresponds to chalcopyrite, the
stronger signals could correspond to ferrous sulfate and hydrated
ferric sulfate (1147 cm�1); ferrous sulfate, ferric sulfate, and
hydrated copper sulfate (1120 cm�1); ferric sulfate (1040 cm�1);
anhydrous ferrous sulfate (993 cm�1); and hydrated ferrous sulfate
and copper sulfate (960 cm�1). For the FeS2 samples, the main
peaks correspond to hydroxyl ferric sulfate (1230 cm�1), ferric sul-
fate (1176 cm�1), ferric sulfate cluster (1140 cm�1), ferrous
sulfate (1089 cm�1) and hydrated ferric sulfate 1020 (cm�1).
Non-hydrated ferric sulfates possess strong vibrations in the
1200 cm�1 range, and, as observed in Fig. 8, there is almost no exis-
tence of these vibrations. The lack of these signatures implies that
signatures should preferentially come from hydrated species and
ferric sulfates. On the other hand, Figs. 9 and 10 show the presence
of vibrations in this range, which supports the existence of lower
hydrations of sulfate species. Copper sulfates (hydrated and
non-hydrated) also show strong vibrations in the 1200 cm�1 range.
The small presence of these vibrations implies that copper species
could show higher resistance to oxidation, which is supported by
documented information of oxidation of mineralogical sulfide spe-
cies (Steger and Desjardins, 1978; Sutherland and Wark, 1955)
which describes a higher oxidation tendency of species with iron
ions. Further, for the MoS2 sample, only an analogical assignation
was performed, but the described signals correspond to sulfates.

Once the individual spectra were analyzed, the pure CuFeS2 pic-
togram described broad bands, which could be related to metallic
amides or carbonate. Metallic amides could be related to impuri-
ties present in the treated samples. Nevertheless, since pure com-
ponents also present these vibrations, the possible existence of
metallic amides vibrations assignation are relatively smaller. As
presented in the work of Derycke et al. (2013), vibrations in the



Fig. 10. Fourier Transformed Infrared (FTIR) spectra of pyrite before and after conditioning in aqueous solutions of glucose, bovine serum albumin, sodium salt of humic acid,
biosolids or Aero 6697 promoter at an initial concentration of 50 g/t.

Table 1
Percentages of sulfates signal modification by the different treatments.

Collectors Sulfide minerals

Chalcopyrite
(CuFeS2)

Molybdenite
(MoS2)

Pyrite
(FeS2)

Pure 0.0 0.0 0.0
Aero 6697 promoter 52.2 62.4 72.1
a-D-glucose 19.5 48.7 42.7
Bovine serum

albumin
46.4 63.1 20.9

Humic Acids 60.2 13.6 28.8
Biosolids 40.1 40.6 �5.9
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range of 3550 cm�1 and 3405 cm�1 could come from lattice water
or other hydroxyl groups. These vibrations are considerable
removed from after treatment which could imply a considerable
removal of hydroxyl groups from lattice structures or hydrated
species. Additionally, the signals related to carbonate (or metallic
amides) (�1420 cm�1) were partially eliminated. In the case of
pure FeS2, the shoulders observed in the same regions also indicate
the presence of amides ammonium ions, but their signals intensity
are considerably smaller (they follow the same tendency after
treatments with the different solutions).

The bottom spectra of each figure shows the result obtained
after the samples were treated with the industrial chemical collec-
tor (Aero 6697 promoter, Cytec). As observed, and visually com-
pared with the other treatments (middle spectra obtained with
glucose, bovine serum albumin, humic acids and biosolids), the
industrial collector showed a considerable modification of the con-
centration of sulfates of the treated minerals, with the exception of
MoS2. This behavior was expected since in industrial systems the
reagent Aero 6697 promoter has greater affinity for
copper-containing species with respect to new reagents evaluated
(Thomas, 2010).

On the other hand, treatment with glucose, bovine serum albu-
min, sodium salt of humic acid and biosolids also described a
reduction of signals, specifically, in the case of FeS2, the most
affected signals were the ferric sulfate cluster and the ferric sulfate.
However for the CuFeS2, the hydrated ferric sulfate (1147 cm�1)
and the ferrous and ferric sulfate (1120 cm�1) signals intensities
were the most different. Finally, the MoS2 sample did not describe
a specific reduction of sulfate signals; instead, a full reduction of
each signal was observed. This behavior indicates that all the col-
lectors can chemically or physically interact with the surface of
the sulfide mineral evaluated.

A full comparison of the areas between the pure samples and
the treated samples was performed. Table 1 shows the results
obtained and gives the percentage of extraction of the sulfates con-
sidered between the 1280 cm�1 to the 900 cm�1. As observed in
the table, the industrial chemical collector produced the highest
degree of sulfate extraction, while the other reagents showed
smaller capabilities of extraction but their selection depends of
the sulfate nature. Biosolids showed a relative increase (negative
value). This gas correlated to a modification of the nature of the
sulfates to a more intense ferrous sulfate, which could have a
higher absorption IR coefficient.
4. Conclusions

The interaction of biosolids and synthetic compounds represen-
tative of their main components, namely a-D-glucose, bovine
serum albumin and sodium salt of humic acid, as well as Aero
6697 promoter, with the surfaces of chalcopyrite, molybdenite
and pyrite was investigated through zeta potential measurements
and Fourier transform infrared spectroscopy. Zeta potential results
show that all of these compounds modify the electrokinetic behav-
ior of these sulfide minerals, and especially in the case of chalcopy-
rite and molybdenite. In particular, the sodium salt of humic acid
at an initial concentration of 50 g/t, makes the zeta potential of
chalcopyrite and molybdenite significantly more negative. This
electrokinetic behavior may be associated to the adsorption of
the anionic carboxylate functional groups of the humic compound
on the metal sites of sulfide minerals studied. FTIR spectra indicate
that the different compounds used in this research work interact
with the metallic surface sites of chalcopyrite, molybdenite and
pyrite, as deduced by the reduction of the corresponding sulfate
signatures.
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