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Abstract: One of the water constituents that has not been investigated in great detail for potential
detrimental effect on mineral flotation is organic matter. This study investigates the effect of natural
organic materials contained in water, such as humic, fulvic and tannic acids, on the flotation of copper
and molybdenum sulphides in alkaline conditions and in concentrations similar to those found in
natural waters. Results show that copper and molybdenum grades decreased with the addition
of humic, tannic and fulvic acid in that order, with a larger depression of molybdenite grade and
recovery. Adsorption studies using ultraviolet (UV)-visible spectroscopy and X-ray photoelectron
spectrometer (XPS) surface analysis confirmed that these organic materials were adsorbed on the
minerals surface. Complimentary analyses of froth characteristics, particle size distribution and
fine particles entrainment were also conducted to explain the cause of the negative effect of these
organic materials on flotation. The flotation results were explained in terms of the decrease in the
hydrophobicity of the mineral surfaces due to the adsorption of hydrophilic groups in these organic
materials which then prevent bubble-particle adhesion. The larger detrimental effect of humic acid is
due to its higher adsorption on the minerals, high molecular weight and carbon content compared
with the other organic acids used.
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1. Introduction

Organic matter (OM) is a constituent of all types of water and perhaps the most significant
impurity in water. Fresh water contains organic matter particulate, or dissolved and generally called
humic substances accounting for 40%-90% of the dissolved organic carbon (DOC), divided into two
main fractions, humic and fulvic acids [1,2]. Fresh water used in mineral processing and recycled
process water contains OM and also carries lingering organic compounds from residual reagents and
from the ponds themselves (runoff and sediments). Typical ranges of humic substances concentrations
in aquatic systems are 0.03-0.6 mg/L in ground waters, 0.5-4.0 mg/L in rivers and 0.5-40 mg/L in
lakes [1]. These organic matters are polyelectrolytes and organic acids with a high molecular weight,
presenting many functional groups (carboxylic, hydroxyl, phenolic, aromatic, quinone structures,
nitrogen, various aromatic rings and weak aliphatic acids) varying in form and structure depending
on environment conditions [3]. They exhibit high surface activity and have dispersant and flocculant
properties [4,5]. They were classified for their dispersant, depressant and flocculant properties [4] that
can interfere with flotation processes [5-8].

The interaction of OM with sulphide minerals and its effects on their flotation are little understood.
Although chalcopyrite recovery and grade are generally high in the flotation of most copper and
molybdenum ores, this is not the case for molybdenite, whose flotation is much lower and sensitive to

Minerals 2016, 6, 105; d0i:10.3390/min6040105 www.mdpi.com/journal/minerals


http://www.mdpi.com/journal/minerals
http://www.mdpi.com
http://www.mdpi.com/journal/minerals

Minerals 2016, 6, 105 20f 13

changes in hydrodynamic and pulp conditions in the flotation cell [9-12]. A few studies have reported
the deleterious effect of fulvic and humic acids on molybdenite flotation [13,14]. They showed that
organic species in water that originate from reagent and source of water (humic acids, tannics) act
as depressants of molybdenite. Hoover [13] presented an approach to the effect of water chemistry
on the flotation of molybdenite by emphasizing the presence of cations and colloidal material on
molybdenite surface. Indeed, positively charged divalent metal ions such as calcium or magnesium
were shown to act as a bridge and promote the adsorption of organic matter on iron hydroxide by the
formation of covalent bonds between carboxyl groups in organic matter and the metal hydroxyl at the
surface [15]. Various studies [16-18] showed that secondary municipal waste water used in Cu-Mo
flotation resulted in lower recovery rates and diminished froth characteristics. They also showed
that tertiary treatment of that waste water, foam fractionation (to remove surface-active material of
anionic species) and dilution with fresh water were necessary to overcome the problem. The depressive
effects of other organics such as lignosulfonate, dextrin, coconut sulphate oil, bacteria and starch on
copper and molybdenum minerals flotation have been reported in the literature [11,13,19-22]. These
organics have a negative effect on the flotation of other minerals such as pyrochlore [5,23], copper,
gold [24], sphalerite and galena [25]. Contrary to numerous results in the literature on the depression
of the flotation of sulphide minerals by hydrophilic macromolecules, recent results by Reyes-Bozo
and co-authors [26-28] have shown that biosolids, including humic acid, by interacting with sulphide
minerals (chalcopyrite and molybdenite) can improve their hydrophobicity, and therefore could be
used as an environment-friendly alternative collector and frother in the flotation of sulphide minerals.

Due to the discrepancies in the literature about the effect of these organics on mineral flotation,
the present study will compare the effects of the OMs, humic, fulvic and tannic acids, in different
concentrations in water, on the flotation of copper and molybdenum sulphide minerals in single
mineral and in ore experiments. The flotation results will be compared to the extent of OM adsorption
and to the species found on the mineral surfaces. Possible mechanisms of OM interaction with the
sulphide minerals surface will be discussed.

2. Materials and Methods

2.1. Materials

Single minerals of chalcopyrite and molybdenite were used. Chalcopyrite particles were produced
by grinding and sieving pure chalcopyrite (30.1% Cu, 32.1% S, 29.4% Fe from Moonta Bay, Australia) in
a ceramic mortar and pestle with a small amount of NaCl (10~2 M) solution as background electrolyte.
Molybdenite particles were obtained by sieving a high grade (MoS, > 95%) flotation concentrate
from a North American mine. The molybdenite particles were cleaned with n-propyl bromide >93%
(Ensolv) five times to remove the oil collector and washed several times with ethanol. Infrared and
XPS analyses revealed no trace of the collector or solvent on the molybdenite surface. Also, a typical
South American Cu-Mo sulphide ore (0.7% Cu, 0.66% Cu-S, 0.0103% Mo, and 3.62% Fe) was used
with mineralogical composition of quartz 45%, swelling clays 3%, kaolinite 2%, muscovite 34%,
plagioclase 2%, turmaline 4%, calcite/dolomite 1%, pyrite 7% and chalcopyrite 2%. A 1.5 kg sample
was ground to a Dgy of 150 pm in a rod mill.

Three different samples of OM were used in the flotation and adsorption experiments: humic
acid (HA) sodium salt from Aldrich (commercial grade), tannic acid (TA; standard grade) and fulvic
acid (FA) isolated from the Myponga reservoir in South Australia using two non-ionic resins. TA and
FA samples were provided by SA-Water, Adelaide. Their molecular weight and carbon content (C) are
shown in Table 1. Humic, tannic and fulvic acids are macromolecules mainly composed of aromatic
hydrocarbons with phenolic (pK, ~8-9) and carboxylic (pK, ~4) functional groups in humic and
fulvic acids but only phenolic groups in tannic acid [29,30]. In all the experiments, the OMs were
added before the collector to simulate environmental conditions where OMs are already present in the
process water.
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MilliQ water was used in all experiments. This water was produced by reverse osmosis, two
stages of ion exchange and two stages of activated carbon adsorption, with a final filtration through
a 0.22 pm filter. This water has a surface tension of 72 mN/m at 25 °C and a pH of 5.6 £ 1. Sodium
hydroxide (NaOH) was used as pH modifier.

Table 1. Molecular weight of organic matter (OM) and their carbon content.

Sample Humic Acid (HA)  Tannic Acid (TA)  Fulvic Acid (FA)
MW (g/mol) ~2000 1701 500-1000
C (mg/L) 592 510 340

2.2. Flotation Experiments

After grinding, five grams of chalcopyrite in the +38-75 um size fraction were transferred to
a 300 mL Instytut Metali Niezelaznych (IMN) mechanical flotation machine (IMN, Gliwice, Poland)
and the pulp was agitated by an impeller at 2000 rpm and with a gas flow rate of 1.0 dm3-min—! at
pH 9.3 for 2 min before addition of the collector, sodium isopropyl xanthate (SIPX; 7 g/t), and frother,
methyl isobutyl carbinol (MIBC; 15 g/t), with conditioning times of 2 and 1 min, respectively, before
flotation. For molybdenite, 1 g of +150 um particles was transferred to the flotation cell and conditioned
in water at pH 9.3. Collector (diesel oil; 7 g/t) and frother (MIBC; 15 g/t) were added 2 and 1 min
before the start of flotation, respectively. Four concentrates were collected at flotation times of 1, 3, 5
and 8 min (cumulative).

The flotation of the Cu-Mo sulphide ore (1.5 kg) was performed in a 4 L Denver flotation cell
(Denver Equipment Co., Charlotte, NC, USA) at a pulp density of 30 wt % solids and an air flow
rate of 8 L/min. The pulp was conditioned at pH 10.5 for 2 min with diesel oil (7 g/t) for Mo and
isopropyl ethyl thionocarbamate (7 g/t) as primary collector and sodium isopropyl xanthate (2.35 g/t)
as secondary collector for Cu before frother addition (alcohol mix of 7 g/t of Mcfroth H-75 and 7 g/t
of glycol Dow Froth 1012) and flotation. Concentrates were collected at 2, 6 and 15 min of flotation
(cumulative). After 4 min of flotation, 2.35 g/t of the secondary collector was added. All flotation tests
were performed in duplicate.

2.3. Particle-Bubble Stability Study

The critical amplitude of vibration for the detachment of a 350-425 pm chalcopyrite or
molybdenite particle from a 2 mm bubble in solution was measured using an electro-acoustic
technique [31,32]. With this technique, a 2 mm bubble was formed at the end of a capillary tube
attached to the membrane of a loudspeaker connected to an audio signal generator. The bubble is
contained in a rectangular glass cell (9 cm x 9 cm x 3.5 cm) containing water with 102 M NaCl in the
absence and presence of HA (10 and 20 mg/L) and collector (if required). One particle of chalcopyrite
or molybdenite was carefully attached to this bubble and the amplitude of vibration was increased
(at a fixed frequency of 50 Hz) until a critical amplitude is reached where the particle detached from the
bubble, referred to thereafter as the critical amplitude for detachment. The experiment was repeated
ten times for the same particle and for five randomly chosen particles to obtain the average critical
amplitude for detachment.

The detachment force of the particle can be calculated using Equation (1) [33]:

Faetmax = Fv,max + Fg = m(27'[f)2A + Fg, (1)

where Fymax is the maximum vibration force for the particle, Fg is the particle immersed gravity
force calculated by Equation (2), m is the particle mass (kg), A is the measured critical amplitude for
detachment (in meter) and f the frequency of vibration (50 Hz).
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Fy = 27Rp° (p — pw)g, @)

where py, and p are the density of water (1 g/cm3) and particle (4.19 g/cm3 for chalcopyrite; 4.75 g/cm?
for molybdenite), respectively, and R;, is the particle radius (194 4 5 um, the average of the radius of
the 5 particles used, measured by optical microscopy after the experiment). A particle will detach form
a bubble if the force of detachment (F4.;) exceeds the force of attachment (Fq;) [34].

Fyet = Fat = ORp (1 — cosB) (©)]
where o is the liquid-gas surface tension (72 mN/m at 25 °C) and 0 is the particle contact angle.

2.4. OM Adsorption Experiments

The UV-visible absorbance of aqueous solutions (10~2 M NaCl) containing increasing amounts of
OMs was measured with a Cary 5 UV/Vis/NIR spectrometer (Agilent Technologies, Santa Clara, CA,
USA) at 277 nm for TA and 330 nm for HA or FA to produce a calibration curve of UV absorbance
versus OM concentration. The absorbance was found to increase linearly with OM concentration
in the range 0 to 20 mg/L (commonly found in typical natural waters) as is shown in Figure 1.
One gram of molybdenite or chalcopyrite (Dgy 10 pm) was conditioned in an IMN flotation machine at
pH 9.3 with 300 mL of 1072 M NaCl aqueous solutions containing various amounts of OMs (initial
concentration, Cypia1, ranging from 1 to 20 mg/L) for 11 min. A sample of the water was then collected
and filtered through a 0.2 um Supor membrane. The absorbance of the filtered solution was measured
and compared to that in the calibration curve to obtain the concentration of OM non-adsorbed on
the minerals (Cregiqual). To remove the contribution of dissolved mineral species in water, a similar
experiment was performed with the minerals in the absence of OM and the absorbance of the filtered
solution was subtracted from that in the presence of OM. The adsorbed amount of OM, I (in milligram
of OM per gram of mineral) was determined from the difference between the initial concentration
(Cinitia1) and the residual concentration (Cregiqual). All OM adsorption experiments were performed
in duplicate.
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Figure 1. Absorbance versus concentration of humic acid (HA), tannic acid (TA) and fulvic acid (FA)
(NaCl 10~2 M; pH 9.3).

2.5. XRD Analysis

The feed ore and Cu-Mo bulk concentrates were analysed by X-ray diffraction (XRD). The analysis
was performed using an Empyrean X-ray diffractometer (PANalytical, Almelo, The Netherlands) with
a Cu anode and operated at 40 kV, 30 mA, divergence slit fixed 0.5, position (2 Theta) from 5° to 100°,
wavelength A of 1.5406 A. Analysis of the patterns was performed using the High Score Plus software
with PDF-4 (ICDD) database.
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2.6. XPS Analysis

A Kratos Axis Ultra X-ray photoelectron spectrometer (XPS) with an Al K&« monochromated X-ray
source (1486.8 eV) operated at 130 W was used to measure the species present on the mineral surfaces.
The samples of chalcopyrite and molybdenite were taken from flotation experiments (with 0 and
20 mg/L HA). They were mounted on a conducting copper tape as slurry, placed on the sample holder
and introduced immediately into the forevacuum of the spectrometer. A fixed pass energy of 160 eV
was used for the entire survey scan. All measurements were acquired at a take-off angle normal to the
surface and were referenced to the Cls peak at 284.4 eV [35]. The XPS spectra were curve fitted using
the CasaXPS program (Casa Sofware Ltd, Teignmouth, UK).

3. Results

3.1. Flotation of Molybdenite and Chalcopyrite in Single Mineral Experiments

Figure 2 shows the recovery of molybdenite and chalcopyrite after 8 min of flotation in the
absence and presence of OMs with concentrations of 5, 10 and 20 mg/L. Both molybdenite and
chalcopyrite recoveries are depressed by these OMs in the following order: HA > TA > FA. Increasing
the concentration of OM resulted in further depression of molybdenite and chalcopyrite recovery.
The recovery of molybdenite was more affected than the recovery of chalcopyrite by the OM addition.
In particular, the recovery of molybdenite decreased by 33% after the addition of 20 mg/L TA or FA
compared to only 14% for the recovery of chalcopyrite. The different depressions of flotation obtained
by these OMs may be related to their different levels of adsorption on the minerals.

(a) _s9 | (b)

80 -

Figure 2. Cumulative recoveries as a function of flotation time and organic matter concentration (mg/L)
for chalcopyrite with HA (a); TA (c); and FA (e) and for molybdenite with HA (b); TA (d) and FA (f)
(pH=9.3).
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3.2. Effect of Organic Materials on the Flotation of Copper and Molybdenum in a Sulphide Cu—Mo Ore

The effects of OM (at a concentration of 20 mg/L) on the flotation of the Cerro Verde ore are
presented in Figure 3. The final copper recovery was not affected by OM addition but the molybdenum
recoveries were depressed only by HA or TA addition, from 75% to 36% for HA and to 59% for TA,
despite mass recoveries increasing. The trends of larger depression of molybdenum recovery than
copper recovery by these OMs and the larger depression by humic acid observed in the flotation of the
sulphide ore are in agreement with the results obtained in the single mineral study.
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Figure 3. Grades versus recoveries of Cu (a); Mo (b); and Fe (c) in the bulk Cu-Mo flotation concentrate
without (N/O) and with the addition of 20 mg/L of organic matter at pH 10.5.

Moreover, the final iron recovery increased with OM addition, except with tannic acid.
The increase in iron recovery is certainly not associated with an increased recovery of the copper-iron
sulphide minerals such as chalcopyrite (as copper recovery remains constant) but rather to an increased
recovery of the iron gangue minerals such as kornelite and pyrite, as seen in Table 2 after XRD analysis
of the feed and concentrates.

Table 2. Mass balance of Cu—Mo bulk concentrates without (N/O) and with 20 mg/L of humic or
fulvic acid (from X-ray diffraction (XRD) analysis).

% Recovery

OM
Chalcopyrite  Quartz  Kaolin  Kornelite Pyrite
N/O 74 23 77 52 10
HA 64 28 99 78 20

FA 63 27 83 66 17
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Grades of copper and particularly molybdenum decreased with OM addition. This decrease in
Cu and Mo grades is mainly related to the increased recovery of the gangue minerals, kornelite, pyrite,
quartz and kaolin (Table 2).

Changes in the froth characteristics were observed in the presence of OM. An abundant but
unstable froth (small bubbles) was obtained, particularly with HA and FA. This led to an increase
in total mass recoveries (>5%) in the presence of OMs in the order HA ~ FA > TA. This increase in
frothing may contribute to unselective flotation of gangue minerals. Also, the addition of OM increased
water recovery in the concentrates by approximately 10%, which results in a higher entrainment of
fine gangue mineral particles including pyrite. Indeed, particle size distribution analysis shows that
after HA or FA addition, the amount of fine particles (<5 pm) increased in the concentrates from 14%
to 22%. The increase in frothing and fine particles entrainment observed after addition of OM may be
one explanation for the different effects of OM on sulphide minerals flotation reported in the literature.

The quantitative chemical composition (by XRD analysis) of the bulk Cu-Mo concentrates for
the —38 and +38 um fractions is shown in Figure 4. The results confirm the decrease of chalcopyrite
flotation and the increase of pyrite flotation after the addition of HA and FA. The —38 pm fraction
of the concentrate has a higher percentage of quartz and kornelite and less kaolin with HA and FA
addition, while the +38 um fraction has a higher percentage of kaolin and kornelite and less quartz
than in the concentrate without HA and FA.
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Chalcopyrite ’
Kornelite [
Chalcopyrite
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Figure 4. XRD analysis of species present in the bulk Cu—-Mo concentrates without (N/O) and with
20 mg/L of humic acid (HA) or fulvic acid (FA).

3.3. Adsorption of Organic Materials on Molybdenite and Chalcopyrite

From the change in the UV-visible absorbance of the OMs in solution after contact with
chalcopyrite and molybdenite and the calibration curves in Figure 1, it was possible to calculate
the concentration of OM adsorbed on these minerals. Results in Figure 5 indicate that the OMs do
adsorb on the sulphide minerals, which validates the interpretation for the depression of mineral
flotation observed in Figure 2. Furthermore, HA adsorption on the two minerals is the highest and
FA the lowest, which is in agreement with the trend of depression of mineral flotation by the OMs in
Figure 2.
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Figure 5. Concentration of OM adsorbed on (top) chalcopyrite; and (bottom) molybdenite
(NaC110-2 M, pH 9.3).

The major change observed in the XPS survey spectrum (not shown) is the presence of a small
N1s peak at approximately 400 eV [35] observed after humic acid addition, which is clear evidence
that humic acid has indeed adsorbed on chalcopyrite and molybdenite. The proportions (at.%) of
elements (C, O, Cu, Mo, Fe, S, N) on the surface of chalcopyrite and molybdenite particles collected
just after eight min of flotation without and with addition of humic acid are shown in Table 3. Very
small changes in the proportions of the elements were observed after humic acid addition, except for
the N species increasing from zero to two percent on chalcopyrite and to eight percent on molybdenite.
The high resolution Cl1s, Ol1s, Cu2p, Mo3d, Fe2p and S2p XPS spectra of chalcopyrite and molybdenite
were deconvoluted into individual components [36]. The high resolution spectra and the results of the
spectral deconvolution were almost identical before and after humic acid addition (not shown), which
indicates that the interaction between humic acid and the mineral surface is not chemical in nature.

Table 3. Proportion (at.%) of the elements measured by X-ray photoeletron spectrometer (XPS) on the
chalcopyrite and molybdenite surface without and with 20 mg/L humic acid (HA).

Mineral Condition C€C O Cu Mo Fe S N
Chalcopvrite No HA 42 25 7 - 4 22 0
124 With HA 43 23 7 - 4 21 2

. No HA 28 22 - 21 - 29 0
Molybdenite a9 17 - 18 - 27 8

3.4. Critical Amplitude, Detachment Force and Contact Angle

The hydrophobicity of a surface is usually evaluated by its contact angle. For particles,
the measurement of their contact angle is difficult [37-41] and has some limitations. Usually, it requires
the particles to be dried before measurement of the rate of wetting of their surface with a wetting
and non-wetting liquid. Although the drying process is gentle, it may change the surface chemistry
and therefore affect the final results, especially in the case of sulphide minerals, which are prone
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to oxidation. Particle surface hydrophobicity can also be estimated through the measurement of
particle-bubble detachment force using an electro-acoustic technique or atomic force microscopy [31].
With the electro-acoustic technique, the critical amplitude of vibration of a particle-bubble aggregate
required to detach the particle from the bubble (at constant frequency) is measured. This critical
amplitude for detachment reflects the strength of adhesion between particle and bubble and therefore
should be proportional to particle hydrophobicity. This technique preserves the chemistry of the
particle surface as the preparation/conditioning of the particles is the same as that in flotation. Recent
results have shown that the critical amplitude for detachment of particles increases with their contact
angles [42,43] and the technique is more sensitive for contact angles higher than 40°. Results in Table 4
show that the critical amplitude for detachment of the chalcopyrite particles increases from 0.56 to
1.16 mm with addition of 2 g/t SIPX collector but remains constant after addition of 10 or 20 g/t HA
(1.15 and 1.16 mm, respectively). For the molybdenite particles, the effect of HA addition is more
pronounced with the critical amplitude for detachment decreasing from 3.48 mm without HA to 2.02
and 1.02 mm with addition of 10 and 20 g/t HA, respectively. Table 4 also shows the corresponding
values of the force of detachment and contact angle calculated with Equations (1) to (3). The results
of these particle detachment experiments have shown that in the presence of HA the contact angle
of the molybdenite particles and therefore the strength of adhesion between a molybdenite particle
and a bubble are reduced, which explains the decrease in molybdenite recovery. For the chalcopyrite
particles, HA had no effect on their detachment from the bubble and did not depress Cu recovery in
the ore flotation experiment (Figure 3) but HA decreased chalcopyrite recovery in the single mineral
flotation experiment (Figure 2). Different experimental conditions exist in these experiments that could
explain the different results obtained for chalcopyrite: for example, competition in the adsorption of
reagents on the surface of the various minerals present in the ore may occur; one particle is present at
a time in the particle detachment experiment compared to multi-particles in the flotation experiments;
also, the particles size and level of turbulence were different in these experiments.

Table 4. Critical amplitude of vibration (50 Hz) for the detachment of chalcopyrite and molybdenite
particles, force of detachment and particle contact angle (NaCl 10~2 M, pH = 9.3) with 10 and 20 mg/L
HA concentration.

Chalcopyrite Molybdenite
Collector/OM g/t Amplitude, F ™) Contact Amplitude, r ) Contact
mm =+ 0.02 mm detachment Angle mm =+ 0.02 mm detachment Angle
SIPX, 0 0.56 8.17 x 107° 36 3.48 512 x 1075 99
SIPX, 2 1.16 1.59 x 107> 50 - - -
SIPX, 2; HA, 10 1.16 1.59 x 107> 50 : - -
SIPX, 2; HA, 20 1.15 1.58 x 107> 50 - - -
HA, 10 - - - 2.02 3.02 x 107° 72
HA, 20 - - - 1.02 1.58 x 107> 50

4. Discussion

The results of chalcopyrite and molybdenite flotation (Figure 2) and OM adsorption (Figure 5 and
XPS study) on these two minerals indicate that, first, OM adsorption is the cause of the depression
of mineral flotation in agreement with similar observations that the adsorption of hydrophilic
macromolecules such as humic acid [14], lignosulfonate [11], guar gum [44] or polyacrylamides [45]
on sulphide minerals results in the depression of the flotation of these minerals. More importantly,
the results of critical amplitude of vibration for particle detachment (Table 4) clearly indicate that the
strength of adhesion between the molybdenite particles and bubbles (and molybdenite hydrophobicity)
is decreased after HA addition. Secondly, the results point to the importance of the molecular weight
of these OMs as the trend observed for OM adsorption and mineral depression (HA > TA > FA) is
the same as the trend of their molecular weight (Table 1). This is in agreement with literature results
showing that higher molecular weight polymers adsorb more than lower molecular weight ones
because of their lower solubility in water and higher number of functional groups to anchor on mineral
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sites [11,46,47]. Indeed, OMs with a high molecular weight and a high number of functional groups
have been shown to exhibit higher affinities for mineral surfaces [48-51] containing many non-identical
binding sites [52,53]. Thirdly, the results confirm previous observations that molybdenite flotation is
more affected by the presence of hydrophilic polymers than chalcopyrite, especially with TA and FA,
which have little effect on chalcopyrite flotation (for example [11]).

The adsorption mechanism for these OMs is not an electrostatic interaction as both minerals
and OMs are negatively charged in basic pH conditions [2,54,55] and therefore these OMs should be
electrostatically repelled from the mineral surfaces [56]. Chemical interaction between the carboxyl
groups of the organic materials and copper, molybdenum or iron mineral sites is possible [57], although
tannic acid does not have any carboxyl groups but does adsorb and depress mineral flotation. However,
it has been postulated that chemical interactions between the hydroxyl groups of polysaccharide
(e.g., guar gum) with the metal hydroxyl groups at the mineral surface (e.g., chalcopyrite) may also
occur in addition to hydrogen bonding [58,59]. A similar observation has been made for the interaction
of biosolids with chalcopyrite, molybdenite and pyrite, although a weaker interaction such as hydrogen
bonding or van der Waals force was proposed for the interaction of humic acid with these sulphide
minerals [27,60]. The higher adsorption of HA than TA on the minerals surface may also be attributed
to the presence of carboxyl groups on HA which are absent on TA and may chemically interact with
mineral sites. Therefore, in the present study hydrogen bonding between the hydroxyl groups of
organic materials and the mineral surface is likely to be the main adsorption mechanism [4,61] because
hydroxyl groups are the common species in the three organic materials and no evidence of chemical
interaction has been observed using XPS surface analysis.

Moreover, adsorption of these OMs on the sulphide mineral surface may also prevent collector
adsorption [4] and therefore also contributes to the depression of these sulphide minerals. Indeed,
Ansari and Pawlik [62] reported that the adsorption of lignosulfonates is accompanied by desorption
of the physically adsorbed xanthate while Rath and co-workers [59] suggested that the collector
xanthate is consumed by (interacts with) guar gum and therefore it can no longer increase the surface
hydrophobicity of chalcopyrite.

5. Conclusions

Poor quality process water can significantly impact on the performance of mineral beneficiation
processes. These waters may contain a high amount of organic matter such as humic, fulvic and tannic
acids. In this study, the effect of these three organic matters on the flotation of two sulphide minerals,
chalcopyrite and molybdenite, in single mineral and ore experiments was investigated. The flotation
recoveries of molybdenite and chalcopyrite were depressed in the presence of these organic matters,
with humic acid being the stronger depressant followed by tannic acid and fulvic acid. These flotation
results are well explained by the amount of organic matters adsorbed on the two minerals with more
adsorption of humic acid than tannic acid and fulvic acid. These acids, which contain a large number
of carboxyl and phenolic groups (only phenolic groups in tannic acid) adsorb on the mineral surface,
forming a hydrophilic barrier for collector adsorption and bubble attachment, which results in reduced
mineral flotation. With its higher molecular weight, humic acid can form more hydrogen bonding
between its hydroxyl groups and those on the mineral surface than the other two organic matters.
Furthermore, these organic matters also have a negative effect on the froth stability, which results
in a higher entrainment of fine gangue mineral particles in the ore and therefore a decrease in the
chalcopyrite and molybdenite grades.

Acknowledgments: We gratefully acknowledge the financial support provided by the University of South
Australia, the Australian Mineral Industries Research Association (P260E) and the Australian Research Council
(LP0883872). The authors would like to thank Gayle Newcombe (SA-Water) for the supply of fulvic and
tannic acids.

Author Contributions: Maria Sinche-Gonzalez conceived, designed and performed the experiments;
Maria Sinche-Gonzalez, Daniel Fornasiero and Massimiliano Zanin analyzed the data; Maria Sinche-Gonzalez,
Daniel Fornasiero and Massimiliano Zanin wrote the paper.



Minerals 2016, 6, 105 11 of 13

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Thurman, E.M. Organic Geochemistry of Natural Waters; Springer: Berlin, Germany, 1985.

2. Manahan, S.E. Environmental Chemistry; Taylor & Francis Group: New York, NY, USA, 2010.

3. Davis, J.A. Adsorption of natural dissolved organic matter at the oxide/water interface. Geochim. Cosmochim. Acta
1982, 46, 2381-2393. [CrossRef]

4. Bulatovic, S.M. Use of organic polymers in the flotation of polymetallic ores: A review. Miner. Eng. 1999, 12,
341-354. [CrossRef]

5. Rao, S; Finch, ]. A review of water re-use in flotation. Miner. Eng. 1989, 2, 65-85. [CrossRef]

6. Muzenda, E. An investigation into the effect of water quality on flotation performance. World Acad. Sci.
Eng. Technol. 2010, 4, 237-241.

7. Levay, G.; Smart, R.; Skinner, W. The impact of water quality on flotation performance. J. S. Afr. Inst.
Min. Metall. 2001, 101, 69-75.

8.  Hughes, C. Enhanced Flotation Reagents for Beneficiation of Phosphate Ores. U.S. Patent 5962828 A,
21 November 2000.

9. Liu, G, Ly, Y,; Zhong, H.; Cao, Z.; Xu, Z. A novel approach for preferential flotation recovery of molybdenite
from a porphyry copper-molybdenum ore. Miner. Eng. 2012, 36-38, 37—44. [CrossRef]

10.  Zanin, M.; Ametov, I; Grano, S.; Zhou, L.; Skinner, W. A study of mechanisms affecting molybdenite recovery
in a bulk copper/molybdenum flotation circuit. Int. J. Miner. Process. 2009, 93, 256-266. [CrossRef]

11.  Ansari, A.; Pawlik, M. Floatability of chalcopyrite and molybdenite in the presence of lignosulfonates. Part I.
Adsortion studies. Miner. Eng. 2007, 20, 600-608. [CrossRef]

12.  Herrera-Urbina, R. Recent developments and advances in formulations and applications of chemical reagents
used in froth flotation. Miner. Process. Extr. Metall. Rev. 2003, 24, 139-182. [CrossRef]

13.  Hoover, M. Water chemistry effects in the flotation of sulphide ores a review and discussion for molybdenite.
In Complex Sulphide Ores; Institute of Mining and Metal: London, UK, 1980; pp. 100-112.

14. Lai, RW.M,; Stone, L.C.; Rimmasch, B.E. Effect of humus organics on the flotation recovery of molybdenite.
Int. ]. Miner. Process. 1984, 12, 163-172. [CrossRef]

15. Tipping, E.; Cooke, D. The effects of adsorbed humic substances on the surface charge of goethite (x-FeOOH)
in freshwaters. Geochim. Cosmochim. Acta 1982, 46, 75-80. [CrossRef]

16. Zhang, J.; Zhang, W. Multi-scale investigation of applying secondary effluent in sulfide flotation. In Water in
Mineral Processing; Society for Mining, Metallurgy and Exploration: Englewood, CO, USA, 2012; pp. 279-290.

17.  Ranney, M.W. Copper sulfide ores. In Flotation Agents and Processes: Technology and Applications; Noyes Data
Corp: Park Ridge, NJ, USA, 1980; pp. 28-33.

18.  Fisher, W.; Rudy, S. Municipal waste water utilization for froth flotation of copper and molybdenum sulfides.
Soc. Min. Eng. AIME 1976, 264, 698-1702.

19. Kelebek, S.; Yoruk, S.; Smith, G.W. Wetting behavior of molybdenite and talc in lignosulphonate /MIBC
solutions and their separation by flotation. Sep. Sci. Technol. 2001, 36, 145-157. [CrossRef]

20. Fuerstenau, D. Interfacial process in mineral /water systems. Pure Appl. Chem. 1970, 24, 135-164. [CrossRef]
21. Liu, W,; Moran, C.; Vink, S. Flotation of Chalcopyrite in Water Containing Bacteria. In Water in Mineral
Processing; Society for Mining, Metallurgy and Exploration: Englewood, CO, USA, 2012; pp. 165-173.

22.  Somasundaran, P. Encyclopedia of Surface and Colloid Science, 5th ed.; Taylor & Francis: New York, NY, USA,
2006; Volume 1.

23. Espinoza-Gomez, R; Finch, J.; Laplante, A. Effects of the type of water on the selective flotation of pyrochlore
from Niobec. Colloids Surf. 1987, 26, 333-350. [CrossRef]

24. Schumanm, R.; Levay, G.; Dunne, R.; Hart, S. Managing process water quality in base metal sulfide flotation.
In Proceeding of Water in Mining; Scott, A., Mckee, D., Eds.; Australasian Institute of Mining and Metallurgy:
Carlton, Australia, 2003.

25. Santhiya, D.; Subramanian, S.; Natarajan, K.A. Surface chemical studies on sphalerite and salena using

bacillus polymyxa II. Mechanisms of microbe-mineral interactions. J. Colloid Interface Sci. 2001, 235, 298-309.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/0016-7037(82)90209-5
http://dx.doi.org/10.1016/S0892-6875(99)00015-1
http://dx.doi.org/10.1016/0892-6875(89)90066-6
http://dx.doi.org/10.1016/j.mineng.2012.02.008
http://dx.doi.org/10.1016/j.minpro.2009.10.001
http://dx.doi.org/10.1016/j.mineng.2006.12.007
http://dx.doi.org/10.1080/08827500306898
http://dx.doi.org/10.1016/0301-7516(84)90027-9
http://dx.doi.org/10.1016/0016-7037(82)90292-7
http://dx.doi.org/10.1081/SS-100001072
http://dx.doi.org/10.1351/pac197024010135
http://dx.doi.org/10.1016/0166-6622(87)80125-7
http://dx.doi.org/10.1006/jcis.2000.7256
http://www.ncbi.nlm.nih.gov/pubmed/11254306

Minerals 2016, 6, 105 12 of 13

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Reyes-Bozo, L.; Higueras, P.; Godoy-Faundez, A.; Sobarzo, F; Saez-Navarrete, C.; Vasquez-Bestagno, J.;
Herrera-Urbina, R. Assessment of the floatability of chalcopyrite, molybdenite and pyrite using biosolids
and their main components as collectors for greening the froth flotation of copper sulphide ores. Miner. Eng.
2014, 64, 38-43. [CrossRef]

Reyes-Bozo, L.; Herrera-Urbina, R.; Escudey, M.; Godoy-Faundez, A.; Sdez-Navarrete, C. Role of biosolids
on hydrophobic properties of sulfide ores. Int. |. Miner. Process. 2011, 100, 124-129. [CrossRef]

Reyes-Bozo, L.; Herrera-Urbina, R.; Saez-Navarrete, C.; Otero, A.F.; Godoy-Faundez, A.; Ginocchio, R.
Rougher flotation of copper sulphide ore using biosolids and humic acids. Miner. Eng. 2011, 24, 1603-1608.
[CrossRef]

Aiken, G.; McKnight, D.; Wershaw, R.; MacCarthy, P. Humic Substances in Soil, Sediment and Water; Wiley:
New York, NY, USA, 1985.

Kononova, M. Soil Organic Matter; Pergamon: Oxford, UK, 1966.

Xu, D.; Ametov, I.; Grano, S. Detachment of coarse particles from oscillating bubbles-the effect of particle
contact angle, shape and medium viscosity. Int. ]. Miner. Process. 2011, 101, 50-57. [CrossRef]

Holtham, PN.; Cheng, T. Study of probability of detachment of particles from bubbles in flotation. Trans. Inst.
Min. Metall. 1991, 100, C147-C153.

Cheng, T.; Holthman, P. The particle detachment process in flotation. Miner. Eng. 1995, 8, 883-891. [CrossRef]
Nutt, C.W. Froth flotation: The adhesion of solid particles to flat interfaces and bubbles. Chem. Eng. Sci. 1960,
12, 133-141. [CrossRef]

Wagner, C.D. Photoelectron and auger energies and the auger parameters: A data set. In Practical Surface
Analysis; Briggs, D., Seah, M.P,, Eds.; Wiley: New York, NY, USA, 1994; pp. 595-634.

Fairthorne, G.; Fornasiero, D.; Ralston, J. Effect of oxidation on the collectorless flotation of chalcopyrite.
Int. J. Miner. Process. 1997, 49, 31-48. [CrossRef]

Chau, T.T. A review of techniques for measurement of contact angles and their applicability on mineral
surfaces. Miner. Eng. 2009, 22, 213-219. [CrossRef]

Lazghab, M.; Saleh, K,; Pezron, I.; Guigon, P.; Komunjer, L. Wettability assesment of finely divided solids.
Powder Technol. 2005, 157, 79-91. [CrossRef]

Subrahmanyam, T.V.; Prestidge, C.A.; Ralston, J. Contact angle and surface analysis studies of sphalerite
particles. Miner. Eng. 1996, 9, 727-741. [CrossRef]

Diggins, D.; Ralston, ]. Particle wettability by equilibrium capillary pressure measurements. Coal Prep. 1993,
13,1-19. [CrossRef]

Diggins, D.; Fokkink, L.; Ralston, J. The wetting of angular quartz particles: Capillary pressure and contact
angles. Colloids Surf. 1990, 44, 299-313. [CrossRef]

Albrecht, TW.J.; Addai-Mensah, J.; Fornasiero, D. Critical copper concentration in sphalerite flotation: Effect
of temperature and collector. Int. J. Miner. Process. 2016, 146, 15-22. [CrossRef]

Wang, W.; Fornasiero, D. Flotation of composite synthetic particles. In Proceedings of the 25th International
Mineral Processing Congress, Brisbane, Australia, 6-10 September 2010; pp. 2503-2511.

Rath, RK.; Subramanian, S.; Pradeep, T. Surface Chemical Studies on Pyrite in the Presence of
Polysaccharide-Based Flotation Depressants. J. Colloid Interface Sci. 2000, 229, 82-91. [CrossRef] [PubMed]
Boulton, A.; Fornasiero, D.; Ralston, J. Use of synthetic polymers for the depression of iron sulfide minerals
in zinc and copper ores. In Proceeding of the 22nd International Mineral Processing Congress, Cape Town,
South Africa, 28 September-3 October 2003; pp. 807-815.

Santhiya, D.; Nandini, G.; Subramanian, S.; Natarajan, K.; Malghan, S. Effect of polymer molecular weight on
the absorption of polyacrylic acid at the alumina-water interface. Colloids Surf. 1998, 133, 157-163. [CrossRef]
Koopal, L. Colloid Chemistry in Mineral Processing; Elsevier: Amsterdam, The Netherlands, 1992.

Ochs, M.; Cosovic, B.; Stumm, W. Coordinative and hydrophobic interaction of humic substances with
hydrophilic Al;O3 and hydrophobic mercury surfaces. Geochim. Cosmochim. Acta 1994, 58, 639-650.
[CrossRef]

Jardine, PM.; McCarthy, J.E.; Weber, N.L. Mechanisms of dissolved organic carbon adsorption on soil. Soil Sci.
Soc. Am. ]. 1989, 53, 1378-1385. [CrossRef]

Gu, B.; Schmitt, J.; Chen, Z.; Liang, L.; McCarthy, ]. Adsorption and desorption of natural organic matter on
iron oxide: Mechanisms and models. Environ. Sci. Technol. 1994, 28, 38—-46. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.mineng.2014.04.004
http://dx.doi.org/10.1016/j.minpro.2011.05.009
http://dx.doi.org/10.1016/j.mineng.2011.08.014
http://dx.doi.org/10.1016/j.minpro.2011.07.003
http://dx.doi.org/10.1016/0892-6875(95)00050-Z
http://dx.doi.org/10.1016/0009-2509(60)87006-6
http://dx.doi.org/10.1016/S0301-7516(96)00039-7
http://dx.doi.org/10.1016/j.mineng.2008.07.009
http://dx.doi.org/10.1016/j.powtec.2005.05.014
http://dx.doi.org/10.1016/0892-6875(96)00064-7
http://dx.doi.org/10.1080/07349349308905118
http://dx.doi.org/10.1016/0166-6622(90)80203-G
http://dx.doi.org/10.1016/j.minpro.2015.11.010
http://dx.doi.org/10.1006/jcis.2000.6990
http://www.ncbi.nlm.nih.gov/pubmed/10942544
http://dx.doi.org/10.1016/S0927-7757(97)00132-5
http://dx.doi.org/10.1016/0016-7037(94)90494-4
http://dx.doi.org/10.2136/sssaj1989.03615995005300050013x
http://dx.doi.org/10.1021/es00050a007
http://www.ncbi.nlm.nih.gov/pubmed/22175831

Minerals 2016, 6, 105 13 of 13

51. Murphy, E.M.; Zachara, ].M.; Smith, S.C.; Phillips, J.L.; Wietsma, T.W. Interaction of hydrophobic organic
compounds with mineral-bound humic substances. Environ. Sci. Technol. 1994, 28, 1291-1299. [CrossRef]
[PubMed]

52. Clark, S.B.; Choppin, G.R. Kinetic of rare earth metal binding to aquatic humic acids. In Chemical Modelling of
Aqueous System II; American Chemical Society: Washington, DC, USA, 1990; pp. 519-525.

53. Chiou, C.T.; Malcolm, R.L.; Brinton, T.L; Kile, D.E. Water solubility enhancement of some organic pollutants
and pesticides by dissolved humic and fulvic acids. Environ. Sci. Technol. 1986, 20, 502-508. [CrossRef]
[PubMed]

54.  White, W. Geochemistry; Wiley-Blackwell: Sussex, UK, 2013.

55. Stevenson, F. Humus chemistry: Genesis, compositions, reactions. In Humus Chemistry; Wiley: New York,
NY, USA, 1994.

56. Ansari, A. The Effect of Lignosulfonates on the Flotability of Molybdenite and Chalcopyrite. Ph.D. Thesis,
University of British Columbia, Vancouver, BC, Canada, 2006.

57.  Ravishankar, S.; Khosla, N.K. Selective flocculation of iron oxide from its synthetic mixtures with clays:
A comparison of polyacrylic acid and starch polymers. Int. ]. Miner. Process. 1995, 43, 235-247. [CrossRef]

58. Laskowski, J.; Liu, Q.; O’Connor, C.T. Current understanding of the mechanism of polysaccharide adsorption
at the mineral/aqueous solution interface. Int. . Miner. Process. 2007, 84, 59-68. [CrossRef]

59. Rath, RK,; Subramanian, S.; Sivanandam, V. Studies on the interaction of guar gum with chalcopyrite.
Can. Metall. Q. 2001, 40, 1-12. [CrossRef]

60. Reyes-Bozo, L.; Escudey, M.; Vyhmeister, E.; Higueras, P.; Godoy-Faundez, A.; Salazar, J.; Valdes-Gonzalez, H.;
Wolf-Sepulveda, G.; Herrera-Urbina, R. Adsorption of biosolids and their main components on chalcopyrite,
molybdenite and pyrite: Zeta potential and FTIR spectroscopy studies. Miner. Eng. 2015, 78, 128-135.
[CrossRef]

61. Ewald, M.; Berger, P.; Visser, S. UV-Visible adsorption and fluorescence properties of fulvic acids of microbial
origin as functions of their molecular weights. Geoderma 1988, 43, 11-20. [CrossRef]

62. Ansari, A.; Pawlik, M. Floatability of chalcopyrite and molybdenite in the presence of lignosulfonates. Part II.
Hallimond tube flotation. Miner. Eng. 2007, 20, 609-616. [CrossRef]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/es00056a017
http://www.ncbi.nlm.nih.gov/pubmed/22176321
http://dx.doi.org/10.1021/es00147a010
http://www.ncbi.nlm.nih.gov/pubmed/19994935
http://dx.doi.org/10.1016/0301-7516(95)00011-2
http://dx.doi.org/10.1016/j.minpro.2007.03.006
http://dx.doi.org/10.1179/cmq.2001.40.1.1
http://dx.doi.org/10.1016/j.mineng.2015.04.021
http://dx.doi.org/10.1016/0016-7061(88)90051-1
http://dx.doi.org/10.1016/j.mineng.2006.12.008
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Flotation Experiments 
	Particle-Bubble Stability Study 
	OM Adsorption Experiments 
	XRD Analysis 
	XPS Analysis 

	Results 
	Flotation of Molybdenite and Chalcopyrite in Single Mineral Experiments 
	Effect of Organic Materials on the Flotation of Copper and Molybdenum in a Sulphide Cu–Mo Ore 
	Adsorption of Organic Materials on Molybdenite and Chalcopyrite 
	Critical Amplitude, Detachment Force and Contact Angle 

	Discussion 
	Conclusions 

