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In this study, hydrophobic talc nanoparticles were applied as a novel class of solid flotation collector. The aim of this work was to understand
the effect of talc nanoparticles size and dosage on the quartz flotation recovery. X-ray analysis, dynamic light scattering, and scanning electron
microscopy were conducted. Flotation tests were performed in modified a Hallimond flotation cell. The Zeta potential measurement identified
the pH value of 1.5 as the best condition for nano-talc powders to be electrostatically adsorbed on the quartz particle surfaces. Talc particles
were adsorbed onto the hydrophilic quartz particles to encourage the air bubble attachment and improve the quartz flotation recovery. It was
found that as the quartz particle size decreased, the amount of quartz flotation recovery increased. Talc size reduction from 567 nm to 235
nm, decreased the amount of required talc from 45 to 1.7 kg/t within 30 minutes of the flotation time span, and achieved a recovery of more
than 90%. Practically, it was demonstrated that by using smaller talc nanoparticles, it was possible to decrease the talc dosage to obtain a

similar level of quartz recovery over the same flotation time span and pH.
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1. Introduction

Froth flotation is a highly versatile method for separation of mineral
particles based on the differences in their ability to attach air bubbles in
a mineral-water slurry. A collector is generally required in flotation to
assist the attachment of particles and bubbles. On a broad basis,
collectors can be defined as organic chemical substances in which the
molecular structure is divided into a non-polar and a polar group [1].
There are two types of water-insoluble collectors: oily hydrocarbons and
long-chain amphipathic compounds. All these materials are widely used
as flotation collectors for the beneficiation of minerals [2-3].

Collectors can selectively bind to the mineral-rich particles and
increase their hydrophobicity and promote the selective flotation.
Conventional collectors are small surfactants with a short hydrocarbon
tail (2-6 carbons) and a head group (e.g. xanthates). The conventional
collectors are different types of liquid with an extended molecular
length of about 1 nm. In contrast, the average diameter of natural
hydrophobic nanoparticles varies generally between 50 to 600 nm.
Therefore, it may be possible to introduce larger hydrophobic
nanoparticles based on their natural hydrophobicity as potential
flotation collectors. For example, inorganic nanoparticles have been
applied as a collector in the flotation of glass beads and preparing thin
films of nickel sulfide [4]. Commercial grades of precipitated calcium
carbonate (PCC) and colloidal silica have been employed as collectors
for flotation of glass beads and the flotation results have shown a high
recovery of glass beads [5]. The ability of cationic polystyrene
nanoparticles to induce the flotation has been also demonstrated by the
floating hydrophilic, negatively charged glass beads [4, 6, 7.

Electrostatic attraction promotes the spontaneous deposition of the
nanoparticles on the glass surfaces, raising the effective contact angle to
facilitate the adhesion of beads to air bubbles. Coating with
nanoparticles allows the beads to attach firmly to the air bubbles. Even
a 10% coverage of the bead surfaces with the most effective
nanoparticles could promote high flotation efficiencies, whereas a
conventional molecular collector requires 25% or higher coverage for a
good recovery [6].

Previous work on the application of conventional liquid collectors has
shown that quartz can be floated in the presence of sulfonate or soap [8-
14]. It is well known that quartz cannot be floated by potassium amyl
xanthate at any pH value [10, 12]. Long-chain alkyl ammonium salts are
the most commonly used collectors for the beneficiation of silicates due
to their relatively high solubility [2, 15-16]. The flotation of quartz has
been also studied as a function of pH wusing N-alkyl-1, 3
diaminopropanes and n-dodecylamine as collectors [17]. Some authors
studied the effect of alkalinity on the floatability of quartz with an
amine-type collector and with sodium oleate, in the presence of calcium
ions at alkaline pH values [18]. A combined quaternary ammonium salt
was used as a better collector than dodecyl amine chloride and
cetyltrimethyl ammonium bromide for quartz flotation [19]. The
adsorption mechanism of mixed cationic alkyl diamine and anionic
sulfonate-oleate collectors at acidic pH values has been investigated [ 20,
211. Surprisingly, the physical adsorption has been found to be the main
adsorption module of amine collectors on muscovite and quartz [22].

In this paper, we report a new application of talc nanoparticles as a
solid collector for quartz (as a mineral model). Untreated natural talc
nanoparticles were used as a collector to increase the hydrophobicity of
hydrophilic quartz and to enhance the quartz flotation recovery.
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2. Experimental Methods

2.1 Materials and mineral characterization

In this study, crystalline quartz and pure talc powders were used. The
mineralogy and chemical composition of the samples were determined
by X-ray fluorescence (XRF, Philips X Unique II), X-ray Diffractometer
(XRD, D8 Advance), and microscopy (Philips XL30 model scanning
electron microscopy, SEM). Dynamic light scattering device (DLS)
(Malvern, Nano-ZS, UK) was used to measure the size distribution of
talc nanoparticles and zeta potential values.

211 Quartz

The quartz sample (Tekno Silica Ltd., Iran) contained 98.51% SiO:as
analyzed by XRF. The main mineral phase analyzed by XRD, was quartz.
The sample was crushed, ground and then classified into different sizes:
-500 +38 pm, -250 +38 pm and -125 +38 um.

212 Talc

A high grade talc sample was obtained from Tanin Arad Yekta Ltd,
Iran, and it contained 61.95% SiO2, 30.29% MgO and 4.82% L.O.L The
powdered compound constituted over 96% of Mg3SisO10(OH)a. Talc was
found to be the major mineral phase in the XRD analysis and
microscopy data.

In addition, the talc sample was crushed, ground by laboratory ball
mill and finally reground using planetary ball mill in different vibrations
and time spans to produce different sizes of talc nano-powder in each
steps that were analyzed using dynamic light scattering, DLS (Fig. 1) and
examined by SEM (Fig. 2). Also, SEM images were used to investigate
the quality attachments of talc nanoparticles adsorbed on the quartz
surfaces in flotation. Separate visualization of nanoparticles on the
mineral surfaces by SEM as shown in Fig. 1. In this study, as half the total
weight passes the size 567 nm, 350 nm and 235 nm, the talc samples are
called Talc-A, Talc-DO and Talc-D5, respectively (Table 1).
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Fig. 1. Size distribution of different talc nanoparticles powder detected by
dynamic light scattering (DLS).

Fig 2. SEM image of talc nanoparticles in different size (white color) on the
quartz mineral surface (dark color in the background) (Quartz size; -250, +38
microns and talc size coated on the quartz surfaces; Talc-A; 1.5 pm-80 nm.
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Table 1. Talc nanoparticles size ranges used in flotation tests.

Weight % Size (nm)
Talc sample code <1001 Ds Dam
Talc-A 03 567 700
Talc-DO 51 350 370
Talc-D5 141 235 295

2.2, Zeta potential measurements

Zeta potential of the minerals in suspension was measured using a
Malvern instrument (Nano-ZS, UK). Different size classes of quartz and
talc mineral suspensions with 0.1% solids were first conditioned for 2-5
minutes in distilled water containing 0.01 M NaCl as a supporting
electrolyte. The resultant suspension was conditioned for 15 minutes
during which the suspension pH was measured. The pH was adjusted
using NaOH or H>SO4 solutions over the pH range. The suspension was
further treated in an ultrasonic bath for an additional minute and then
it was transferred to the rectangular capillary cell of the instrument. The
reported results are the average of at least three full replications. The
repeated tests showed a measurement error of +0.01 mV. Temperature

was kept at 25.0 0.1 °C through the whole measurements.

2.3. Flotation experiments

The flotation experiments were conducted using a 500 mL modified
Hallimond tube cell (Fig. 3). This Pyrex flotation cell has a fixed
diameter of 35 mm and height of 300 mm. It has also two feeding parts
for pH probe and materials injection syringes, as well as air bubble flow
rate controller throughout a sinter glass at the bottom. The upper part
of the cell is inclined 50° to collect the floated particles. It has a sampler
valve to collect the floated materials during the flotation time span, and
the cell water level can be controlled by another valve at the top of the
cell [23].
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Fig. 3. Scalded up flotation cell as a modified large scale Hallimond tube [23].

In all tests, 10 grams of quartz sample with different particle size was
prepared and conditioned for 2-4 minutes with NaOH or HaSOs
solutions and was preconditioned by ultrasound if needed. Then, the
suspension was conditioned by different dosages and sizes of talc
nanoparticles. The flotation tests were conducted at desired pH and
agitated by magnet stirrer (fixed rpm) at a constant airflow rate of 1
L/min. Flotation was investigated at different talc nanoparticles dosage
and sizes as a collector and 75 ppm poly propylene glycol (A65, Dow) as
frother [24]. In addition, different sizes of quartz and pH during the
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flotation time spans were applied in the tests. Conditioning times for
adjusting pH and collector were both 5 minutes. Other factors including
conditioning time, frother, solid percentage and air feeding were kept
constant at 7 min, A65 75 g/t, 2% and 2 l/min. Finally, concentrates and
tailings were filtered, dried and weighed for analysis and flotation
recovery calculations.

3. Results and discussion

3.1 Zeta potential effects

To understand the behavior of negatively and positively charged
surfaces of minerals, the electrokinetic potentials of quartz and talc were
measured as a function of pH (Fig. 4). As it is seen, once the suspension
pH shifts from one extrema to another, the zeta potential of these
minerals undergoes changes from positive to negative. The isoelectric
points (iep) of the minerals have been shown based on the isotropic
(quartz) or anisotropic (talc) structure of the minerals.
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Fig, 4. Zeta potential changes versus pH for quartz size -125 +38 pm and several
sizes of talc.

Quartz mineral was chosen as a mineral model due to its approximate
homogenized shape and general mineral paragenesis. Estimating the
flotation behavior using quartz has been previously reported in different
resources [4-6, 25]. The results clearly show that all samples have a
negative zeta potential in the pH range tested. The isoelectric point of
quartz was estimated at about pH 0.75. To understand the pH value in
which talc is able to attach onto the surfaces of quartz particles,
electrostatically, the zeta potential of quartz and talc nanoparticles are
needed to be compared with each other (Fig. 4). Fig. 4 represents the
isoelectric point, iep of quartz sample with the size of -125 +38 pm
which is less than 1 (i.e. about 0.75), while i.e.p of talc-A and talc-D5 are
estimated to be around pH 2. In addition, ie.p. of talc and quartz have
been reported by a number of researchers at pH 2-3 [26-31] and 0.5-3
[32-371, respectively.

The ratio between zeta potential and surface potential depends on the
double layer thickness. Fig. 4 shows the fluctuation of zeta potential
versus pH. This can be due to the low dissolved solids and NaCl ion
strength level, which are usually resulted in a relatively large double
layer made a bit higher zeta potential. In this case, the zeta potential is a
good approximation of the surface potential. Otherwise, the high level
of ions compresses the double layer and the potential curve. Thus, the
zeta potential is only a fraction of the surface potential [38]. This was
anticipated for talc whose silica T layer makes up two thirds of the
mineral structure. The typical high aspect ratio of talc also enhances the
likelihood of measurement along the faces relative to the edges.
Nonetheless, this trend was similar to the typical observations in
previous studies on talc [25, 31, 34, 391.

3.2. Quartz flotation using talc nanoparticles as collector

Fig. 5 shows the solids and water recoveries in the presence and
absence of talc nanoparticles in the flotation of quartz size -250 +38 pm.
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The total amount of solids recovery after 60 minutes of the flotation
time span, increased remarkably compared to the state when no talc was
used, especially in the liner part of the graph. The relation between water
and solid recovery has been also used by other researchers to determine
the level of entrainment in the flotation [40]. It is assumed that at the
same water recovery, the amount of solids is the same as that of
recovered by entrainment [41]. The amount of quartz recovered by true
flotation could be calculated from the differences between the mass of
solids recovered in the presence and absence of collector, at the same
water recovery. This method was therefore regarded as a suitable
method to study the rate of true flotation and entrainment [42, 43].
Therefore, there is approximately 34% recovery due to the true flotation
at 60 minutes, which is because of the presence of the talc nanoparticles
(Fig. 5).
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Fig, 5. Quartz and water recovery in the presence and absence of talc
nanoparticles. Quartz size -250 +38 um, pH 1.5, Frother A65 75 ppm, Talc-A 8
kg/t [44].

Fig. 6 presents the flotation recovery of quartz sized, -500 +38 um, as
a function of flotation time span at different pH and talc dosages.
Without talc nanoparticles, quartz recovery increased 17% within 30
minutes at pH 2.5. At pH 6 and 80 kg/t talc nanoparticles, quartz
recovery was considerably lower than when no talc was used. This could
be attributed to the entrainment, pulp density, rheology changes as well
as the same negative surface potential of talc and quartz at pH 6. In the
presence of 8 kg/t talc-A and pH 1.5, 27% of quartz recovered within 30
minutes compared with no talc consumption at pH 2.5, which is resulted
at around 10% of the true flotation. Following that, different flotation
tests at various pH and talc dosages were carried out. It was resulted that
the best flotation recovery was achieved at pH 1.5 and talc dosage of 8
kg/t, respectively (Fig. 6). It should be noted that in this condition (i.e.
pH 15), the positive charges of talc nanoparticles are electrostatically
adsorbed onto the negatively charge surfaces of quartz particles.
However, due to the negative effect of the gravity forces of quartz
particles, ie. -500 um, the flotation recovery was generally low.
Therefore, a number of flotation experiments were conducted using
smaller size ranges that include -250 +38 pm and -125 +38 pm at fixed
pHof 15.

The results in Fig. 7 and 8 show the quartz recovery as a function of
the flotation time span by changing the dosage of Talc-A nanoparticles
at pH 15. Fig. 7 shows the effective real flotation recovery of quartz, i.e.
30%, when 8 kg/t Talc-A compared with no talc usage. Increasing the
Talc-A dosages from 2 to 8 kg/t and the quartz size of -250 +38 pm, the
recovery increased from 41% to 56% after 30 minutes. Clearly, the
maximum quartz recovery increased twice compared with the quartz
size -500 +38 pm. Following that, the recovery decreased significantly
from 56%, to 32% when 80 kg/t of talc was applied. Similarly, using
quartz size -125 +38 pm, the maximum recovery was obtained more than
90%. Therefore, decreasing the quartz size increased the quartz recovery.
However, reducing the quartz size from -250 +38 um to -125 +38 yum
caused the dosage of Talc-A nanoparticles to increase from 8 kg/t to 45
kg/t to reach the maximum level of quartz recovery (Fig. 8). In fact, as
the specific surface areas of the finer particles increased, the amount of
required collector increased as well. It is the common behavior of
conventional chemical flotation collectors.
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Fig. 6. Flotation recovery of quartz size -500 +38 pm at different pH and Talc-A
dosage versus flotation time.
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Fig. 7. Flotation recovery of quartz size -250+38 um at various dosage of Talc-A
versus flotation time at pH 1.5.
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Fig, 8. Flotation recovery versus flotation time, quartz size -125+38 pm, Talc-A 45
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Fig. 9. Flotation recovery versus flotation time, quartz size -125+38 pm, Talc-D0
and Talc-D5 2 kg/t at pH=15.

In order to decrease the talc dosage, the talc particle size was reduced
by a planetary ball mill and classified as Talc-D0 and Talc-D5 (Table 1).
Fig. 9 shows that the maximum quartz recovery took place when
smallest talc size, Talc-DO0 and Talc-D5, were used. It is clearly seen that
quartz recovery at pH 15 and 2 kg/t of Talc-D5 is significantly higher
than the recovery obtained by Talc-D0, Dso 276 nm. This is due to the
talc nanoparticle size effect and higher surface charge density (Fig. 9).
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3.3. Relationship between talc nanoparticle size and required dosage in
flotation

As it was previously discussed (section 2.2), reducing the quartz
particle size at various talc dosages, Talc-A, Dso 512 nm, increases the
talc dosage to obtain high level of recovery. In order to determine how
much talc is required to achieve the maximum quartz recovery, it is
necessary to assess the relationship between the talc size and dosage. Fig.
10 shows that the required amount of talc to reach the maximum quartz
recovery in shorter period of time is higher than that needed in a longer
period of flotation time. This kind of pattern can be observed by Talc-
DO and Talc-D5. Fig. 11 shows how much talc nanoparticles are required
to obtain the maximum quartz recovery within a specific flotation time
span. In fact, the smallest talc nanoparticles recorded the lowest dosage.
Therefore, it is logical to decrease the talc dosage by reducing the size of
the talc particles from 512 nm (Talc-A) to 208 nm (Talc-D5). Fig. 11 also
shows that talc consumption with an average size of 208 nm is
considerably at the lowest level of talc consumption (ie. 17 kg/t).
According to the results, it was estimated that decreasing the talc size
particles down to less than 100 nm could result in further decrease in
the talc dosage to achieve the same level of flotation recovery.

Table 2 presents the low, high and average levels of quartz recovery
using talc nanoparticles at different sizes. It can be seen that Talc-A, 512
nm, and Talc-DO0, 276 nm are more effective when the flotation time
span is less than 15 minutes. On the other hand, for a longer flotation
time (i.e. 30 minutes), Talc-D5, 208 nm, is more effective than the other
types of talc nanoparticles. Comparing more experimental data, it can
be demonstrated that smaller talc particle especially in flotation time
spans shorter than 15 minutes, resulted in lower recoveries (Table 2).
These observations underscore one of the challenges in the design of
solid nanoparticle collectors. In one hand, the hydrophobic surface of
talc is in favor of the flotation process, but on the other hand,
hydrophilic ionic groups are required for nanoparticle colloidal
suspension to be stable [6].

It is suggested that for the sake of surface modification of talc
characters, the grinding quality of talc nanoparticles needs to be further
investigated to achieve nanoparticles less than 100 nm. Also, it may be
possible to chemically modify the hydrophilic talc nanoparticle edges to
become more hydrophobic. These results can help increase the talc
particle contact angles and consequently, better surface attachments
between quartz particles and bubbles to promote the flotation recovery.
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Fig. 10. Quartz recovery as a function of talc dosage at different times, quartz size
-125, +38 pm, at pH 1.5.

Table 2. Different levels of quartz -125, +38 pm recovery using various talc sizes
during flotation times.

Quartz recovery using talc nanoparticle size, nm

Flotation
time Talc-A Talc-DO Talc-D5
(min) low high Ave. low high Ave. low high Ave
1 6.7 156 116 8.0 236 17.4 9.0 262 170
3 238 41.0 331 245 40.0 351 341 485 402
5 36.8 533 46.7 36.8 472 443 524 631 553
10 56.6 757 68.5 62.0 72.6 65.6 66.5 793 742
15 67.3 86.7 789 731 82.9 75.6 737 880 804
30 784 93.0 88.7 84.8 924 88.9 80.8 925 860
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Fig. 11. Talc dosage to obtain the highest quartz recovery value vs. flotation time
for different types of talc nanoparticles, quartz size: -125+38 um at pH 1.5.

4. Conclusion

This work aimed to identify a novel application of natural
hydrophobic talc nanoparticles as a collector in the flotation of quartz,
as a hydrophilic mineral model. It was found that the efficiency of quartz
flotation using talc nanoparticles as a collector depends on the talc and
quartz particle sizes, talc dosage, flotation pH and time span. The
parameters talc nanoparticles size distribution and its dosage played an
important role to enhance the flotation recovery. Coarse quartz particles
need less amounts of talc compared to the finer quartz particles.
However, the recovery of coarse quartz particles was much lower than
the smaller particles, especially due to the effect of the gravity forces. It
was concluded that smaller talc nanoparticles having a natural
hydrophobic property could be able to increase the quartz flotation
recovery. To obtain the maximum recovery, one needs to understand
the interactions between the flotation parameters including talc dosage,
talc and quartz particles size ranges, time span and pH. The results need
to be validated for different mineral systems such as coal, graphite and
other natural hydrophobic minerals in future studies.
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