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Abstract: Flotation behavior of different sizes of particles may follow different trends. The influence
of particle size in talc suppression by a depressant galactomannan was studied in this research.
The flotation response and mechanism were examined by flotation tests, modified flotation rate
constant and entrainment recovery calculation, laser particle size experiments, adsorption tests,
and advancing contact angle measurement as well as scanning electron microscopy (SEM) and energy
dispersive X-ray spectrometry (EDS). The maximum recovery increased with particle size increases
in the absence of galactomannan FPY (Fenugreek polysaccharide). The obviously suppressed effect
was observed for the size fraction of −74 + 38 µm after reacting with FPY, but low efficiency was
received for −38 µm and −10 µm, respectively. Laser particle size analysis indicated that the FPY
has a certain function for the flocculation of fine particles. It is beneficial for reducing recovery by
entrainment. EDS and advancing contact angle test results showed that the difference in contact
angles probably is a result of genuine differences in the quantity of O and Mg bearing surface species,
while the contact angle varied with particle size fraction in the absence of FPY. Adsorption and SEM
test results demonstrated that in the case of −74 + 38 µm, the depressant adsorption density on the
mineral surface is higher than the other two size fractions. On the whole, FPY probably is not enough
of a depressant for talc suppression.

Keywords: size fraction; depressant galactomannan; entrainment; advancing contact angle;
talc flotation

1. Introduction

Talc is a 2:1 layer silicate, Mg3(Si2O5)2(OH)2, comprised of sheets linked by weak van der Waals
forces [1]. There are two different surfaces formed during grinding. Firstly, the basal cleavage planes
contained no broken Si–O and Mg–O bonds formed by the rupture of van der Waals bonds. This surface
is neutral and hydrophobic [2]. In contrast, the edges of the mineral sheets exhibit hydrophilic properties
as they contain pH-dependent SiOH and MgOH groups [3,4]. Besides, the proportion of edges of mineral
sheets gradually increase as the particle size reduces [5]. However, on the whole, talc always exhibits a
good natural floatability. Being naturally hydrophobic, as in nickel sulfide processing, talc easily leads
to flotation concentrates, thus reducing the concentrate grade and causing downstream processing
problems as well as increased smelting costs [6–8]. Therefore, it is a major problem in the presence of
hydrophobic gangue in the separation between talc and different sulfide ores.

At present, depressants play an important role in affecting the selective separation of sulfide
minerals from sulfide ores by flotation. There are numerous reports [4,9–15] on the application of
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a polymer as a depressant for talc and other magnesia-bearing minerals present as impurities in
various sulfide ores. Meanwhile, guar gum has been one of the most widely used depressants for
magnesia-bearing gangue minerals [16,17]. However, this tends to force guar gum pricing to be
market-related and it usually suffered the disadvantages of limited availability and high cost [18].
Therefore, there is a demand to develop more selective, cheap, and high performance depressants for
the separation of sulfide minerals from magnesia-bearing minerals.

Fenugreek polysaccharide (FPY), is made from the root of the amorphophallus or trigonella
plants and is a new high molecular weight polysaccharide, used as a powerful water-soluble dietary
fiber supplement in food additives, medicine, chemicals, etc. [19–21]. Amorphophallus and trigonella
plants are widely grown in Southern China and Japan [18]. Thus, FPY was the advantage of being an
abundant resource and low in price compared to guar gum. Zhao et al. [7], according to zeta-potential
and infrared spectrum analysis, indicated that FPY could be selectively and strongly adsorb on talc
surfaces through chemical adsorption, while a weak physical adsorption occurred between FPY
and pentlandite.

At present, most of the published literature commonly used the special mineral particle size
as the flotation material in the suppressed efficiency research [11,15,22,23]. However, this ignores
the influence of other size fraction particles in the studied depressant, especially for fine particles,
even though it has been shown that the behavior of different sizes of particles may follow different
trends [24,25].

In this study, the flotation results for −10 µm, −38 µm, and −74 + 38 µm particles with and
without FPY were deeply analyzed on the basis of the previous work by Zhao et al. [7]. The depression
mechanism of FPY for different size fractions of talc was investigated by modifying the first-order
flotation rate constant analysis, the empirical model for the degree of entrainment calculation and
adsorption experiments, and the scanning electron microscope (SEM) tests. In order to reveal the
genuine differences in surface species, each size fraction was analyzed by energy dispersive X-ray
spectrometry (EDS) while at the same time contact angles were measured on each size fraction by the
Washburn method.

2. Experimental

2.1. Samples and Reagents

2.1.1. Samples

Pure talc samples were obtained from Anhui Mining Corporation, China. The purity of the
mineral sample was more than 90% by X-ray diffraction analysis and chemical analysis, as shown in
Figure 1 and Table 1. The sample was shown to include the major ash elements S and C at 3.18% and
1.46%, respectively. Hand-selected crystals of these minerals were crushed to −1 mm in a laboratory
roll crusher. The crushed products were then ground in a ceramic ball mill and the product was
screened into three narrow size fractions: −74 + 38, −38, and −10 µm. It is noted that the size
fraction of −10 µm was received in the settlement of hydraulic and the solid mass concentration is
16.6% (sedimentation time, 26 min 12 s) [26]. The size distribution of narrow size fractions is given in
Figure 2 and summarized in Table 2.

Table 1. Chemical analysis results of talc samples.

Element MgO SiO2 TiO2 K2O Fe2O3 Na2O NiO CaO

Grade (mass fraction)/% 30.43 57.15 3.26 0.65 0.58 0.32 0.29 0.17
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Table 2. The size distribution of narrow size fractions.

Size Fraction/µm d10/µm d50/µm d90/µm Mean Size/µm

−74 + 38 29.577 67.679 118.4446 70.767
−38 4.924 22.966 51.579 25.985
−10 2.647 6.211 12.813 7.096

Minerals 2018, 8, x FOR PEER REVIEW  3 of 15 

 

Table 2. The size distribution of narrow size fractions. 

Size Fraction/μm d10/μm d50/μm d90/μm Mean Size/μm 
−74 + 38 29.577 67.679 118.4446 70.767 
−38 4.924 22.966 51.579 25.985 
−10 2.647 6.211 12.813 7.096 

Two-Theta(deg)

Figure 1. X-ray diffraction (XRD) spectra of pure talc for tests. 

 
Figure 2. The size distribution of narrow size fractions. 

2.1.2. Reagents 

The depressant galactomannan (FPY, structure (C6H10O5)n, >95% purity) was extracted and 
purified from fenugreek powder. The viscosity of aqueous solutions of 1% (by weight) FPY was 
25–30 Pa·s. It was supplied by the Institute of Multipurpose Utilization of Mineral Resources 
Flotation Reagents Limited Company. The solution was made up to the required volume by adding 
distilled water and then left to equilibrate overnight. Fresh solutions were prepared every three 
days. In the micro-flotation tests, FPY, guar gum, or carboxymethyl cellulose (CMC) were used as 
the depressant, sodium isobutyl xanthate (SIBX) was used as the collector, methyl iso-butyl carbinol 
(MIBC) was used as the frother, and hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used 
as the pH regulators. Cyclohexane (analytical grade) was used in advancing contact angle 
measurements. In addition, all reagents used in micro-flotation tests were of analytical grade. 
Deionized double distilled water was used for micro-flotation, contact angle tests, and adsorption 
experiments as well as laser particle size analysis.  
  

Figure 1. X-ray diffraction (XRD) spectra of pure talc for tests.

Minerals 2018, 8, x FOR PEER REVIEW  3 of 15 

 

Table 2. The size distribution of narrow size fractions. 

Size Fraction/μm d10/μm d50/μm d90/μm Mean Size/μm 
−74 + 38 29.577 67.679 118.4446 70.767 
−38 4.924 22.966 51.579 25.985 
−10 2.647 6.211 12.813 7.096 

Two-Theta(deg)

Figure 1. X-ray diffraction (XRD) spectra of pure talc for tests. 

 
Figure 2. The size distribution of narrow size fractions. 

2.1.2. Reagents 

The depressant galactomannan (FPY, structure (C6H10O5)n, >95% purity) was extracted and 
purified from fenugreek powder. The viscosity of aqueous solutions of 1% (by weight) FPY was 
25–30 Pa·s. It was supplied by the Institute of Multipurpose Utilization of Mineral Resources 
Flotation Reagents Limited Company. The solution was made up to the required volume by adding 
distilled water and then left to equilibrate overnight. Fresh solutions were prepared every three 
days. In the micro-flotation tests, FPY, guar gum, or carboxymethyl cellulose (CMC) were used as 
the depressant, sodium isobutyl xanthate (SIBX) was used as the collector, methyl iso-butyl carbinol 
(MIBC) was used as the frother, and hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used 
as the pH regulators. Cyclohexane (analytical grade) was used in advancing contact angle 
measurements. In addition, all reagents used in micro-flotation tests were of analytical grade. 
Deionized double distilled water was used for micro-flotation, contact angle tests, and adsorption 
experiments as well as laser particle size analysis.  
  

Figure 2. The size distribution of narrow size fractions.

2.1.2. Reagents

The depressant galactomannan (FPY, structure (C6H10O5)n, >95% purity) was extracted and
purified from fenugreek powder. The viscosity of aqueous solutions of 1% (by weight) FPY was
25–30 Pa·s. It was supplied by the Institute of Multipurpose Utilization of Mineral Resources Flotation
Reagents Limited Company. The solution was made up to the required volume by adding distilled
water and then left to equilibrate overnight. Fresh solutions were prepared every three days. In the
micro-flotation tests, FPY, guar gum, or carboxymethyl cellulose (CMC) were used as the depressant,
sodium isobutyl xanthate (SIBX) was used as the collector, methyl iso-butyl carbinol (MIBC) was
used as the frother, and hydrochloric acid (HCl) and sodium hydroxide (NaOH) were used as the
pH regulators. Cyclohexane (analytical grade) was used in advancing contact angle measurements.
In addition, all reagents used in micro-flotation tests were of analytical grade. Deionized double
distilled water was used for micro-flotation, contact angle tests, and adsorption experiments as well as
laser particle size analysis.
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2.2. Experiments

2.2.1. Micro-Flotation Tests

A flotation machine of XFG-1600 type (mechanical agitation) with the volume of 40 mL was used
in the micro-flotation tests. The mineral suspension was prepared by adding 2.0 g of a single mineral
to 40 mL of solutions in single mineral flotation tests. The pH of the mineral suspension was adjusted
to the desired operating value by adding HCl or NaOH stock solutions.

For flotation comparison experiments of different depressants (fixed pH = 6.5), the general reagent
addition scheme involved depressant, collector, and then frother addition with each stage having a
2-min conditioning period prior to the addition of the next reagent. Flotation concentrates were then
collected for a total of 5 min. The floated and un-floated particles were collected, filtered, and dried.
The recovery was calculated based on solid weight distribution between the two products. In flotation
dynamics tests of talc, the general reagent addition scheme involved depressant and then frother
addition with each stage having a 2-min conditioning periods prior to the addition of the next reagent.
Concentrates were collected at 20 s, 40 s, 1 min, 2 min, 3 min, and 5 min cumulative flotation time with
a scraping rate of one every 2 s. The following conditions were constant in all tests, unless otherwise
noted: (1) a superficial gas velocity, Jg of 3.11 cm/s, (2) impeller rotational speed of 1900 rpm, (3) solids
concentration of 4.7%, (4) frother addition of 8 mg/L at the beginning of the test, (5) a froth depth of
about 0.5 cm. The floated and un-floated particles were collected, filtered, and dried. In single mineral
flotation, the recovery was calculated based on solid weight distribution between the two products.
Product wet and dry weights were used to determine the water recovery.

2.2.2. Determination of Modified Flotation Rate Constant

Many kinetic models have been proposed to analyze flotation time-recovery profiles by different
investigators [27]. Among these models, the classical first-order kinetic model was widely used to
evaluate the effect of various parameters such as operating variables for flotation [25,28,29]:

R(t) = R∞

(
1 − e−Kt

)
(1)

where R(t) (%) is the accumulative combustible recovery by flotation time t (min), R∞ (%) represents
the ultimate recovery, and K (min–1) is the rate constant. The model parameters (R∞ and K) can be
determined by fitting the experimental data points with Equation (1) and minimizing the residual sum
of squares, which can be effectively used to evaluate the effect of variables on the flotation process [30].
However, it is difficult to compare the flotation model parameters between tests or to establish a trend
for R∞ and K values under different conditions. Therefore, some researchers have adopted a modified
flotation rate, taking constant into account both the ultimate recovery and the rate constant that is
applied to analyze the flotation result [31]. In this paper, the modified flotation rate constant was
calculated by:

Km =
K × R∞

100
(2)

2.2.3. Recovery by Entrainment

Particles were recovered via two primary mechanisms: (1) by true flotation, in which hydrophobic
particles were recovered by attachment to air bubbles, and (2) by entrainment, which involves
the nonselective recovery of particles in water to the concentrate, irrespective of whether they are
hydrophobic or hydrophilic [31,32]. It is worth noting that the water in the cell used in this calculation
included both the water initially added to the flotation cell as well as the distilled water which was
added to maintain the pulp level. This added water was dosed with frother at the same concentration
as that added at the beginning of the test (i.e., 8 mg/L) with the aim of achieving a relatively constant
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concentration of frother in the cell throughout each experiment. The equation to calculate water
recovery is showed as follows:

Rw =
ω1

ω2 + ω3

where ω1 is the weight of water in the foam concentrate, ω2 is the water initially added to the flotation
cell, and ω3 is distilled water which was added to maintain the pulp level. Caution should be required
when comparing the water recovery values presented in this paper with those presented elsewhere,
as they may have been calculated differently.

The recovery by entrainment was virtually the water-recovered value corrected by the degree of
entrainment. The simplified model of gangue recovery by entrainment commonly seen in the literature
is as follows [33]:

Rent,i = ENTi·Rw (3)

where Rent,i is the recovery by entrainment (for particle size i), Rw is the water recovery, and ENTi is
the degree of entrainment for particle size i. An empirical mathematical model [34] for the degree of
entrainment was proposed to relate the degree of entrainment to particle size and density, as shown in
Equation (4):

ENTi =
1

1 + 0.061·[(ρs − ρw)·di
2]

0.689 (4)

where ρs is the specific gravity of the solid particles, ρw is the density of the water, di is the particle
diameter, and g is the gravitational acceleration. It should be noted that in the experiments performed
in the current study only particle size was varied, while the other operating conditions were kept
constant, such as fluid viscosity and particle shape. In addition, the parameters used by the authors
are not the same as those used by Wang et al. [34].

Figure 3 indicates that the fluid viscosity for the three size fractions of talc basically remained
consistent all the time. In particular, Figure 3b demonstrates that all fluid viscosity values of the three
size fractions of talc are on the verge of 1 mPa·s (the viscosity of water, with a temperature of 20 ◦C).
This is possible due to the low solid concentration (mass percent at 4.7%) in the flotation process. In a
word, it is expected that this operating condition, fluid viscosity, was kept constant throughout this
study. Secondly, mineral particles almost showed a trend of generating spherical particles through
continuous ball-mill grinding with the decrease of grain size. The size of all talc particles used in this
research was −74 µm; therefore, it is possible to assume that this operating condition, particle shape,
was also kept constant throughout this study, although a difference in particle shape may exist.
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2.2.4. Laser Particle Size Experiments

For the particle size analysis, 2.0 g of single mineral was taken and made up to 40 mL after the
addition of distilled water in 1000-mL beakers. The corresponding flotation agents, which were the
same types as those used in the flotation test, were added into the pulp and stirred for 5 min. The mean
size of the pulp was then measured with a laser particle size analyzer at a spindle speed of 1900 rpm
(MasterSizer 2000, Malvern, UK).

2.2.5. Adsorption Tests

In the adsorption experiments, 2 g of pure mineral particles was added to 40 mL distilled water in
100-mL beakers, and the desired concentration of FPY was added at a pH equal to 6.5. The suspension
was stirred for 3 min and subsequently filtered. The filtrate was centrifuged under the conditions
of 25 ◦C centrifugal temperature and 9000 rpm centrifugal speed for 20 min. Fifteen milliliters of
supernatant was transferred to a clean centrifuge tube for the TOC (Total Organic Carbon) test after the
centrifugation was completed. The same procedure was used to determine the original TOC of FPY
without reacting minerals. The TOC (T1) of FPY remaining in the supernatant was measured using the
TOC-L machine supplied by Shimadzu, Japan. It was assumed that the amount of TOC (T2) of FPY
depleted from the solution had adsorbed onto one particular mineral phase. The amount of TOC for a
single FPY particle was recorded as T0.

2.2.6. Advancing Contact Angle Measurement

In this section, preparation steps for the advancing contact angle measurement of samples with
FPY was carried out as follows: 2 g of pure mineral particles was added to 40 mL distilled water in
100-mL beakers, followed by the addition of the desired concentration (25 mg/L) of FPY at a pH equal
to 6.5. The suspension was stirred for 3 min and subsequently filtered. Then, the filter residue was
washed three times using distilled water and dried in a vacuum drying box at a temperature 40 ◦C.
The Washburn et al. [35] method was chosen for its simplicity and the fact that several measurements
can be conducted in a short time with good reproducibility [36]. Conditioned mineral samples were
prepared for the contact angle determination in exactly the same manner as was used for the adsorption
isotherms. A sample tube with a diameter of 12 mm and a height of 50 mm was used, and marked
on one side with a scale of 5-mm increments to a maximum of 40 mm. The 5-mm mark on the tube
represented “0” mm on the graduated scale during the experiments. A clean rolled ball of cotton wool
was placed at one end of each of the four tubes to act as a porous plug. The open end of each tube was
placed twice into a vial containing the particles. The collected particles were maneuvered down the
tube, by tapping the tube on a level surface closed end down, until the particles were level and packed.
This was repeated until the particles reached the 40-mm level.

Besides, it should be noted that the key to applying the Washburn method is in obtaining two
sample tubes with two reproducible packed powder structures [37]. Therefore, we prepared samples
by an improved technique proposed by Burt and Fewtrell [38], which comprises preparing beds of
powders for the contact angle tests of particles. The method involves the manual filling of sample
tubes with the powder under study using a spatula and then compacting the beds by centrifugal
force using a laboratory centrifuge. The centrifuge used in this work was a Rotofix 32A (provided by
Hettich, Kirchlengern, Germany) in which three samples were prepared in each run. It was found that
the method gave three similar reproducible samples and that same packing porosity could be obtained
for fine powders [37] by using the same speed of rotation of 3000 rpm for 10 min.

The tubes were placed in solutions of either distilled water or freshly prepared cyclohexane.
The time taken for the wetting front to reach each of the 5-mm increments up to the 20-mm mark,
starting from “0” mm, was recorded. Two measurements were made for each particle type and each
solution. Measurement with distilled water utilizes the following equation:
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H2 = Cw
ρ2γLV cos θ

2η
t (5)

where H is the liquid height gain, Cw is a material constant, and ρ is the density of the liquid. For the
calibrating liquid (cyclohexane), which is fully wetting, Equation (5) becomes:

H2 = Cw
ρ2γ

2η
t (6)

From Equation (6), Cw is calculated and substituted into Equation (5) to calculate the advancing
contact angle. The material constant, which is a geometric factor, reflects the porosity and capillary
tortuosity, and is determined by the particle size and bulk density [39]. This method assumes that
(1) laminar flow exists, (2) the effect of gravity is negligible, and (3) the material packing structure is
the same during the measurement with water and cyclohexane as the wetting liquids.

2.2.7. Scanning Electron Microscopy and Energy Dispersive X-ray Spectrometry Analysis

Each measure of 2 g talc was mixed in a solution of 25 mg/L FPY and conditioned for 10 min
at pH 6.5. The solids were then washed with deionized water, air dried and coated with carbon,
and then analyzed by a scanning electron microscope (SEM) from Camscan Electron Optics, Ltd.,
Cambridge, UK. An energy dispersive X-ray spectrometry (EDS) test was carried out for different size
fractions of talc without FPY. SEM was used to map the surface topography and identify talc surfaces,
while EDS was used to identify elements concentration on talc surfaces and to determine the atomic
concentration [40].

3. Results and Discussions

3.1. Comparision of Different Depressants

Figure 4 shows the effects of different depressants on the floatability of talc. The results in Figure 4
demonstrated that, compared with CMC and the low dosage of guar gum, the floatability of talc
became weaker after adding the FPY depressant at pH = 6.5. It is also indicated that FPY had little
depression effect on chalcopyrite, while the talc recovery decreased dramatically with an increase
in FPY concentration. In the presence of 25 mg/L FPY, the flotation recovery of talc was about 15%,
and the recovery of chalcopyrite was about 90%. The results demonstrated the selective depressive
effect of FPY on talc. In addition, the flotation recovery of talc was about 25% with 25 mg/L guar gum.
As shown in Figure 4, the results are in accordance with the test by Zhao et al. [41], which reveals that
the measurement is reliable. In a word, alternatives could be found to guar gum.
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3.2. Flotation of Independent Size Fraction

All of the samples were thoroughly equilibrated, and an average recovery value of three individual
measurements was recorded for each of the experimental points. Only a small deviation (<2%)
was exhibited between the three individual measurement results and the average recovery value.
The accumulative recovery results for different size fractions with and without FPY are shown in
Figure 5. Table 3 shows the calculated model parameters for the three size fractions of talc. As expressed
in Figure 5a, a large portion of the floatable particles is recovered within 1 min. The maximum recovery
(t = 5 min) of −74 + 38 µm particles is similar to that of −38 µm particles, above 97%, but both are
slightly higher than that of the size fraction −10 µm, 90%. Figure 5b indicates that the obviously
suppressed effect is observed for three size fractions after adding FPY, especially for the size fraction of
−74 + 38 µm. However, comparatively speaking, the maximum recovery of particle size at −10 µm
and −38 µm is higher than that of the size fraction of −74 + 38 µm. Moreover, the recovery difference
of size fractions may due to water recovery or entrainment rather than a true flotation via bubble
attachment, which can be associated with the small mass and high specific surface area [42]. This issue
will be further discussed in the next section.
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Table 3. Calculated model parameters for the three size fractions of talc.

Parameter

Size Fraction

Without FPY With FPY

−10 µm −38 µm −74 + 38 µm −10 µm −38 µm −74 + 38 µm

R2 0.999 0.996 0.999 0.995 0.999 0.997
R∞ 88.11 92.39 96.41 51.93 41.00 6.33

K/min−1 0.0362 0.0536 0.1235 0.0207 0.0149 0.0240
Km/min−1 0.032 0.050 0.119 0.011 0.006 0.002

As shown in Table 3, without FPY, particles at −74 + 38 µm have the highest Km. With the
reduction in the particle size of talc particles, the Km value decreases. This may be because fines
particles can improve the surface hydrophilicity with particle size decreases even though fine particles
can improve the froth stability by reducing bubble coalescence [43]. The Km of the three size fractions
of talc after reacting with FPY is decreased compared with the corresponding size particles without
FPY. In addition, the Km of coarse particles (−74 + 38 µm) is lower than that of the other size fractions.
On the whole, FPY is obviously efficient for the suppression of talc at the −74 + 38 µm particle size,
but not enough for the suppression of the size fractions of −38 and −10 µm.
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3.3. Recovery by Entrainment Analysis

As mentioned above, the recovery difference of size fractions may be due to water recovery
or entrainment rather than a true flotation via bubble attachment. Table 4 shows the recovery of
entrainment (Rent.i) for the three size fractions of talc. The density of the fluid and particle is assumed
to be 1 g/cm3 and 2.75 g/cm3 and the arithmetic mean particle size (µm) is used in this research.
It should be noted that FPY may have a certain function for the flocculation of fine particles. Therefore,
the particle size tests operate in the presence and absence of FPY, and corresponding results are shown
in Table 4. The results demonstrated that the mean particle size (di) of the fractions at −38 µm and
−10 µm increased significantly from 26 µm and 7 µm to 31 µm and 11 µm, respectively, with a FPY
dosage of 25 mg/L.

Table 4. The particle size data for the three size fractions after reacting with or without FPY.

Conditions Size Fraction di (µm) Rw (%) ENTi Rent.i (%)

Without FPY
−10 µm 7.096 61.289 0.4283 26.25
−38 µm 25.985 61.433 0.1113 6.84

−74 + 38 µm 70.767 54.518 0.0305 1.66

With FPY
−10 µm 11.150 43.707 0.2867 12.53
−38 µm 31.39 50.077 0.0880 4.41
−74 µm 70.791 49.232 0.0305 1.50

The ENTi values of talc were obtained from the laboratory flotation cell decrease with an increase
in particle size with or without FPY. ENT values of the larger sized particles settle faster and experience
greater drainage relative to water in comparison to particles with a smaller size [38], indicating
significantly lower recovery by entrainment. In addition, the recovery of true flotation via bubble
attachment of the three size fractions in the presence and absence of FPY is expressed in Figure 6.
It is indicated that FPY as a depressant is effective for the suppression of talc present in different size
fractions. Of course, it should be noted that the significant difference of the suppression efficiency for
the three size fractions of talc is observed with a dosage of 25 mg/L FPY. The true recovery calculation
results indicated that the recovery of talc decreased by 24%, 56%, and 91% for −10 µm, −38 µm,
and −74 + 38 µm, respectively, after reacting with FPY. The coarser particles, −74 + 38 µm, indicated a
significantly stronger suppression effect by FPY compared with the finer particles, −10 µm. This is
probably due to the lower adsorption density of FPY for finer particles with a greater specific surface
area than coarse particles. This issue will be further discussed in the next section.

Minerals 2018, 8, x FOR PEER REVIEW  9 of 15 

 

3.3. Recovery by Entrainment Analysis 

As mentioned above, the recovery difference of size fractions may be due to water recovery or 
entrainment rather than a true flotation via bubble attachment. Table 4 shows the recovery of 
entrainment (Rent.i) for the three size fractions of talc. The density of the fluid and particle is assumed 
to be 1 g/cm3 and 2.75 g/cm3 and the arithmetic mean particle size (μm) is used in this research.  
It should be noted that FPY may have a certain function for the flocculation of fine particles. 
Therefore, the particle size tests operate in the presence and absence of FPY, and corresponding 
results are shown in Table 4. The results demonstrated that the mean particle size (di) of the fractions 
at −38 μm and −10 μm increased significantly from 26 μm and 7 μm to 31 μm and 11 μm, 
respectively, with a FPY dosage of 25 mg/L. 

Table 4. The particle size data for the three size fractions after reacting with or without FPY. 

Conditions Size Fraction di (μm) Rw (%) ENTi Rent.i (%) 

Without FPY 
−10 μm 7.096 61.289 0.4283 26.25 
−38 μm 25.985 61.433 0.1113 6.84 

−74 + 38 μm 70.767 54.518 0.0305 1.66 

With FPY 
−10 μm 11.150 43.707 0.2867 12.53 
−38 μm 31.39 50.077 0.0880 4.41 
−74 μm 70.791 49.232 0.0305 1.50 

 
Figure 6. The recovery of true flotation via bubble attachment of the three size fractions in the 
presence and absence of FPY (25 mg/L, pH = 6.5). 

The ENTi values of talc were obtained from the laboratory flotation cell decrease with an 
increase in particle size with or without FPY. ENT values of the larger sized particles settle faster and 
experience greater drainage relative to water in comparison to particles with a smaller size [38], 
indicating significantly lower recovery by entrainment. In addition, the recovery of true flotation via 
bubble attachment of the three size fractions in the presence and absence of FPY is expressed in 
Figure 6. It is indicated that FPY as a depressant is effective for the suppression of talc present in 
different size fractions. Of course, it should be noted that the significant difference of the 
suppression efficiency for the three size fractions of talc is observed with a dosage of 25 mg/L FPY. 
The true recovery calculation results indicated that the recovery of talc decreased by 24%, 56%, and 
91% for −10 μm, −38 μm, and −74 + 38 μm, respectively, after reacting with FPY. The coarser particles, 
−74 + 38 μm, indicated a significantly stronger suppression effect by FPY compared with the finer 
particles, −10 μm. This is probably due to the lower adsorption density of FPY for finer particles with 
a greater specific surface area than coarse particles. This issue will be further discussed in the next 
section.  
  

Figure 6. The recovery of true flotation via bubble attachment of the three size fractions in the presence
and absence of FPY (25 mg/L, pH = 6.5).



Minerals 2018, 8, 122 10 of 15

3.4. Contact Angle Variation with Particle Size

A series of contact angle measurements were carried out to probe the flotation behavior of
each particle size fraction as the particle size varied. The advancing contact angle measurement of
all size fractions of talc with and without FPY is shown in Table 5. It is indicated that the contact
angle obviously decreases as the particle size reduces without any treatment. However, it is not
immediately clear whether this variation is due to the intrinsic effects of particle size on the contact
angle measurement or due to genuine differences in surface species, as speculated previously [44].
To explore reasons for this variation, a sample of talc particles was prepared without depressant
addition. Surface species were analyzed by EDS (Figure 7) before contact angles were measured for
each size fraction. It was found that as the contact angle is reduced, either the amount of oxygen
increased or magnesium decreases on the surface of talc. The −10 µm size fraction had a lower contact
angle due to the higher O and lower Mg content compared to the other size fractions. These results
confirm that Mg-containing species are mainly responsible for hydrophobicity in the depressant-less
flotation of talc. Thus, while the contact angle varied with particle size fraction (without FPY),
the difference in contact angles with particle size is a result of genuine differences in the quantity of O-
and Mg-bearing surface species. However, it should be noted that the size of the micro-channels change
for the particles of different sizes. So, the change in contact angle can only be partially attributed to the
change in surface composition.

Table 5. Advancing contact angle measurement on talc in the presence and absence of FPY.

Conditions Contact Angle (◦) −10 µm −20 µm [8,44] −38 µm −74 + 38 µm

Without FPY θ0 52.43 61.41 69.42 75.98
Standard Deviation ∆θ 0.0914 - 0.0193 0.1212

With FPY θ1 44.98 - 41.32 34.23
Standard Deviation ∆θ 0.0721 - 0.0911 0.1023

In the absence of FPY, the talc faces have a contact angle from 70◦ to 90◦ for different size
fraction particles. In addition, it is important to note that the impurities may affect the contact
angle. After reacting with FPY, the contact angle decreased for the three size fractions. In addition,
both size fractions of −38 µm and −10 µm had obviously higher contact angles than the size fraction
of −74 + 38 µm. This is possibly caused by a different quantity of depressant FPY that exists or is
adsorbed on the talc surfaces. The adsorption capacity and density were calculated to clarify this
phenomenon in the next section [34].
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3.5. Adsorption Studies

Depressant FPY adsorption results at pH 6.5 for the three size fractions of talc are shown in
Figure 8. In contrast to finer particles, such as the −10 µm size fraction, there were large differences
between the adsorption densities of FPY on coarse particles at pH 6.5. The adsorption of FPY slightly
increased for all size fractions when the dosage of FPY was raised from 10 to 60 mg/L. After the
additions of FPY at 25 mg/L, for −10 µm, −38 µm, and −74 + 38 µm talc the adsorption density in the
presence of FPY was 0.42 mg/m2, 0.57 mg/m2, and 1.65 mg/m2, respectively. The adsorption density
analysis was consistent with the results of the micro-flotation experiments.

To corroborate this hypothesis, the three size fractions after reacting with FPY were observed
under the electron microscope (Figure 9), effectively revealing the presence of gummy precipitates on
the surface of talc. In particular, the −74 + 38 µm particles were covered by the netted FPY membrane
on the mineral surface (Figure 9c). However, it should be noted that the absorbed capability of FPY for
different size fractions decreased gradually in the order of −74 + 38 µm, −38 µm, and −10 µm.

Minerals 2018, 8, x FOR PEER REVIEW  11 of 15 

 

(c) 

Figure 7. Energy dispersive X-ray spectrometry (EDS) atomic concentrations (wt %) on the surface of 
talc (without adding FPY) of different size fractions: (a) −74 + 38 μm, (b) −38 μm, (c) −10 μm. 

3.5. Adsorption Studies 

Depressant FPY adsorption results at pH 6.5 for the three size fractions of talc are shown in 
Figure 8. In contrast to finer particles, such as the −10 μm size fraction, there were large differences 
between the adsorption densities of FPY on coarse particles at pH 6.5. The adsorption of FPY slightly 
increased for all size fractions when the dosage of FPY was raised from 10 to 60 mg/L. After the 
additions of FPY at 25 mg/L, for −10 μm, −38 μm, and −74 + 38 μm talc the adsorption density in the 
presence of FPY was 0.42 mg/m2, 0.57 mg/m2, and 1.65 mg/m2, respectively. The adsorption density 
analysis was consistent with the results of the micro-flotation experiments.  

To corroborate this hypothesis, the three size fractions after reacting with FPY were observed 
under the electron microscope (Figure 9), effectively revealing the presence of gummy precipitates 
on the surface of talc. In particular, the −74 + 38 μm particles were covered by the netted FPY 
membrane on the mineral surface (Figure 9c). However, it should be noted that the absorbed 
capability of FPY for different size fractions decreased gradually in the order of −74 + 38 μm, −38 μm, 
and −10 μm. 

 
Figure 8. Depressant FPY adsorption results at pH 6.5 for the three size fractions of talc. Figure 8. Depressant FPY adsorption results at pH 6.5 for the three size fractions of talc.



Minerals 2018, 8, 122 12 of 15

Minerals 2018, 8, x FOR PEER REVIEW  12 of 15 

 

(a) (b) 

(c) 

Figure 9. Scanning electron micrographs (secondary electrons), showing FPY adhered onto the 
surface of (a) −74 + 38 μm, (b) −38 μm, and (c) −10 μm talc particles conditioned with 60 mg/L FPY at 
pH 6.5. 

4. Conclusions 

In this work, the suppression efficiency for talc with different particle sizes was studied using 
galactomannan (FPY) as a depressant. The maximum recovery increased with particle size increases 
in the absence of FPY. The obviously suppressed effect was observed for the size fraction of −74 + 38 
μm after reacting with FPY, but low efficiency was observed for −38 μm and −10 μm size fractions. 
The recovery of entrainment decreased significantly as the particle size increased. Laser particle size 
analysis indicated that FPY has a certain function for the flocculation of fine particles, which could 
help reduce the recovery by entrainment. EDS and the advancing contact angle test results showed 
that the difference of contact angles probably is a result of genuine differences in the quantity of O- 
and Mg-bearing surface species, while the contact angle varied with particle size fraction in the 
absence of FPY. Adsorption and SEM test results demonstrated that in the case of the −74 + 38 μm size 
fraction of talc, the depressant adsorption density on the mineral surface is higher than that on the 
other two size fractions. 

Although the tests were performed with the use of different single size fractions, the flotation 
results for talc indicate that FPY probably is not a strong enough depressant for efficient talc 
suppression. In addition, it should be noted that the interactions among particles with different 
particle sizes have an important influence on the flotation process. Therefore, much work is still 
required to conclusively demonstrate whether or not FPY can be used in an effective and 
commercially viable process for the suppression of talc, and further studies of this process are 
strongly encouraged. 
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4. Conclusions

In this work, the suppression efficiency for talc with different particle sizes was studied using
galactomannan (FPY) as a depressant. The maximum recovery increased with particle size increases in
the absence of FPY. The obviously suppressed effect was observed for the size fraction of −74 + 38 µm
after reacting with FPY, but low efficiency was observed for −38 µm and −10 µm size fractions.
The recovery of entrainment decreased significantly as the particle size increased. Laser particle size
analysis indicated that FPY has a certain function for the flocculation of fine particles, which could
help reduce the recovery by entrainment. EDS and the advancing contact angle test results showed
that the difference of contact angles probably is a result of genuine differences in the quantity of O- and
Mg-bearing surface species, while the contact angle varied with particle size fraction in the absence of
FPY. Adsorption and SEM test results demonstrated that in the case of the −74 + 38 µm size fraction
of talc, the depressant adsorption density on the mineral surface is higher than that on the other two
size fractions.

Although the tests were performed with the use of different single size fractions, the flotation
results for talc indicate that FPY probably is not a strong enough depressant for efficient talc
suppression. In addition, it should be noted that the interactions among particles with different
particle sizes have an important influence on the flotation process. Therefore, much work is still
required to conclusively demonstrate whether or not FPY can be used in an effective and commercially
viable process for the suppression of talc, and further studies of this process are strongly encouraged.
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