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Abstract: Recent studies in the flotation of fine particles have necessitated new techniques and
analyses for developing various strategies. Particularly, the improvements in flotation chemistry
including the selection of the type of frother, collector, and other reagents have become very significant.
In this study, the effect of different commercial polypropylene glycol frothers (PPG200, 400, and 600)
in the presence of dodecylammonium hydrochloride (DAH) was investigated for their contribution to
flotation recoveries and bubble–particle attachment time values of fine quartz minerals. Zeta potential
measurements with DAH were also carried out as a function of pH and reagent concentration to
justify the effect of collector usage alone on the charge of particles. A linear increase in flotation
recoveries against collector concentration, e.g., 7.4% recovery at 1 × 10−5 mol/L DAH and 65.4%
recovery at 1 × 10−3 mol/L DAH, was obtained. In this context, the contribution of frothers was
particularly important in that a recovery of 15.91% in the absence of the frother and a modest increase
to 19.70% was obtained upon the addition of PPG600 at its critical coalescence concentration (CCC)
of 3 ppm. Finally, a strong correlation was found between the bubble–particle attachment time
and flotation recovery as a function of collector concentration (lowest attachment time vs. highest
flotation recovery). The latter correlation is very promising because bubble attachment time leads to
various micro-mechanisms in flotation including bubble film thinning, bubble rupture, and induction
time, and consequently, frother efficiency in the presence and absence of a collector. As a result, the
experimental findings were gathered to achieve a consistent base for further fundamental studies on
the application of the synergistic effect of frothers and collectors in the flotation of fine particles.

Keywords: flotation; frother; fine particles; attachment time; zeta potential; quartz; dodecyl
ammonium hydrochloride

1. Introduction

Flotation is a physico-chemical process based on differences in the surface properties of
minerals in which hydrophobic (water-repellent) particles are separated from hydrophilic
(water-wetted) particles by bubbles and used in many industries, from metallurgical to
chemical [1]. The enrichment of minerals with the flotation method depends on selectively
making mineral surfaces hydrophobic by adjusting the pH of the medium and introducing
the appropriate size of air bubbles [2–5]. If minerals do not possess surface properties akin
to the attachment air bubbles, chemicals called collectors are added to make the mineral hy-
drophobic [6,7]. Additionally, the efficiency of flotation is strongly related to the collecting
ability of air bubbles, and their behavior is generally controlled with the use of chemicals
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called frothers, which reduce air/liquid interfacial tension [8]. Moreover, particles and
bubbles collide, whereby the bubble and the particle approach each other closely, and
attachment can occur [9,10] Therefore, bubble–particle attachment is a critical mechanism
for successful flotation in terms of colloid and surface chemistry for both particles and
air bubbles [11]. Additionally, the type and amount of frothers, collectors, or both are
considered as important parameters to achieve a successful flotation separation [12–15].

In recent years, many investigations have been carried out for adjusting flotation
conditions such as reagent types [16] and particle-based properties [17–20] to selectively
optimize flotation recoveries. Laboratory flotation experiments utilize methods like bubble–
particle attachment time [21,22] and zeta potential measurements [22–25] to support the
selection of most critical flotation parameters such as pH, reagent type, and concentration,
which otherwise may lead to significant losses in the flotation of valuable minerals. At
that point, a complementary representation of these aforementioned values will be a good
guide for showing the effects of different parameters like frother type, collector type, etc. to
optimize the flotation conditions of a target mineral.

In this context, Ahmad and Jameson [2] reported that upon decreasing the bubble size
from 655 µm to 75 µm during the flotation of quartz and zircon particles under 50 µm, the
flotation rate constant increased up to a hundred-fold. Thus, the flotation results of their
study showed the importance of bubble size, which in turn was affected by the frother type
and concentration. Another paper reported by Yoon and Luttrell [3] also showed the same
trend for the effect of bubble size during the flotation of very hydrophobic coal particles.
Their results clearly showed that the flotation recovery values increased in accordance with
the decreasing trend in the bubble size. However, they also showed that although a similar
trend on flotation recoveries was obtained with decreasing bubble size, relatively lower
flotation rate constants were obtained with run-off mine coals; this was attributed to their
hydrophobicity degree, which in turn indicated the contribution of the collector usage
to adjust the optimum flotation conditions. In another study by Fan et al. [10], possible
attachment mechanisms between solid particles and air bubbles with the same sign of zeta
potential were investigated. It was found that the attachment of naturally hydrophilic
quartz to the air bubble could be obtained upon increasing pH in surfactant-free deionized
water. The researchers attributed these findings to the possible hydrogen bond formation
at relatively high pH. These studies clearly revealed that bubble and particle charges under
the same conditions would be effective parameters during flotation tests. Batjargal et al. [14]
recently studied the effect of the mixture of a collector and different frothers on the critical
coalescence concentration (CCC) and bubble size distribution. The use of a collector in the
system decreased the CCC concentrations of the frothers and produced a wider bubble size
distribution, which contributed to better flotation recoveries.

Thus, considering these findings and others in the literature on the effect of parameters
such as bubble–particle attachment rate [22,26] or micro-flotation behavior of particles as a
function of frother, collector, or their mixtures [27], to our knowledge, only a few of them
presented the results of bubble–particle attachment time along with micro-flotation experi-
ments in the presence of frother–collector mixtures. Considering the lack of knowledge in
the literature, this study aimed to suggest a relation between bubble–particle attachment
time and the corresponding micro-flotation recoveries as a function of collector concentra-
tion, and to analyze the effect of the frother type on the flotation recoveries under different
collector concentrations.

2. Materials and Methods
2.1. Materials

The quartz sample used in this study was provided by ESAN Mining Company,
Istanbul, Turkey. The chemical and mineralogical properties of the sample were analyzed
by wet chemical analysis and X-ray diffraction (XRD) methods (D8 advance; Bruker AXS
X-ray Diffractometer, Madison, WI, USA). The results of these analyses are shown in
Table 1 and Figure 1, respectively. It is worth noting that before experimental studies, the
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sample was additionally subjected to a low-intensity wet magnetic separator (WHIMS
3X4L, Carpco Inc., Jacksonville, FL, USA) to eliminate the effect of any kind of possible
contamination. The XRD patterns and chemical analyses of the sample shown in Figure 1
and Table 1 indicated that the sample was rather pure enough to carry out fundamental
studies such as the contribution of different frothers to the bubble–particle attachment and
micro-flotation experiments.

Table 1. Chemical analyses of the sample.

Compound % by wt.

SiO2 98.970
Al2O3 0.632
Fe2O3 0.095
TiO2 0.095
MgO 0.096
CaO 0.035

Na2O 0.034
K2O 0.043

Minerals 2023, 13, x FOR PEER REVIEW  3  of  14 
 

 

2. Materials and Methods 

2.1. Materials 

The quartz sample used in this study was provided by ESAN Mining Company, Is-

tanbul, Turkey. The chemical and mineralogical properties of the sample were analyzed 

by wet chemical analysis and X-ray diffraction (XRD) methods (D8 advance; Bruker AXS 

X-ray Diffractometer, Madison, WI, USA). The results of these analyses are shown in Table 

1 and Figure 1, respectively. It is worth noting that before experimental studies, the sam-

ple was additionally subjected to a low-intensity wet magnetic separator (WHIMS 3X4L, 

Carpco Inc., Jacksonville, FL, USA) to eliminate the effect of any kind of possible contam-

ination. The XRD patterns and chemical analyses of the sample shown  in Figure 1 and 

Table 1 indicated that the sample was rather pure enough to carry out fundamental studies 

such as the contribution of different frothers to the bubble–particle attachment and micro-

flotation experiments. 

Table 1. Chemical analyses of the sample. 

Compound  % by wt. 

SiO2  98.970 

Al2O3  0.632 

Fe2O3  0.095 

TiO2  0.095 

MgO  0.096 

CaO  0.035 

Na2O  0.034 

K2O  0.043 

 

 

Figure 1. XRD analysis of the sample. 

The effect of  frother type on flotation recoveries was  investigated using commercial 

frothers, namely polypropylene glycols (PPG200, 400, and 600) obtained from BASF com-

pany  (Ludwigshafen,  Germany),  and  dodecylamine  hydrochloride  (DAH,  CH3 

(CH2)11NH2·HCl with 97% purity, Alfa Aesar Company, Ward Hill, MA, USA) was used as 

a collector for the micro-flotation experiments and zeta potential measurements. Although 

different cationic collectors with different chain lengths like cetyltrimethylammonium bro-

mide  (CTAB), ether or ester amines, or quaternary ammonium salts can be used  to  float 

quartz particles. In this study, DAH was selected based on  its better performance at  low 

molarities compared to other collectors. The physical and chemical properties of the frothers 

were given in our previous study in detail [28]. All glassware was rinsed with ethylene al-

cohol (99% purity, MERCK, Kenilworth, NJ, USA) and washed with pure water, followed 

by steam cleaning and drying in a clean oven. All the experiments and measurements were 
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The effect of frother type on flotation recoveries was investigated using commercial
frothers, namely polypropylene glycols (PPG200, 400, and 600) obtained from BASF company
(Ludwigshafen, Germany), and dodecylamine hydrochloride (DAH, CH3 (CH2)11NH2·HCl
with 97% purity, Alfa Aesar Company, Ward Hill, MA, USA) was used as a collector for the
micro-flotation experiments and zeta potential measurements. Although different cationic
collectors with different chain lengths like cetyltrimethylammonium bromide (CTAB), ether
or ester amines, or quaternary ammonium salts can be used to float quartz particles. In this
study, DAH was selected based on its better performance at low molarities compared to
other collectors. The physical and chemical properties of the frothers were given in our
previous study in detail [28]. All glassware was rinsed with ethylene alcohol (99% purity,
MERCK, Kenilworth, NJ, USA) and washed with pure water, followed by steam cleaning
and drying in a clean oven. All the experiments and measurements were conducted at
a constant room temperature: 23 ± 1 ◦C. Hydrochloric acid (HCl, Merck, Germany) and
sodium hydroxide (NaOH, Merck, Germany) were used to adjust the pH values of the
particles (between pH 1 to 11) during the zeta potential measurements.
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2.2. Methods
2.2.1. Sample Preparation

The sample was first crushed by a jaw crusher (BA Crushing Company, Adana, Turkey)
to produce particles within −2 + 1 mm size. Then, the crushed sample was ground for
40 min in a dry ceramic cylindrical ball mill of 5200 cm3 in volume to prevent possible
contamination arising from the wear of the grinding media. The particles obtained under
38 µm were split in the size range of −38 + 20 µm (d80 size of the sample is 27.9 µm)
by a controlled settling procedure. In this method, the −38 µm sample was placed in
a measuring cylinder of 1 L volume, and particles finer than 20 µm were transferred
separately from the top of the suspension (around 900 mL line) to another beaker after
1 min of settling. While the size range of −38 + 20 µm was used for the micro-flotation
experiments and bubble–particle attachment measurements, the fraction under 10 µm
(d80 size of the sample is 8.49 µm) separated from the suspension was only used for the
zeta potential measurements. Herein, the particles within −20 + 10 µm (d80 size of the
sample is 17.8 µm) were stored for future experiments. The particle size distributions of the
quartz samples were determined by the laser light scattering technique (Malvern Particle
Sizer 3000, Malvern Instruments, Malvern, UK).

In the literature, different methods like sieving and image analysis were reported
to measure the particle size distribution [29]. In this study, a mixture of these methods
was sequentially adapted to obtain the target size. It is worth noting that the control of
the material under 20 µm was difficult to show the contribution of different frother types
on quartz flotation. In other words, a cationic collector such as DAH also functions as a
frother, and the flotation of very fine particles would mask the contribution of frothers. The
particles under 20 µm were thus removed before the flotation experiments and bubble–
particle attachment measurements.

2.2.2. Zeta Potential Measurements

The state of the electrical double layer affects the specific adsorption of the collectors,
and all the ions in the solution can adsorb on the outer layer. Before the bubble–particle
attachment and micro-flotation experiments, a series of measurements were conducted
to characterize the pH profile and the effect of collector concentration in the presence of
quartz particles. These measurements were made by the electrophoretic method using a
Brookhaven Zetaplus analyzer (Brookhaven Instrument Ltd., Holtsville, NY, USA). In this
method, the particles subjected to electric current move according to the electric charges,
and the device used measures the speed of the movement of the particles. The zeta potential
is automatically calculated according to the Smoluchowski equation.

In these measurements, first, a sample of 0.25 g of 10 µm quartz particles in a 100 mL
beaker was mixed with 50 mL of pure water (0.5% solids ratio) using a magnetic stirrer at
500 rpm for 5 min. Second, the desired pH values were achieved by using 0.1 mol/L HCl
for the acidic medium and 0.1 mol/L NaOH for the basic medium. Next, the suspension
reached an equilibrium pH after 5 min of mixing. Then, a stable suspension that allows
the settling of the coarse particles was found to be 5 min. upon the mixing process.
Finally, approximately 3 mL aliquots, which were taken from the upper surface layer of the
suspension, were transferred to the zeta potential measurement cell of 4 mL in volume.

During the second measurement, a mixture of 0.25 g of 10 µm quartz sample and
50 mL collector (1 × 10−5 mol/L–1 × 10−3 mol/L) was mixed in a 100 mL beaker with
a magnetic stirrer; the pH value was measured and recorded after 5 min of conditioning.
For each measurement, the zeta potential was measured 20 times, and the mean value
was recorded as the final value. All zeta potential measurements were performed at room
temperature of 23 ◦C. The standard deviation value of the measurements was kept around
±2 mV.



Minerals 2023, 13, 1305 5 of 14

2.2.3. Bubble–Particle Attachment Measurements

Literature survey shows that the bubble–particle attachment process plays an impor-
tant role in terms of flotation recovery, and critical parameters such as bubble and particle
size, collector concentration, etc. [30,31]. The bubble–particle attachment measurements
were therefore conducted to understand the bubble and particle interactions as a function
of DAH concentration using a bubble–particle attachment timer (BKT-100 model, Bratton
Engineering and Technical Associates, LLC, USA). The experimental setup used for the
bubble–particle attachment measurements is shown in Figure 2. In this method, a retained
bubble formed at the tip of a glass capillary is pushed down through the cell containing the
particle bed and the liquid phase, and the bubble tip is kept in contact with the particle bed
for a controlled contact time. The bubble is then returned to its original position together
with the glass capillary. During these experiments, the bubble and the glass capillary are
observed with a digital camera to determine whether the particles are attached to their
surface after a controlled contact time. The results from the observations of “attachment”
and “no attachment” are recorded to calculate the bubble–particle attachment efficiency
at a constant contact time. The bubble–particle attachment time is determined based on
50% of the observations that result in attachment at a specific contact time. Meanwhile, the
images of particles attached to the bubbles are also taken using a CCD camera (Hikvision,
China) to analyze the bubble–particle interactions in detail.
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The bubble–particle attachment measurements were carried out with a 0.5 g pure
quartz sample and 50 mL collector solution (1% solids by wt.) being conditioned for
10 min to ensure that the collector adsorbed effectively on the mineral surface. After
the conditioning process, the suspension was kept for 2 min, and a sufficient amount of
sample was taken and placed in the measuring cell. The bed thickness in the cell was
approximately 2.5 mm and the cell volume was 4 mL. The bubble–particle attachment
measurements were made using 3 different radii of glass capillaries (0.5 mm, 1 mm, and
2 mm). Additionally, it was assumed that the sizes of both the bubble and the capillary tube
coincided. Our previous results indicated that the bubble–particle attachment efficiency
was proportional to the capillary pressure and the size of the bubble [32]. Therefore, the
measurements were carried out with the smallest capillary size of 0.5 mm for the fine quartz
particles. A series of measurements was conducted at different concentrations such as
1 × 10−5, 5 × 10−5, 1 × 10−4, 5 × 10−4, and 1 × 10−3 mol/L DAH at 1, 10, 100, and 1000 ms
contact times to determine the effect of collector concentration on attachment time. The
bubble–particle attachment experiments were repeated 20 times for each concentration at
different spots on the quartz particle surfaces. All measurements were carried out at 23 ◦C
at room temperature.
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2.2.4. Micro-Flotation Experiments

The micro-flotation experiments were carried out with −38 + 20 µm quartz particles
using a 155 mL micro-flotation column cell (30 mm × 220 mm) with a ceramic frit (pore
size of 16 µm). In the experimental studies, 1 g of sample was first conditioned with the
reagent solutions (frother and collector) at different concentrations for 5 min in a glass
beaker at 250 mL volume and 480 rpm. All the experiments were carried out at natural pH
(measured as 6.30 ± 0.10) to eliminate the effect of pH on the flotation recovery. When the
conditioning was completed, the suspension was transferred to the flotation cell and the
samples were floated for 1 min using N2 gas at a flow rate of 50 cm3/min. The float and
sink products of the flotation process were dewatered with filter paper and dried at 105 ◦C
in a drying oven. The amount of quartz particles in both the float and sink products was
determined by gravimetric analysis. The flotation recovery was calculated based on the
weight of the floated concentrate in the feed. It is worth mentioning that all experiments
were repeated three times, and the average flotation recovery value was calculated for
each experiment.

3. Results and Discussion
3.1. Zeta Potential Measurements

The zeta potential value is particularly important for silicate and oxide minerals, where
the adsorption of collectors is dependent on surface charge. Additionally, the zeta potential
measurements representing the electrokinetic properties of minerals reveal important
information for understanding the flotation mechanism of minerals. For this purpose,
the zeta potential measurements for the quartz particles (−10 µm) were performed to
determine the electrophoretic mobility of the particles. Figure 3 shows the results for the
zeta potential pH profile of the quartz sample in the absence of DAH (Figure 3a), and
the zeta potential distribution of the quartz samples as a function of DAH concentration
(Figure 3b).

The measurements illustrating the effect of pH on the zeta potential of quartz particles
(Figure 3a) indicated that the isoelectric point (iep) value of quartz is 1.8. These results
are in line with the previous studies reported in the literature [33]. The surface charge of
quartz was positive at acidic pH values lower than pH 1.8 and reached up to 4.63 mV at
pH 1.28. Additionally, at basic pH values higher than pH 1.8, the surface charge of quartz
was negative, and the surface charge increased up to −78.25 mV at pH 11.16. In addition,
the zeta potential of pure quartz was found to be −30.30 mV at the natural pH of 6.30.

Based upon this knowledge, another series of analyses was conducted to determine
the effect of collector concentration on the zeta potential values of quartz particles. The
results presented in Figure 3b indicate that the negative surface charge of quartz started
decreasing with increasing DAH concentration, and after approximately 4 × 5.10−4 mol/L
DAH concentration, the quartz particles acquired a positive charge, then the charge became
+14.76 mV with the further increase in DAH concentration up to 1 × 10−3 mol/L.

As evident from the literature, since DAH is a weak electrolyte, the pH dictates its
dissociation behavior [34]. Additionally, in the pH range of 6 to 7, and a DAH concentration
lower than the critical micelle concentration (cmc) of DAH (1 × 5.10−2 mol/L), colloidal
precipitation and micellization are not expected in the suspension. In this context, the
adsorption of DAH molecules on quartz depends on the pH and the DAH concentration.
Since the most dominant species in DAH solutions are monomeric alkyl ammonium
(RNH3

+) cations (see Figure 3b) at the natural pH of quartz suspension (pH 6.3), RNH3
+

cations physically adsorb on the negatively charged quartz surfaces.
Considering the zeta potential of quartz as −30.30 mV at its natural pH value, the

surface charge of quartz becomes less negative (−24.92 mV) at 5 × 10−5 mol/L DAH. Thus,
it was observed that the surface charge of quartz approached positivity with increasing
DAH concentration. It is interesting to note that the surface charge of particles in collector
suspensions is quite important in interpreting micro-flotation experiments and bubble–
particle attachment measurements. A brief literature survey indicates that not only the
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surface charge of particles but also that of bubbles are instrumental in governing the fruitful
bubble–particle interactions leading to flotation recoveries [35]. In the literature [36], the
presence of a polyoxyethylene methyl ether frother was found to lead to a decrease in
induction time values when the bubbles and the particles carried opposite charges, which
in turn significantly changed the flotation recoveries. This point of view emphasizes the
measurement of the electrical charge of bubbles to better explain the relation between
attachment time and flotation recoveries, which would be carried out in future studies.
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Figure 3. (a) Zeta potential pH profile of quartz in the absence of DAH; (b) Zeta potential of quartz
as a function of DAH concentration at natural pH (between 6.25 and 5.71 from 1 × 10−5 mol/L DAH
to 1 × 10−3 mol/L DAH).

3.2. Bubble–Particle Attachment Measurements

The results of the bubble–particle attachment measurements are more representative
than contact angle measurements in comparing the hydrophobicity of particles, hence
the flotation response of the minerals under defined conditions. For this reason, a series
of bubble–particle attachment measurements were carried out with quartz particles of
−38 + 20 µm in size to determine the effect of DAH concentration on the bubble–particle
interactions. The variations in contact time with bubble particle attachment efficiency as
well as bubble–particle attachment time at different DAH collector concentrations using a
0.5 mm capillary tube are shown in Figure 4.
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Figure 4. (a) Bubble–particle attachment time efficiency of −38 + 20 µm quartz particle vs. contact
time; (b) Bubble–particle attachment time as a function of DAH concentration.

As seen in Figure 4a, the bubble–particle attachment efficiency of the quartz particles
increased with the increasing contact time at all DAH concentrations. In other words,
the bubble particle attachment efficiency for particles −38 + 20 µm in size was found
to be approximately 55% at 1 × 10−5 mol/L DAH concentration at 10 ms contact time
and increased to around 79% at 1 × 10−3 mol/L DAH concentration. The results also
showed that the attachment of particles became more stable upon increasing the collector
concentration in the system. The images taken during the bubble–particle attachment
measurements presented in Figure 5 also clearly support the bubble–particle attachment
efficiencies. As seen in Figure 5, the amount of quartz particles attached to the bubble
surface increased with increasing contact time and DAH concentration.
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Figure 5. Pictures of bubble attachment to particles (−38 + 20 µm) at various DAH concentrations
using a 0.5 mm capillary tube.
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3.3. Micro-Flotation Experiments

A series of flotation experiments were conducted to find a correlation between flotation
and bubble–particle interactions. The same collector concentrations were used with the
previous experiments to determine the effect of different frothers on floatability at the same
particle size range of −38 + 20 µm. Towards this aim, a series of micro-flotation experiments
was conducted as a function of DAH concentration, and the results of these experiments
are shown in Figure 6. As seen in Figure 6, in line with the expectation, a linear increase in
flotation recovery was obtained as a function of DAH concentration.
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Figure 6. Results of % flotation recovery, % bubble–particle attachment efficiency at 10 ms contact
time, and bubble–particle attachment time (ms) of quartz (−38 + 20 µm) particles as a function of
DAH concentration.

Similar trends were also reported in the literature for the effect of amine concentration
on the flotation recovery of quartz particles [37]. While the flotation recovery was around
40% for coarse particles in the size range of −297 + 150 µm, an almost linear increase
was obtained until about 70% recovery upon decreasing the size to −74 + 38 µm at the
same collector dosage of 20 g/t at a pH value adjusted to 9.0. However, as mentioned in
a recent study, the recoveries may decrease in the case of pH values being kept around
7 regardless of DAH concentration in the system [38]. These results reveal that regardless
of the hydrodynamic conditions during the flotation process, the flotation recovery of finer-
sized quartz particles will be better. Our micro-flotation results as a function of collector
concentration appear to be in line with these previous findings.

As also seen in Figure 6, while the bubble–particle attachment efficiency increased,
conversely, the bubble–particle attachment time showed an apparent decrease with increas-
ing DAH concentrations. It is interesting to note that the highest flotation recovery was
obtained at the highest attachment efficiency; hence, the lowest bubble–particle attachment
time indicated a strong relationship between the flotation recovery and the bubble–particle
attachment time.
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Meanwhile, since the collector DAH also functioned as a frother, its role during the
micro-flotation experiments was studied as a function of frother type at their CCC values in
the presence of DAH. Towards this aim, the concentration corresponding to 50% recovery
(~5 × 10−4 mol/L) was selected as a reference concentration for future experiments to
investigate the contribution of different frother types on flotation recoveries. The results
of this series of experiments are shown in Figure 7. The results showed that the highest
and lowest flotation recoveries were obtained with PPG600 and PPG200, respectively.
According to the results shown in Figure 7, at high DAH concentrations and the CCC
concentration of each respective frother, the flotation recoveries exhibited relatively low
dependence indicative of the strong frothing ability of the DAH collector.
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Figure 7. Flotation of quartz particle (−38 + 20 µm) at constant DAH concentration (5 × 10−4 mol/L)
in the presence of different frothers (CCC concentrations).

With this information in mind, another set of experiments was performed at a lower
DAH concentration (5 × 10−5 mol/L) to maximize the effect of the frother during the
flotation experiments. As also shown in Figure 7, while a 15.91% recovery was achieved in
the absence of frothers, an approximately 3% higher flotation recovery was obtained with
the addition of PPG600 (3 ppm), indicating the higher dependency of the frother in this
case. The overall results indicated that the frothing ability of DAH masked the performance
of the frothers.

Considering these changes in flotation recoveries of fine-sized quartz particles and
the higher contribution of PPG600 to its recovery, another set of experiments, especially as
a function of PPG600 concentration at a constant DAH concentration (5 × 10−4 mol/L),
was carried out. The results of these experiments shown in Figure 8 demonstrated that
upon increasing the frother concentration in the suspension, relatively better-improved
recoveries could be obtained as a function of frother concentration; apparently, there was a
slight increase in the recovery values after the CCC value of PPG600 at 3 ppm. This can be
attributed to the increased number of bubbles in the same volume, so higher amounts of
particles can be carried into the foam as reported in our earlier study [39].
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Figure 8. Flotation of quartz particles (−38 + 20 µm) at constant DAH concentration of 5 × 10−4 mol/L
as a function of PPG600 concentration.

As known in the literature, long-chain alkyl or alkyl ether amines are widely used in
quartz flotation as collectors, which can act as both a frother and a collector [40–43]. The
results from the previous studies indicated that the foamability significantly varied with
the frother type [15]. These results showed that while the highest foamability was obtained
with PPG600 at its CCC value, the lowest foamability was found in the presence of PPG200.
This can be easily attributed to the frothing feature of DAH in addition to its role as a
collector in flotation [5]. It was reported that a significant decrease was also obtained in
terms of the CCC for MIBC in the presence of 4 mg/L dodecylamine (DA). Our previous
results showed that the use of DAH as a frother + collector mixture resulted in lowering the
CCC values of frothers such as PPG600, 400, and 200 due to its additional frothing power
during the flotation of particles [14].

From these results, it can be clearly understood that while the frothing ability of the
collector in flotation dominates at higher concentrations, the frother becomes effective at
lower collector concentrations. In addition, considering the use of different frothers of
varying molecular weights, higher flotation recoveries could be obtained with the frother
of the highest molecular weight within a homologous series.

As mentioned in the previous sections, the zeta potential and bubble–particle attach-
ment efficiency and time characteristics of quartz at different DAH concentrations vividly
showed that the quartz particles became more hydrophobic upon increasing the collector
concentration. As is well-documented in the literature, the probability of the bubble attach-
ment to solid surfaces depends on many factors, but mainly on the stability and drainage
of the wetting film [44–46]. In addition, the effects of measurement parameters such as
air bubble size, particle size, pH, and the mode of measurement like the polished surface
or particle bed also have important implications on the results of measurements [30,47].
These results can be used as an indicator to explain our experimental results under different
conditions. A previous study conducted by Albijanic et al. [48] reported a proportional
decrease in the bubble–particle attachment efficiency at higher collector concentrations of
sodium isobutyl xanthate (SIBX).

From this point of view, a series of flotation experiments was conducted to concurrently
support these findings and the results suggest a strong correlation between flotation and
bubble–particle interactions. Additionally, the flotation experiments were continued at
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higher and lower DAH concentrations with the frothers at their CCC values to observe the
possible positive or negative effects of DAH. The flotation results with frothers indicated
that while the highest flotation recovery was obtained with PPG600 at its CCC values, the
lowest flotation recovery was found in the presence of PPG200. The effect of PPG600 on the
flotation system was more pronounced compared to the others for producing fine bubbles
in the pulp zone compared to the performance of the other two frothers [15]. Additionally,
the interaction between PPG600 and DAH led to a mutual synergistic effect, resulting in
enhanced froth performance. This in turn resulted in finer bubble sizes, which affected the
flotation recoveries of very fine particles [49–53].

4. Conclusions

In this study, the effect of several commercial frothers on the flotation recovery of the
DAH/frother/quartz flotation system was investigated. The results for the zeta potential
measurements of quartz particles in the absence and presence of DAH showed that the
iep of quartz was determined at approximately pH 1.8. The surface charge of quartz
particles with the addition of DAH to the suspension reversed its sign from negative to
positive, indicating the physical adsorption of DAH on the quartz surfaces, as apparent
from the literature.

The bubble–particle attachment time measurements showed that the bubble–particle
attachment efficiency increased as a function of DAH concentration for the −38 + 20 µm
particle size. Similarly, the micro-flotation experiments of quartz particles in the presence
of DAH showed a linear dependence on the DAH concentration. The highest flotation
recovery was obtained at the lowest bubble–particle attachment time, indicating a strong
relationship between the flotation recovery and the bubble–particle attachment time.

Since hydrophilic minerals such as quartz may not require a frother, the collector
alone can provide the required bubble size distribution above a certain DAH concentration.
Because of this, the addition of different frothers to the quartz/DAH system produced
relatively marginal changes in recoveries. While at the CCC concentration of each respective
frother and a high DAH concentration (5 × 10−4 mol/L), the flotation recoveries exhibited
a relatively low dependence, indicative of the strong frothing ability of the DAH collector;
at a lower DAH concentration (5 × 10−5 mol/L), however, the addition of PPG600 at 3 ppm
indicated a higher dependency of the frother. The overall results indicated that the strong
frothing ability of DAH masked the performance of the frothers. Of course, the frothing
performance of the frother + collector mixture is a complicated phenomenon and needs
more future research to better understand the exact synergy between them.
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