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Abstract

Colloidal silica acts as a multifunctional reagent in the froth flotation process of semi-soluble salt-
type minerals, enabling the selective depression of calcite. This study investigates its effect on four
key minerals—calcite, scheelite, apatite, and fluorite—using a comprehensive suite of techniques to
identify the flotation subprocesses modulated by colloidal silica. It also aims to determine the specific
flotation zones affected by colloidal silica, assessing the influence of its dosage, surface modification,
and specific surface area on metallurgical outcomes. Atomic force microscopy revealed mineral-
specific surface responses to colloidal silica conditioning: calcite exhibited localized nanoparticle
adsorption, whereas apatite underwent a dissolution-reprecipitation mechanism. Scheelite and
fluorite, in contrast, showed minimal surface modifications. These differences are attributed to
variations in surface reactivity, hydration behavior, and crystallographic structure, with calcite
offering a uniquely favorable environment for colloidal silica attachment. Mechanistic insights show
that colloidal silica—especially the aluminate-modified type with high specific surface area—
influences both the pulp and froth zones by producing small, stable bubbles, enhancing fine scheelite
recovery, stabilizing froth, and effectively depressing calcite. In contrast, non-functionalized colloidal
silica resulted in poor bubble control and unstable froth. These findings elucidate the subprocess-
specific mechanisms by which colloidal silica operates and highlight its potential as a tunable,
multifunctional reagent for improving selectivity in the flotation of semi-soluble salt-type minerals.

Keywords: colloidal silica; froth flotation; scheelite; calcite; apatite; fluorite; nanoparticles; flotation
subprocesses

1. Introduction

Flotation is a surface and interface governed separation technique that exploits differences in
mineral hydrophobicity, typically modified by chemical reagents [1,2]. Hydrophobic particles attach
to air bubbles and rise to the surface, where they accumulate in the froth phase, while hydrophilic
particles remain in the pulp and are removed as tailings [2]. The overall efficiency of flotation is
governed by a series of interrelated subprocesses, including particle-bubble collisions, attachment
efficiency, aggregate stability, and froth transport [2]. In the froth phase, key mechanisms such as
bubble coalescence, liquid drainage, and froth collapse strongly influence separation performance.
Coalescence increases bubble size and reduces the surface area available for attached particles, while
drainage thins the liquid films between bubbles. Maintaining froth stability is therefore essential to
ensure both selectivity and recovery [3]. As mineral systems become finer and more complex,
achieving this balance requires reagent strategies capable of simultaneously manipulating surface
interactions in the pulp and froth dynamics.
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Froth flotation is widely applied for the beneficiation of semi-salt type minerals, including
fluorite (CaF,), scheelite (CaW0,), calcite (CaCO3), and apatite [Cas(P0O,);(F,Cl, OH)] [4-7]. These
minerals occupy an intermediate position between fully soluble salts and sparingly soluble oxides or
sulphides in terms of solubility and surface reactivity [8]. Their flotation behaviour is governed not
only by surface hydrophobicity but also by complex interfacial processes such as surface dissolution,
re-precipitation, and competitive adsorption of ions and reagents [7,9,10]. Owing to shared cationic
constituents (e.g., Ca®*), these minerals often exhibit similar surface chemistries, which complicates
their selective separation. The widespread industrial applications of these minerals necessitate
efficient separation strategies. However, achieving selectivity among these chemically similar phases
continues to pose a major challenge [7]. Scheelite is the primary source of tungsten, a critical element
in hard metals and high-temperature alloys [5,11]. Apatite serves as the main phosphate mineral for
fertilizer production, with direct implications for global agriculture and food security [12]. Fluorite is
essential in the production of hydrofluoric acid and finds widespread use in aluminium smelting,
etching silicon wafers, ceramics, and glassmaking [13]. While typically regarded as a gangue phase,
calcite is itself a valuable commodity, widely used in the paper, plastics, paints, and construction
industries [14]. Their overlapping floatability, particularly in fine-grained or complex ores, often
renders conventional reagent schemes inadequate. A key objective is the development of selective
depressants that can depress calcite flotation without compromising the recovery of valuable ones.
Recent research has increasingly focused on advanced reagents and process strategies to address
these limitations.

Among recent advances, nanoparticles have emerged as a promising class of flotation reagents
[15]. Multiple studies have demonstrated their ability to either enhance hydrophobicity or selectively
depress specific minerals. For example, polystyrene nanoparticles have been shown to improve the
recovery of model glass beads at low surface coverage [16], and to increase combustible recovery in
high-ash coal fines while preserving product quality [17]. Naturally hydrophobic talc nanoparticles
have been used to enhance quartz flotation, enabling high recoveries with significantly reduced
collector dosages [18]. Functionalized vinylimidazole nanoparticles have also demonstrated mineral
selectivity, particularly for pentlandite in ultramafic nickel ores [19].

Colloidal silica has been introduced in 2020 as a novel nanoparticle-based depressant for calcite
in scheelite flotation [20]. Subsequent studies confirmed its technical feasibility through
microflotation and batch-scale flotation experiments [21]. It has been demonstrated that the dosage
of colloidal silica, its specific surface area (SSA), and surface functionalization all critically influence
flotation performance. Under optimized conditions of dosage and pH, colloidal silica selectively
depressed calcite without impairing the recovery of scheelite, fluorite, or apatite. Mechanistic
observations further suggested that colloidal silica exerts its effect not only via mineral surface
interactions, but also through modification of froth structure—likely driven by nanoparticle
aggregation and froth stabilization. Supported by design of experiments (DoE) and numerical
optimization, the usage of colloidal silica as calcite depressant has also been optimized and scaled-
up to industrial scale [22].

The present study advances these applications work by shifting from empirical optimization to
fundamental mechanistic investigation. Our objective is to elucidate the mechanisms by which
colloidal silica modulates the flotation process, identifying the specific subprocesses involved and
clarifying how these are affected.

2. Materials and Methods

2.1. Reagents

Sodium oleate (NaOl, C;gH33Na0,, purity 90%) from Carl Roth was used as collector.
Hydrochloric acid (HCl) and sodium hydroxide (NaOH), also obtained from Carl Roth GmbH, were
employed as pH modifiers. The frother used was 4-methyl-2-pentanol (MIBC), supplied by Alfa
Aesar. Seven types of Levasil® colloidal silica (CS) from Nouryon® were tested, differing in surface
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functionalization and specific surface area (SSA)/particle size characteristics. All reagents were at
least of technical grade and used as received. Detailed properties of the colloidal silica variants are
provided in Table 1.

Table 1. Summary of colloidal silica dispersions and their specifications.

Specific surface

area Modification Particle size*
Acronym

m? ) (nm)

(?)
250 None 9 N_250
500 None 45 N_500
220 Silane 10 S_220
500 Silane 45 S 500
250 Aluminate 9 Al 250
500 Aluminate 4.5 Al 500

1100 Aluminate 2 Al 1100

*Calculated from the specific surface area.

2.2. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) was employed to characterize the surface roughness of calcite,
scheelite, apatite, and fluorite, and to evaluate surface modifications induced by colloidal silica
treatment. All measurements were conducted using a Park Systems NX12 AFM (Park Systems Corp.,
Suwon, South Korea) under ambient laboratory conditions.

Measurements were performed on mineral sample mounts, which were prepared by polishing
with diamond suspensions down to 1 um particle size, followed by rinsing with deionized water and
ethanol, and subsequent drying in air. AFM measurements were performed in non-contact mode
using standard NCHR cantilevers (nanoandmore, Germany) with a nominal resonance frequency of
330 kHz and a nominal spring constant of 0.42 N/m. Topographic scans were acquired at a scan size
of 10 um x 10 um with a resolution of 512 x 512 pixels.

Before imaging, the polished mineral specimens were conditioned at selected pH values (2, 4, 6,
8 and 10) for 5 minutes under gentle stirring. After pH conditioning, samples were rinsed with milli-
Q water and air dried before analysis.

A second set of samples was treated with colloidal silica—specifically Al_CS_500 and
Al_CS_1100—at the same pH values for five more minutes after pH conditioning. The samples were
then rinsed and air-dried before AFM analysis. Height and phase images were collected to evaluate
localized surface alterations.

Image processing and roughness analysis were carried out using the Park Systems XEI software.
Quantitative surface roughness parameters [23] included:

e S, (arithmetic mean height): average of the absolute deviations from the mean plane; commonly
used to describe general surface texture.

e S, (root-mean-square roughness): standard deviation of surface heights; reflects variability in
topography.

e S, (maximum height difference): vertical distance between the highest peak and lowest valley
within the scan area.

e  Ssk (Skewness): Quantifies the asymmetry of the surface height distribution. Positive values
indicate surfaces dominated by peaks, while negative values reflect valley-dominated
topographies.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0789.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 July 2025 d0i:10.20944/preprints202507.0789.v1

4 of 31

e  Sku (Kurtosis): Describes the sharpness of the surface height distribution. Values greater than 3
suggest the presence of sharp features or outliers; values smaller than 3 indicate a flatter, plateau-
like surface.

For each mineral and treatment condition, at least three regions of interest were analysed to
ensure statistical robustness and reproducibility

2.3. Microflotation

Microflotation tests were conducted to investigate the influence of colloidal silica on mineral
flotation performance, with each test series tailored to specific objectives. The procedures were
adapted accordingly to evaluate:

(i) the effect of CS dosage, modification, and specific surface area on the recovery of calcite,
(ii) and the effect of CS dosage and modification on the recovery of scheelite, apatite, and fluorite,
using CS variants with a fixed SSA of 500 m?/g.

All microflotation tests were performed using 1 g of mineral sample suspended in 160 mL of
solution.

Table 2 summarizes the minerals used in microflotation, including origin, purity, and size
fraction.

Table 2. Minerals used in microflotation, settling velocities calculated following Stoke’s law for the middle size

of the fraction.

Mineral Source Impurity Purity (%) Size fraction  Density Settling
g .
(um) 3 velocity
)
S
Mittersill
Scheelite ) Mica 98.2 32-63 6.12 6.23 % 107°
Austria
Brilon
Calcite Sauerland Quartz 99.6 63-100 2.71 6.18 % 107°
Germany
Minas Gerais
Apatite . Quartz 99.0 63-80 3.18 6.07 * 107°
Brasil
Fluorite China Quartz 99.5 63-80 3.18 6.07 x 107°

Conditioning was carried out under magnetic stirring at 400 min' using a 1cm stir bar. The
conditioning procedure was identical for all minerals: the suspension was first conditioned at pH 8
for 5 minutes, followed by the addition of CS and further conditioning for 3 minutes. Sodium oleate
was then added as a collector at a concentration of 10”3 mol/L, and the suspension was conditioned
for an additional 3 minutes. The conditioning scheme is illustrated in Figure 1.

Following conditioning, the pulp was transferred to a Hallimond tube, and microflotation was
conducted for 2 minutes using an air flow rate of 20 cm®/min and agitation at 800 rpm. The floated
product was collected on pre-weighed filter paper, dried overnight at 60 °C, and subsequently
weighed to determine mineral recovery. Each test was performed at least in triplicate to ensure
reproducibility.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Conditioning scheme of microflotation tests of calcite, scheelite, apatite and fluorite at pH 8.

2.4. Batch Flotation Procedure

Batch flotation experiments, used for the SOPAT measurements (Section 2.5) and MLA analysis
(Section 2.6), were carried out using a 1.5 L Magotteaux® bottom-driven flotation cell. A 500 g sample
of low-grade scheelite ore, containing 0.5 % (m/m) scheelite and 1.1 % (m/m) calcite, was used. The
main gangue minerals—hornblende, plagioclase, and quartz—collectively accounted for 77.5 %
(m/m) of the ore. The sample was first ground in a laboratory rod mill for 3 minutes with 300 g of tap
water. The resulting slurry, with approximately 33 % (m/m) solids, was transferred to the flotation
cell and agitated at 450 min (rotor tip velocity = 3.30 m/s). After pH adjustment using 0.1 M NaOH
or HCI, the pulp was conditioned for 5 minutes. Flotation reagents were then added sequentially: CS
as depressant, NaOl as a collector, and finally MIBC as a frother. Each reagent addition was
followed by a 3-minute conditioning interval. Air was introduced at a constant flow rate of 5 L/min.
Time-resolved concentrate fractions were collected after 1, 3, and 7 minutes of flotation.

2.5. In-Situ Bubble Size Measurements (SOPAT)

In-situ bubble size distributions close to the pulp-froth interface during flotation were
characterized using the Smart Online Particle Analysis Technology (SOPAT) system, developed by
SOPAT GmbH (Berlin, Germany). The depressant system included three types of colloidal silica: non-
functionalized, silane-modified, and aluminate-modified, each with a specific surface area of
500 m?/g. An additional aluminate-modified CS with an SSA of 1100 m?/g was also tested. All
colloidal silica variants were evaluated at two dosages (50 g/t and 550 g/t) and two pH values (8 and
10), as summarized in Table 3.

Table 3. Experimental parameters for the In-situ bubble size measurements.

Parameter Unit Factor level
Minimum maximum
NaOl dosage g/t 400
MIBC dosage g/t 35
pH - 8 10
CS dosage g/t 50 550

The SOPAT probe was inserted into the centre of the pulp suspension at an angle of
approximately 60° to the vertical axis, in order to minimize wall effects and enable real-time imaging
of bubble populations under operating conditions. This is illustrated in Figure 2. Imaging parameters
are summarized in Table 4. Captured frames were analysed using SOPAT’s proprietary software to
extract bubble size distributions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. SOPAT probe positioning during flotation tests in the flotation cell. The red line indicates the position
of the probe tip in the pulp phase.

Table 4. In-situ bubble size measurements parameters.

Value Unit
Exposure time 10000 Us
Focus position 255 Um
Frame rate 20 Fps
Strobe intensity 30 %
Conversion factor 1.74 um/pixel
Gain 10 %

2.6. Mineral Liberation Analyzer and Particle-Based Modelling

Mineralogical analysis was conducted means of Automated Mineralogy (SEM-EDX based, often
referred to as mineral liberation analysis MLA) [24] to characterize particle properties, including
mineral composition, particle size distribution, and liberation. Samples were collected from the batch
flotation tests described in section 2.4. For each condition, duplicate flotation tests were pooled and
subsequently riffle-split to obtain representative subsamples of 1 g — 2g for MLA analysis. The
specific flotation parameters used for MLA analysis are summarized in Table 5.

Table 5. Experimental conditions used in the batch flotation tests, from which samples were collected for Mineral

Liberation Analyzer (MLA) analysis.

Parameter Unit Factor level
Minimum maximum
NaOl dosage g/t 400
MIBC dosage g/t 35
pH - 10
CS dosage g/t 50 550

The samples were mixed with graphite, embedded in epoxy resin, ground and polished, and
carbon-coated with a ~8nm conductive layer using a LEICA EM coater. In total, 36 samples were
prepared for MLA analysis. Measurements were performed using a FEI Quanta 650 scanning electron
microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) detectors and
operated via the MLA Suite software. The analyses were conducted in grain-based X-ray mapping
(GXMAP) mode. The SEM was operated at an accelerating voltage of 25 kV with a probe current of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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10 nA. The pixel size was set to 1 um, and the step size for EDX scanning was 8 pum. Copper was used
as the calibration standard.

A particle-based flotation model was trained using MLA data to quantify the recovery and
flotation rate constant of individual particles. The modelling approach was based on a particle-level
separation framework proposed by Pereira et al. [25], which uses MLA-derived particle descriptors
to estimate flotation probabilities. MLA data from flotation concentrates and tailings served as the
input for model development. The dataset included particle-level attributes such as mineral
composition, degree of liberation, aspect ratio, solidity, and equivalent circular diameter (ECD).
Model training was carried out using a multinomial logistic regression framework with LASSO (Least
Absolute Shrinkage and Selection Operator) regularization. This method automatically selects the
most informative particle features by penalizing non-contributory variables. The resulting model
estimates the probability of recovery for each particle based on its physical and compositional
characteristic. An intercept correction was applied post-training to satisfy overall mass balance
constraints. Model performance was evaluated by applying the trained model to the feed dataset and
comparing predicted versus actual mineral recoveries in the flotation products. Model results are
evaluated to understand the recovery behaviour of scheelite, calcite, and apatite particles under
specific process parameters.

2.7. Dynamic Froth Analysis (DFA)

The dynamic froth properties of colloidal silica dispersions were characterized using a Dynamic
Foam Analyzer (DFA100; Kriiss GmbH, Hamburg, Germany). The instrument measured frothability
and froth stability based on reproducible froth generation and froth height detection.

For each measurement, 60 mL of the prepared dispersion was introduced into a prism glass
column (height: 240 mm; inner diameter: 40 mm) fitted with a sintered glass frit (0.4 um porosity) at
the base. Compressed air was sparged through the frit at a flow rate of 0.5 L/min to generate froth. A
camera, positioned between 120 mm and 160 mm height, recorded the froth development. The
foaming time was set to 50 seconds, and the measurement continued until 140 seconds. Foaming was
automatically stopped once the froth reached 220 mm to prevent overflow.

After each run, the column and all wetted components were cleaned with hot deionized water
and isopropanol, then dried before the next experiment to avoid contamination. The experimental
design followed a full factorial approach, systematically varying key parameters such as colloidal
silica type, dosage, and pH, as summarized in Table 6. The selected concentrations of NaOl, MIBC,
and colloidal silica were chosen to reflect the reagent dosages used in the previous batch flotation
experiments.

Table 6. Investigated parameters and their levels for dynamic froth analysis (DFA).

Parameter Unit Factor level
Minimum maximum
pH - 8 10
NaOl dosage mmol/L 0.110 0.438
MIBC dosage mmol/L 0.011 0.027
CS dosage mg/L 33.33 366.67
CS modification - no yes

Specific surface
m?/g 250 500
area

Froth properties—including froth height, drainage half-time, froth life half-time and liquid
content—were continuously monitored using the DFA’s integrated optical imaging system. Data

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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were recorded over a total measurement duration of 720 seconds or until complete froth collapse,
whichever occurred first.

2.8. Dynamic Surface Tension Measurements

Dynamic surface tension (DST) of colloidal silica dispersions were measured using a Bubble
Pressure Tensiometer (BP100, Kriiss GmbH, Hamburg, Germany). All measurements were
performed using a capillary with an inner diameter of 0.376 mm. The instrument was calibrated
before each measurement series using deionized water, assuming a reference surface tension of
72 mN/m at room temperature [26]. Fresh dispersions of 70 mL were prepared immediately before
each measurement. Four types of colloidal silica were tested: non-functionalized, silane-modified,
and aluminate-modified with a specific surface area of 500 m?/g, as well as aluminate-modified CS
with an SSA of 1100 m?%/g.

For all tests, the solution was first conditioned at pH 10 for 5 minutes. Colloidal silica was then
added at concentrations of (25, 50, or 100) mg/L and conditioned for an additional 3 minutes before
the measurement. In tests involving NaO], colloidal silica was used only at a fixed concentration of
100 mg/L. After pH and CS conditioning, NaOl was added at a final concentration of 1073 mol/L.

The prepared solution was then introduced into the measurement vessel. The instrument
generated air bubbles at varying frequencies, resulting in surface ages ranging from 10ms to
25,000 ms. Surface tension was recorded automatically as a function of surface age, enabling the
assessment of interfacial adsorption kinetics under dynamic conditions.

3. Results

3.1. AFM Characterization

Atomic force microscopy (AFM) was used to assess the surface topography and roughness of
fluorite, scheelite, apatite, and calcite after pH conditioning (pH 2-10), both in the absence and after
exposure to colloidal silica. Qualitative features from height and phase contrast images, along with
quantitative roughness parameters, were analysed to evaluate mineral-specific surface responses to
pH variation and CS treatment.

The surface roughness parameters S,, Sg, and S, are presented in Figure 3, while Ssk and Sku
are shown in Figure 4, for calcite, scheelite, apatite, and fluorite as a function of pH, both before
colloidal silica treatment (No CS) and after exposure to Al CS_500 and Al _CS_1100. For improved
comparability, part (a) displays data for calcite, fluorite, and scheelite, whereas part (b) focuses on
calcite and apatite.
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Figure 3. Surface roughness parameters S;, S;, and S, of calcite, scheelite, apatite, and fluorite as a function of
pH, both before colloidal silica treatment (No CS) and after exposure to Al_CS_500 and Al_CS_1100.
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Figure 4. Surface roughness parameters Ssk and Sku of calcite, scheelite, apatite, and fluorite as a function of pH,
both before C treatment (No CS) and after exposure to Al_CS_500 and Al_CS_1100.

3.1.1. Baseline Surface Topography and Roughness Before Colloidal Silica Treatment

Fluorite had low surface roughness under all pH conditions, with median S, values ranging
from around 0.1 nm to 0.2 nm and median S, values remaining below 3.3 nm. AFM height and phase
images showed substantial morphological changes at pH 2-6, where fluorite surfaces exhibited
localized sharp features and minor heterogeneity. These changes are reflected in high median Sku
values between 10.92 and 89.42, indicating the presence of narrow surface structures. In contrast, a
lower Sku value of around 4.80 was observed at pH between 8 and 10, suggesting a smoother, less
textured surface. At pH 8, the height and phase images (Figure 5a) were smooth and uniform, with
no indication of etching or strong contrast variation. This visual homogeneity is supported by the
reduced Sku value, while the slightly positive asymmetry (Sk = 0.59) indicates a slightly peak-
dominated profile, suggesting the presence of narrow features not visible in the AFM images.
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nm de9

- -

Figure 5. AFM height (left) and phase contrast (right) images of fluorite (a) and scheelite (b) at pH 8.
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Scheelite, as with Fluorite, maintained a smooth surface profile at all pH values. Surface
roughness remained stable, with a median S, of around 0.1 nm and a median S, never exceeding 3
nm. Notably, at pH 2-4, the surface displayed sharp cutting features, as indicated by high median
Sku values between 33.49 and 68.81. Despite their sharpness, these features had minimal impact on
the overall height of the surface, suggesting that they were isolated and narrow. With increasing pH,
this trend was attenuated, with the median Sku falling to 9.76 at pH 10, indicating a reduction in
feature sharpness. At pH 8, AFM imaging (Figure 5b) revealed a smooth surface in both height and
phase contrast images, with no significant heterogeneities. This apparent homogeneity corresponds
to the low S, value, while the roughness parameters (Ssk = 0.37; Sku = 6.37) indicate a slightly peak-
dominated surface with narrow features that are statistically detectable but not visually dominant.

On the other hand, calcite exhibits higher surface roughness than fluorite and scheelite at all pH
values investigated, with median S, values ranging from 0.9 nm to 1.6 nm, and median S, values
from around 5.9 nm to 20.7 nm. Morphologically, the calcite has evolved from a surface profile
statistically close to symmetry at pH 2 (Sk = 0.033; Sku = 3.38), to a sharper, strongly valley-dominated
surface at pH 6 (Sk = -1.54; Sku = 8.60), and finally to a broader, slightly peak-dominated texture at
pH 10 (Sk = 0.12; Sku = 3.36). These transitions are clearly reflected in the AFM height and phase
images (Figure 6).

At pH 2, the surface showed moderate topographic variation with shallow, uniformly
distributed surface features, corresponding to a nearly symmetrical profile. The phase image shows
uniform contrast and fine-scale texture. At pH 6, elongated features and increased heterogeneity
became apparent in both the height and phase images, indicating increased surface heterogeneity. At
pH 10, the surface appeared coarser and more granular in the height image, while the phase image
showed a pronounced variation in lateral contrast and the appearance of well-defined domains.

Over the entire pH range, apatite surfaces were consistently rougher than those of scheelite and
fluorite. Compared with calcite, roughness values at intermediate pH were similar, while roughness
peaked at pH 2 and 10, with median S, values ranging from around 2.9 to 5.0 nm and S, from 24.5
to 33.6 nm. AFM height and phase images (Figure 7) revealed deeply textured and irregular surfaces
at extreme pH values, and smoother morphologies at near-neutral conditions.
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Figure 6. AFM height (left) and phase contrast (right) images of calcite at pH 2 (a), pH 6 (b) and pH 10 (c).

At pH 2, the surface was strongly valley-dominated (Ssk = -2.18; Sku = 17.36), reflected in the
height image by an intensively undulating topography with granular dips, and in the phase image
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by a high contrast domain. At pH 6, the surface became even more valley-dominated (Ssk = -3.74; Sku
=34.53), indicating the presence of deep, narrow surface dips. However, these features were rare and
had minimal amplitude (S; = 0.3 nm; S, = 5.1 nm), resulting in a surface that appeared visually
smooth on the height image. The phase image showed minimal contrast variation, suggesting little
lateral heterogeneity. At pH 10, the surface shifted to a peak-dominated profile (Ssk = 0.83; Sku =
3.66), characterized by pronounced elevation changes in the height image and strong, localized phase
contrast in well-defined domains.

a) pH 2

nm
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nm

Figure 7. AFM height (left) and phase contrast (right) images of apatite at pH 2 (a), pH 6 (b) and pH 10 (c).

3.1.2. Surface Topography and Roughness After Colloidal Silica Treatment

Fluorite showed low surface roughness under all conditions tested after treatment with Al-
modified colloidal silica. After exposure to Al_CS_500 or AI_CS_1100 at all pH levels, median S,
remained below 0.2 nm and median S, below 2.2 nm - values comparable to those observed in the
absence of colloidal silica. Surface features remained shallow and uniformly distributed over the
scanned area. In terms of surface morphology, Ssk and Sku values were also comparable to those
measured in the absence of colloidal silica, indicating that there was no change in surface symmetry
or feature sharpness. This is illustrated in Figure 8a, where the AFM height and phase contrast images
of fluorite at pH 8 treated with Al_CS_1100 show a smooth surface with low-relief structuring and
minimal lateral contrast.

a) Fluorite

de3 o

2
k.

2

»

25 s 75 0
pm - M ’ e 1 e "
el

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0789.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 July 2025 d0i:10.20944/preprints202507.0789.v1

15 of 31

b) Scheelite
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Figure 8. AFM height (left) and phase contrast (right) images of fluorite (a) and scheelite (b) treated with
Al_CS_1100 at pH 8.
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Similar to fluorite, scheelite showed minimal surface modification after treatment with Al-
modified colloidal silica. After exposure to Al_CS_500 and Al_CS_1100 from pH 4 to 10, median S,
remained below 0.2 nm and median S, below 3.6 nm, values comparable to the untreated condition.
A moderate increase in surface roughness was only observed at pH 2 after treatment with
Al_CS_1100 (median Sy =1.3 nm; median S, =16.2 nm). Height and phase contrast images at pH 8
after treatment with Al_CS_1100 are shown in Figure 8b and display gentle surface modulation and
weak lateral contrast, consistent with the overall observation of limited morphological change under
these conditions.

Across the examined pH range, neither Al_CS_500 nor Al _CS_1100 induced a significant
increase in overall calcite surface roughness. The median S, and S, values remained comparable to
the untreated surfaces at most pH levels. Instead, both treatments primarily affected the shape
descriptors Ssk and Sku, indicating distinct changes in surface morphology.

At pH 8, untreated surface shows a valley-dominated profile, with a median Ssk of around -1.75
and Sku of 9.85, as well as moderate roughness (S; = 1.1 nm, S, = 12.8 nm). Treatment with
Al_CS_500 shifts the surface to a nearly symmetrical height distribution (Ssk = -0.31; Sku = 3.76),
slightly increasing Sq to 1.6 nm while reducing Sz to 10.8 nm. In contrast, Al_CS_1100 enhances valley
asymmetry (Ssk = -3.36) and strongly increases kurtosis (Sku = 25.94), but reduces overall height (S,
=0.55nm; S, =7.45nm).

These statistical differences are clearly reflected in AFM height and phase-contrast images at pH
8 (Figure 9), with Al_CS_500 producing gently undulating surfaces with finely flecked phase contrast,
suggesting uniform but slight morphological restructuring. Al_CS_1100, on the other hand, produces
an almost flat topography punctuated by a few deep and features strongly anisotropic diagonal phase
domains, indicative of localized interacting zones. Overall, although roughness parameters remain
low, both treatments significantly modify surface morphology.
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Figure 9. AFM height and phase contrast image of calcite treated with Al_CS_500 (a) and Al_CS_1100 (b) at pH
8.

For apatite, across the entire pH range, colloidal silica treatment significantly increases surface
roughness compared to the untreated surfaces, with aluminate-modified CS amplifying vertical relief
by more than an order of magnitude. Surfaces treated with Al_CS_500 show median S, values of
13.5-15.1 nm (vs. 0.3-1.1 nm without CS) and S, values of around 99-113 nm (vs. 5-13 nm without
CS). Surfaces treated with Al_CS_1100 also show high roughness, with median S, values ranging
from 4.2 to 19.3 nm and S, from 52 to 136 nm. Despite these comparable amplitude increases, the
two treatments produce distinct surface morphologies. As shown in Figure 10a, Al_CS_500 produces
a moderately valley-dominated texture (median Ssk = -1.21; Sku = 6.64), characterized by broad,
rounded peaks and troughs. In contrast, Al_CS_1100 (Figure 10b) produces a more symmetrical
height distribution (median Ssk = -0.45; Sku = 4.15), forming an area composed of broad peaks and
shallow valleys. Thus, while both treatments significantly improve vertical relief, Al_CS_500 retains
a tendency toward deeper valleys, while Al_CS_1100 produces a more symmetrical topography.
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Figure 10. AFM height (left) and phase contrast (right) images of apatite treated with Al_CS_500 (a) and
Al_CS_1100 (b) at pH 8.

A comparison between calcite and apatite at pH 8 shows that CS treatment only modifies the
surface morphology of calcite, leaving the overall roughness almost unchanged, while in the case of
apatite it amplifies both roughness and morphology. Calcite shifts from smooth to either gently
undulating or sharply pitted surfaces, depending on CS type, while apatite develops a coarse and
heterogeneous texture with pronounced vertical and lateral variations under both treatments.

3.2. Microflotation

Figure 11 illustrates the direct relationship between the SSA of colloidal silica and the depression
of calcite. An increase in SSA resulted in a clear decrease in calcite recovery across all three CS types.
Among them, S_CS_500 and Al_CS_1100 showed the strongest depressive effects.
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Figure 11. Single-mineral flotation recoveries of calcite depending on colloidal silica dosage for non- (a), silane-
(b), and aluminate-modified (c) colloidal silica. (at pH =8, collector = 1 x 1073 M sodium oleate).

In contrast, microflotation tests conducted on scheelite, apatite, and fluorite (Figure 12) showed
that CS treatment did not result in significant depression, regardless of CS type. For N_CS_500,
S CS_500, and Al _CS_500, recoveries for all three minerals remained consistent across all tested
dosages. These results indicate limited interaction between CS and the surfaces of scheelite, apatite,

and fluorite under the conditions studied.
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Figure 12. Single-mineral flotation recoveries of scheelite, apatite, and fluorite depending on colloidal silica
dosage (at pH = 8, collector = 1 x 1073 M sodium oleate, specific surface area 500 m?/g).

3.3. In-Situ Bubble Size Measurements (SOPAT)

The influence of colloidal silica type, specific surface area, pH, and dosage on in-situ bubble size
was evaluated using SOPAT imaging during a batch flotation experiment. Figure 13 shows the
measured Sauter mean diameters dj, and the distribution widths spanz under all tested conditions.

For N_CS_500, bubble sizes increased significantly with increasing depressant dosage,
particularly at pH 10. At pH 8, d3, rose from 440 um at 50 g/t to 763 pm at 550 g/t, accompanied by
a slight narrowing of the size distribution (span; decreasing from 1.56 to 1.43). At pH 10,
pronounced bubble coarsening was observed, with dj, increasing from 578 um to 1202 um, and
span; decreasing from 1.01 to 0.89.

S_CS5_500 produced smaller and more stable bubble sizes across all conditions. At pH 8,
ds, increased moderately from 579 um to 680 um as dosage increased, while span; remained
constant at 1.00. In contrast, at pH 10, increasing the dosage resulted in a decrease in bubble size from
759 um to 452 um, with the distribution width again remaining stable.

Al_CS5_500 generated bubbles smaller than those formed with the non-functionalized variant.
At pH 8, ds,increased from 599 um to 732 um, while span; decreased from 2.07 to 1.42. At pH 10,
ds , remained relatively stable (from 651 pm to 614 um) as dosage increased, with span; values of 1.4
and 1.5, respectively.

The smallest bubbles overall were obtained withal CS_1100. At pH 8, d3, was 348 um at 50 g/t
and 362 um at 550 g/t, with a constant span; of 1.12. At pH 10, d3, ranged from 352 um to 394 um,

while span; increased slightly from 1.45 to 1.85, indicating a moderate broadening of the bubble size
distribution.
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Figure 13. Sauter mean bubble diameters d;, (a)and distribution widths (spans) (b) measured in the pulp using

SOPAT imaging under varying colloidal silica type, specific surface area (SSA), dosage, and pH.

3.4. MLA Measurements and Particle-Based Kinetic Flotation Model

The total recovery and the flotation rate constants k and ky, as a function of particle size
(ECD) are shown in Figure 14, for scheelite and calcite under five reagent conditions: N_CS_500,
S_CS_500, Al_CS_500, Al_CS_1100, and a blank condition without colloidal silica. Each treatment
was tested at two dosages: 50 and 550 g/t.

Scheelite and calcite both exhibit increasing recovery with particle size across all conditions. For
particles smaller than 36 pum, recovery of both minerals is higher with non-functionalized and silane-
modified CS than with aluminate-modified CS. This trend is especially pronounced for particles finer
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than 20 um. Calcite recovery decreases with increasing dosage of aluminate-modified CS,
particularly for SSA 500 m?/g, with depression observed across the entire particle size spectrum. In
contrast, silane- and non-functionalized CS result in only minor differences in calcite recovery
between dosages.

s 5_500 AlLSIH AL

[OEE]
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Figure 14. Total recovery, flotation rate constant (k) and modified flotation rate constant (ky) as a function of
particle size (equivalent circular diameter, ECD) for scheelite and calcite under different CS treatments. Results
are presented for non-functionalized, silane-modified, and aluminate-modified CS with specific surface areas of
500 and 1100 m?/g, each tested at two dosages 50 and 550 g/t.

The recoveries and kinetics of scheelite under non-functionalized and silane-modified CS remain
below those of the blank. In contrast, both Al_CS_500 at 50 g/t and AL_CS_1100 at both dosages
render scheelite performance comparable to the blank. For calcite, non-functionalized and silane-
modified CS show minimal deviation from blank behaviour, while aluminate-modified CS
consistently depress calcite recovery and flotation rate across all sizes.

Across all tested conditions, both scheelite and calcite exhibit increasing kn, with particle size.
The highest k, values were observed for scheelite treated with Al_CS_1100 at 550 g/t, particularly in
the <36 um and >75 um fractions. For calcite, flotation rates also increased with particle size but
overlapped with scheelite under non-functionalized and silane-modified CS, especially in the fine
particle range, indicating low kinetic selectivity.

Under aluminate-modified CS, calcite flotation rates remained consistently lower than those of
scheelite. This trend was most pronounced at 550 g/t for both SSA 500 and 1100 m?/g, where calcite
km values plateaued or only slightly increased above 60 um. This behaviour led to a particle-size-
dependent separation between scheelite and calcite under Al_CS_1100, with the k,, gap widening
above 36 um, demonstrating enhanced kinetic selectivity. In contrast, treatments with non-
functionalized and silane-modified CS resulted in higher flotation rates for fine scheelite and calcite
(<36 um), but lacked consistent differentiation between the minerals, reducing selectivity.

3.5. Dynamic Froth Analysis

The effects of the investigated parameters (cf. Section 2.7, Table 6) on the dynamic froth
properties of colloidal silica-containing suspensions, in comparison to blank tests, are presented in
Figure 15.

In terms of froth height (Figure 15a), the impact of CS dosage varied depending on the surface
modification. For silane-modified CS, increasing the dosage led to a moderate increase in froth height,
indicating enhanced froth formation. In contrast, for aluminate-modified CS, higher dosage reduced
froth height, suggesting an inhibitory effect. The influence of CS modification itself was minimal in
the silane case but moderately positive for the aluminate-modified CS, resulting in increased froth
formation relative to silane-modified CS.
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The effects of colloidal silica on drainage half-time and froth life half-time exhibited contrasting
trends, underscoring the complexity of froth stabilization mechanisms. For the drainage half-time
(Figure 15b), increasing CS dosage and SSA led to faster liquid drainage—indicating a destabilizing
effect—while surface modification itself had a stabilizing influence. In contrast, for froth life half-time
(Figure 15c), both CS dosage and SSA contributed positively to froth stability in both systems.
Notably, the impact of surface modification diverged: it slightly reduced froth lifetime in the silane-
modified CS but enhanced it under aluminate modification.

For liquid content (Figure 15d), overall effects were relatively minor. CS dosage had a slight
positive effect under silane-modified CS and a small negative effect under aluminate-modified CS.
The influence of CS modification and SSA on liquid content was limited in both systems but the
modification effect was more pronounced for aluminate-modified CS, where it modestly enhanced
liquid retention.

Additional parameters such as pH and NaOl dosage showed broadly positive effects across
most froth metrics, contributing to improved froth formation and stability. In contrast, MIBC dosage
rendered inconsistent trends under the tested conditions.
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Figure 15. Standardized effects of pH, NaOl dosage, MIBC dosage, CS dosage, SSA and CS modification on
dynamic foam properties: foam height (a), drainage half-time (b), froth life half-time (c), and liquid content (d).

3.6. Dynamic Surface Tension Measurements

The results of the dynamic surface tension (DST) measurements are presented in Figures 16 and
17, showing surface tension as a function of surface age for different colloidal silica types and dosages,
all tested at pH 10.
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In the absence of NaOl, pure water exhibited a stable surface tension of approximately 72 mN/m
across all surface ages. N_CS_500, under all tested dosages (25, 50, and 100 mg/L) yielded closely
grouped surface tension curves with only minor differences. Surface tension values decreased
gradually over time, remaining slightly above the water reference throughout.

S_CS_500 consistently exhibited higher surface tension values than both pure water and non-
functionalized CS across all surface ages. A clear dosage-dependent trend was observed, with surface
tension increasing progressively from 25mg/L to 50 mg/L and reaching the highest values at
100 mg/L. Despite these differences, all curves followed a similar decreasing trend as surface age
increased.

For Al_CS_500, surface tension values were significantly higher than pure water, with curves
tightly grouped across dosages and minimal variation among them. Al _CS_1100 showed a
moderately decreasing trend in surface tension over time. Curves were slightly more dispersed
compared to Al_CS_500, but all dosages remained clearly above the water baseline, with a subtle
dosage effect: 100 mg/L displayed marginally higher surface tension than 25 mg/L and 50 mg/L.
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Figure 16. Dynamic surface tension as a function of surface age for water and different colloidal silica (CS) types

and dosages, without sodium oleate (NaOl), measured at pH 10.

Upon addition of NaOl at a concentration of 10 mol/L, water exhibited a pronounced and
continuous decrease in surface tension, reaching values below 35 mN/m at longer surface ages. Under
these conditions, all C5-NaOl mixtures produced tightly grouped surface tension curves, with only
subtle differences among CS types. S_CS_500 and Al_CS_500 dispersions exhibited slightly higher
surface tension values than NaOl in pure water. N_CS_500 resulted in surface tension values slightly
below the water-NaOl reference. The Al_CS_1100 system closely followed the water-NaOl curve,
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showing minimal deviation across surface ages. These results indicate that while NaOl effectively
reduces surface tension, the presence of colloidal silica—regardless of modification —moderates this
effect.

—=—Water_pH10_WithoutCS_NaOl
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Figure 17. Dynamic surface tension as a function of surface age for water and different colloidal silica (CS) types

at a dosage of 100 mg/L, with sodium oleate (NaOl), measured at pH 10.

4. Discussion

The main hypothesis regarding the depression mechanisms rendered by colloidal silica to calcite
indicated that nanoscale surface roughness is a critical factor controlling the attachment of colloidal
silica to calcite [21]. To closer investigate this hypothesis, surface topography of calcite, scheelite,
apatite, and fluorite was investigated with Atomic Force Microscopy, which indeed confirmed
pronounced differences in surface topography among the studied minerals.

In the absence of CS, scheelite and fluorite showed low surface roughnesses after polishing and
lacked significant nanoscale features across the tested pH range. After CS treatment, their surfaces
remained relatively smooth, with no significant changes in roughness or morphology apart from
slight vertical or lateral texturing. This suggests that colloidal silica interacts only weakly or
uniformly with these minerals and does not cause major structural changes.

This is in contrast with calcite and apatite, which showed significant differences between the
baseline and CS-treated surfaces. Before CS treatment, calcite exhibited higher roughness than
scheelite and fluorite, with a stable topographic profile across the entire pH range studied. Apatite,
on the other hand, revealed pH-dependent surface roughness, particularly high at pH 2 and pH 10,
suggesting localized etching or dissolution-reprecipitation processes.

After CS exposure, a difference in the surface evolution of apatite and calcite is observed. AFM
height and phase images of apatite showed clear lateral heterogeneity and coarse vertical features,
indicating widespread and unconfined surface restructuring. However, calcite underwent more
subtle but well-organized alterations, especially with Al_CS_1100. AFM height and phase images
showed anisotropic phase contrast domains and localized high kurtosis features, suggesting spatially
confined changes driven by site-specific adsorption.

Two key observations emerge from the AFM analysis: (1) minerals with initially higher
roughness, especially apatite and, to a lesser extent, calcite, undergo the most pronounced structural
changes upon CS treatment, suggesting a link between intrinsic surface reactivity and CS interaction
intensity; and (2) the nature of these changes is mineral-specific: Calcite develops confined, discrete
features, whereas apatite shows extensive morphological disorder. This difference emphasizes the
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importance of surface chemistry and microstructural context in explaining how colloidal silica may
interact with mineral surfaces.

While surface roughness can enhance nanoparticle attachment, it alone cannot fully explain the
selective affinity of colloidal silica for calcite. Roughness contributes by increasing the density of high-
energy sites (e.g., kinks, step edges), and is known to affect wettability, dissolution kinetics, and
surface energy [27-29]. Selective interaction of colloidal silica is likely governed by the interplay
between nanoscale roughness, mineral-specific dissolution behaviour, interfacial hydration
structure, and crystallographic orientation. Together, these parameters shape how nanoparticles
approach, anchor to, and stabilize on mineral surfaces, and determine both the extent and nature of
surface transformations.

Fluorite crystallizes in a cubic lattice (Fm3m), characterized by symmetric ionic arrangements
and cleavage along the {111} and {100} planes [30,31]. These planes expose chemically equivalent,
low-energy surfaces that are topographically smooth and lack heterogeneity, conditions
unfavourable for nanoparticle entrapment or selective interaction. Furthermore, the fluorite-water
interface is dominated by molecular water adsorption (adsorption energy ~-55 kJ-mol™) [32], while
dissociative adsorption is energetically unfavourable. This results in the formation of a chemically
inert hydration shell, stabilized by non-directional hydrogen bonding. Molecular dynamics
simulations confirm that this hydration layer remains stable under ambient conditions [32].

Scheelite (CaWOQ,) crystallizes in a tetragonal system (I44/a), with isolated WO,? -tetrahedron
coordinated by Ca?" cations. Cleavage occurs primarily along {112} and {001} planes, exposing Ca-
rich but topographically smooth surfaces due to the rupture of weaker Ca—O bonds (130 kJ-mol™)
[7,31], while the strong W-O bonds (610kJ-mol™) remain intact [33]. Both AFM imaging and
theoretical simulations show that scheelite surfaces are chemically homogeneous, even under mild
chemical or mechanical perturbation [31]. The interfacial hydration layer is defined by weakly
adsorbed OH™ ions and lacks evidence for bridging species such as CaOH" [7]. Despite being slightly
soluble (Ks, =107), scheelite dissolves slowly under flotation conditions [34], and its surfaces remain
structurally stable. Mechanically, its low fracture toughness and anisotropic hardness result in
frequent exposure of the compliant (001) plane during processing [35].

Apatite presents a more complex case. Before CS treatment, its surface roughness increased
significantly in both acidic and alkaline environments and was comparable to that of calcite at
intermediate pH (4-8). Microflotation tests performed at pH 8 revealed that apatite flotation is
unaffected by the presence of CS, suggesting little or no CS adsorption. However, height and phase
contrast images after CS exposure showed relevant surface changes with blurred boundaries and
heterogeneous topography, suggesting recrystallization or the formation of a secondary phase. This
response is likely not due to direct CS attachment but rather to surface restructuring through
dissolution-reprecipitation processes. Chemically, apatite exposes phosphate-rich surfaces that
promote the formation of structured hydration layers through strong electrostatic interactions with
Ca?" and PO,%" ions [36]. These ordered hydration layers limit the adsorption of external species, such
as nanoparticles, and decrease water mobility. Instead of functioning as an adsorbate, CS likely serves
as a transformation catalyst. This idea is supported by evidence from the bioactive glass literature.
Andersson et al. [37] showed that silica can facilitate the release of Ca?" and PO,3” in solution,
resulting in the formation of secondary apatite in a silica-rich gel and promoting apatite
reprecipitation.

On the other hand, following CS treatment, calcite, whose flotation was hindered by CS as
shown in microflotation tests, exhibited distinct and spatially confined domains in AFM height and
phase contrast images. These well-defined, high-contrast regions suggest strong and site-specific
adsorption of colloidal silica, consistent with a surface-mediated depression mechanism.

Calcite crystallizes in the trigonal (rhombohedral) system (space group R3c) and cleaves
preferentially along the (1014) plane, exposing atomically flat terraces composed of alternating Ca?*
and CO3?” group [38]. This periodic atomic arrangement generates long-range electrostatic fields that
facilitate templated adsorption of silica nanoparticles and promote the formation of stable surface
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layers [39]. Because of its chemically active hydration shell, the calcite-water interface further
facilitates silica binding. This interface is rich in hydrated CaOH" and COsH™ species, which can
create ionic bridges and hydrogen bonds with colloidal silica, according to experimental and
molecular dynamics investigations [40,41]. The robustness of the interfacial chemistry is
demonstrated by the stability of these hydration complexes even at extremely high vacuums [41].

Moreover, under slightly undersaturated conditions, calcite dissolves anisotropically, creating
etch pits and step edges along the (1014) plane. This produces reactive site density and nanoscale
curvature, ideal for colloidal silica anchoring. Calcite dissolves in a controlled and periodic manner,
maintaining structural coherence while permitting dynamic surface renewal [41], in contrast to the
disordered transformation of apatite. This supports lattice-guided silica deposition, as demonstrated
by Liesegang et al. [39], who showed that silica precipitated during calcite replacement retained
crystallographic orientation. Taken together, calcite’s combination of surface roughness, active
hydration layer, crystallographic symmetry, and anisotropic dissolution creates a uniquely
favourable environment for colloidal silica adsorption.

Beyond its primary function as a calcite depressant, colloidal silica was found to affect several
interdependent flotation subprocesses. Among these, its effects on bubble size control and froth
structure, two factors critical to flotation selectivity, were particularly pronounced. Of the tested CS
types, A1_CS_1100 lead to the finest bubbles close to the pulp-froth interface, with Sauter mean
diameters between 350 um and 390 um. This fine bubble regime was preserved in the froth phase, as
illustrated in Figure 18, where median froth bubble sizes remained consistently low, indicating
minimal coalescence during bubble rise and in the froth phase.

Colloidal silica (CS) type
No CS ‘ Non-functionalized CS ‘ ‘ Silane-modified ‘ ‘ Aluminate-modified
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Figure 18. Boxplots of median froth bubble size for batch flotation tests with the different colloidal silica

suspensions at different colloidal silica dosages.

An intermediate behaviour was observed for S_CS_500, which generated pulp bubbles in the
450 pym - 760 um range and slight bigger froth bubble than Al_S_1100. In contrast, N_CS_500
produced substantially larger bubbles in the pulp phase, especially at higher dosages, reaching up to
1200 pum. Corresponding coarse froth bubbles resulted, indicating extensive coalescence and a lack of
stabilization during froth formation. This mismatch between pulp and froth bubble sizes reflects poor
interfacial activity and ineffective bubble stabilization.

This hierarchy in bubble control was mirrored in flotation performance. Al_CS_1100 delivered
the highest scheelite recovery in both the 20 um - 50 pm range and at coarser sizes, consistent with
its production of small, stable bubbles that maximize fine- and mid-size particle collision and
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attachment. It also produced similar or slightly smaller froth bubbles than the blank tests, suggesting
why scheelite recovery under Al_CS_1100 usage matches or slightly outperforms the system without
colloidal silica. These results are in line with classical flotation theory: smaller bubbles promote the
recovery of fine particles through increased collision probability and reduced detachment forces [42-
45].

Although N_CS_500 had a lower surface tension than Al CS_1100, the latter consistently
produced smaller and more stable bubbles. This observation indicates that surface tension alone does
not govern bubble behaviour in these colloidal systems. Rather, the interfacial activity of the particles
appears to play a dominant role. Surface-modified colloidal silica likely forms cohesive interfacial
films or introduces steric barriers that suppress coalescence. In contrast, non-functionalized colloidal
silica lacks the surface modifications necessary to prevent coalescence, resulting in froth instability
and larger bubbles.

DFA measurements confirmed these interfacial effects. Aluminate-modified CS significantly
increased froth drainage resistance, liquid retention, and froth lifetime, while silane-modified CS
showed moderate improvements compared to non-functionalized CS. In particular, the effect of CS
and SSA dosage diverged across metrics: they reduced the drainage half-life but increased the froth
lifetime. This divergence supports the well-established understanding that froth drainage and froth
collapse are governed by different mechanisms. While fast drainage reflects thinning lamellae and
interfacial crowding, a long froth lifetime suggests the formation of a coherent interfacial network of
particles. In the aluminate system, this decoupling was particularly notable. Al_CS_1100 maintained
froth stability even under fast drainage. This suggests that Al_CS_1100 forms strong interfacial
networks that prevent froth collapse regardless of drainage dynamics. Therefore, it improves
flotation selectivity by stabilizing the froth long enough to recover target minerals to recover target
minerals, while minimizing the entrainment of unwanted particles such as calcite.

These findings are consistent with broader principles from colloidal interface science. Prior
studies by Brown et al. [46] and Hunter et al. [47] have shown that foam and emulsion stability
depends critically on particle size, concentration, and wettability. Smaller particles form dense
interfacial layers that act as steric barriers to coalescence, while higher concentrations promote robust
interfacial networks. Stability is maximized when particles exhibit intermediate wettability, which
promotes preferential adsorption at the gas-liquid interface. Beyond Pickering stabilization, recent
work by Eftekhari et al. [48], provides further mechanistic insights through the concept of interfacial
immobilization via nanoparticle-surfactant complexes (NPSCs). These complexes can transition a
bubble interface from liquid-like to solid-like, suppressing interfacial flow, reducing coalescence, and
altering hydrodynamic behaviour. This dual effect, bubble stabilization and improved drainage,
helps explain why Al_CS_1100 outperforms the blank and both non-functionalized and silane-
modified CS in the froth phase, in addition to its advantages in the pulp. In contrast, silane
modification, which reduces froth stability, fails to capitalize on drainage improvements and
therefore does not achieve the same performance.

These mechanistic interpretations are in agreement with earlier findings [21], which linked CS
behaviour to aggregation tendencies and dispersion stability under flotation conditions. That study
proposed that aluminate-modified CS forms gel-like networks, which promote froth stability and fine
bubble formation.

In contrast, non-functionalized CS tends to coagulate into dense aggregates with negligible
viscosity effects, resulting in unstable froth and larger, coalescing bubbles. Silane-modified CS,
stabilized through steric hindrance by surface silane layers, resisted aggregation, maintained fine
dispersion, and achieved moderate stabilization —again aligning with present observations.

This gelling process can lead to a reduction in scheelite recovery by increasing pulp viscosity,
but this effect was less pronounced for Al_CS_1100 [21], allowing for high scheelite recovery even at
increased dosages, as shown in Figure 14. The remarkable decrease in scheelite recovery for
Al_CS_500 at high dosage is likely related to its extensive gelling.
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In summary, these results demonstrate that colloidal silica, particularly high-SSA aluminate-
modified silica, is a multifunctional flotation reagent. Its ability to stabilize froth, control bubble size,
improve fine scheelite recovery, and uniquely decouple froth drainage from froth collapse makes it
much more than just a selective calcite depressant. Rather, high-SSA aluminate-modified colloidal
silica appears to be a versatile, process-integrated reagent capable of tuning multiple froth flotation
subprocesses.

Despite the beneficial effects associated with colloidal silica, several challenges must be
addressed before widespread implementation becomes feasible. A major limitation is its relatively
low surface activity per unit mass, meaning that large volumes are often required to achieve effective
surface coverage and froth stability. This raises questions about cost-effectiveness and reagent
consumption. Furthermore, in industrial circuits where process water is recycled, high ionic strength
can promote nanoparticle aggregation, significantly reducing dispersion stability and limiting
reagent performance. Environmental considerations are also crucial such as bioaccumulation or
ecotoxic effects. Innovative approaches are needed to address these concerns, including combining
nanoparticles with conventional flotation agents. Surface functionalization approaches can further
enhance both interfacial selectivity and dispersion robustness, while biodegradable nanomaterials
offer routes toward more sustainable implementation. Integration with nanobubble or microbubble
technologies may also unlock synergistic improvements in bubble—particle interactions and froth
structure. Ultimately, the success of nanoparticle reagents as a next-generation flotation reagent will
depend on system-specific optimization, tuning its interfacial properties to match the mineralogy,
process water chemistry, and flotation conditions.

5. Conclusions

This study demonstrates that colloidal silica, particularly in surface-modified and high-specific-
surface-area forms, acts as a multifunctional reagent capable of selectively depressing calcite while
enhancing bubble control and froth stability in the flotation of semi-soluble salt-type minerals. The
mineral-specific responses observed —localized nanoparticle adsorption on calcite and dissolution-
driven restructuring of apatite—highlight the importance of surface chemistry, crystal structure, and
hydration behaviour in governing CS interaction. aluminate-modified colloidal silica showed
superior performance, producing small, stable bubbles that improved the recovery of fine and mid-
size scheelite while maintaining an effective calcite depression. Mechanistic analysis across multiple
subprocesses confirmed that interfacial activity, plays the dominant role. These insights provide a
mechanistic basis for tailoring nanoparticle reagents and offer a promising path toward their
implementation as design next-generation, multifunctional flotation reagents. However, future work
must address challenges related to reagent dosage, long-term colloidal stability in process water, and
environmental sustainability to ensure practical large-scale implementation.
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