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Abstract: This study investigates biopolymer poly(3-hydroxybutyrate) microspheres coated with
chitosan as a potential biodegradable and environmentally friendly collector for froth quartz flotation.
The work includes physicochemical characterization of PHB/CHI particles including their zeta
potential (+52,36 mV at pH 4,58), assessment of their hydrophobic behavior in water and in the presence
of nonionic frother 4-methyl-2-pentanol (MIBC) through contact angle measurement and three-phase
contact (TPC) formation time. The results show that adsorption PHB/CHI microspheres onto glass plate
increases surface hydrophobicity, yielding a maximum contact angle of ~ 50° accelerates TPC
formation, significantly enhances flotation recovery, with clear dosage dependent improvements in
flotation kinetics. Even low collector dosage (0.08 mg per 1 g of quartz) yielded high quartz recoveries
of around 80%. Experiments using the particle-bubble dynamic attachment apparatus further
confirmed the enhanced hydrophobization mechanism, revealing substantially higher bubble coverage
in the presence of PHB/CHI. In contrast, chitosan alone resulted in negligible attachment, and the
addition of MIBC did not significantly influence bubble coverage. Overall, these preliminary findings
demonstrate the novelty and promise of PHB/CHI microspheres as an effective green alternative to
conventional amine collectors, with their polydispersity and potential to bind fine particles further
contributing to improved flotation efficiency.
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1. Introduction

Flotation is a widely applied physicochemical separation technique that utilizes the attachment of gas
bubbles to selectively separate hydrophobic particles from aqueous suspensions. Developed initially
for mineral beneficiation, flotation has broadened its applications to areas such as wastewater treatment
and environmental remediation (Jiang et al., 2022; Peleka et al., 2018; Rubio et al., 2002).

Quartz is one of the most common gangue minerals present in metal ores. Its removal is often
achieved by reverse flotation, which selectively renders quartz hydrophobic through collector
adsorption (Araujo et al., 2005; Gungoren et al., 2025; Han et al., 2018; Wiertel-Pochopien and Zawala,
2019; Zawala et al., 2017). High separation efficiency can be achieved through the application of both
cationic and anionic reverse flotation methods (Han et al., 2018; Kordloo et al., 2023; Lima et al., 2013).
The mechanism of reverse flotation relies on the selective adsorption of collectors on the surface of
gangue minerals, which enhances their hydrophobicity and enables efficient separation from the
valuable mineral phase (Zawala et al., 2017). Flotation relies on various chemicals, such as collectors
and frothers, to control the surface properties of particles and bubbles. Collectors render selected
mineral surfaces hydrophobic, enabling their attachment to air bubbles (Abarca et al., 2018; Laskowski,
2010), while frothers form and stabilize the froth by reducing bubble coalescence (Melo and Laskowski,
2006; Pawliszak et al., 2024a, 2024b). Additionally, modifiers such as activators, depressants, and pH
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regulators are used to enhance selectivity and improve separation efficiency (Herrera Urbina, 2003;
Nagaraj and Farinato, 2016)

Most flotation reagents are petrochemical-based compounds that degrade slowly in the
environment, leading to water pollution, eutrophication, and bioaccumulation in living organisms. In
froth flotation, collectors are key reagents responsible for selectively adsorbing onto mineral surface
and imparting hydrophobicity, enabling their attachment to air bubbles. Their complexity is steadily
increasing, as reflected by the development of nanoparticle-based collectors (Abarca et al., 2015; Hajati
et al.,, 2016; Nasirimoghaddam et al., 2020; Yang et al., 2011). One promising direction involves bio-
collectors, a class of bio-based flotation reagent derived from natural and biodegradable compounds.
These bio-collectors have similar function to traditional collectors, but their renewable origin and
improved environmental compatibility make them an attractive replacement for conventional
petrochemical formulations (Asimi Neisiani et al., 2023; Budemberg et al., 2025; Dhar et al., 2021;
Legawiec et al., 2023a; Tohry et al., 2021). For this reason, some researchers have focused on bio-
polymers produced by bacterial fermentation, which represent more advanced and environmentally
friendly alternatives to traditional flotation reagents (Bednarek et al., 2025; Ramos-Escobedo et al., 2016;
Sigauke et al., 2025; Yang et al., 2014).

In this context, polyhydroxyalkanoates appear to be an attractive alternative to conventional
flotation chemicals (Behera and Mulaba-Bafubiandi, 2017; Govender and Gericke, 2011; Rehm, 2010).
Polyhydroxyalkanoates (PHAs) are a family of biopolymers synthesized by many bacteria during the
fermentation of sugars and lipids as storage materials. Among them, poly(3-hydroxybutyrate) (PHB)
deserves special attention due to its favorable mechanical properties and thermoplasticity, which are
comparable to those of petroleum-derived polymers such as polypropylene and polyethylene
(Ganapathy et al., 2018; McAdam et al., 2020; Rajan et al., 2019). Its properties can be further tailored
through blending with other polymers, synthesizing copolymers, or incorporating functional groups
and plasticizers (McAdam et al, 2020; Zhang and Thomas, 2011). Importantly, PHB undergoes
microbial degradation to CO, and H,O, which microorganisms can readily assimilate, and this process
might be further accelerated by UV irradiation (Altaee et al., 2016). Poly(3-hydroxybutyrate) (PHB)
microspheres can be produced using a solid-in-oil-water (s/o/w) emulsion solvent evaporation
method, which allows control of particle size through parameters such as polymer concentration,
surfactant content, and stirring rate (Francis et al., 2010; Wei et al., 2018; Zalloum et al., 2019). For
example, faster mixing and higher poly(vinyl alcohol) (PVA) concentrations yield smaller particles,
while higher polymer molar mass narrows the size distribution (Francis et al., 2011; Wei et al., 2018)

Although PVA is an effective stabilizer, its persistence and slow biodegradation in aquatic systems
raise environmental concerns (Francis et al., 2011; Marus$incové et al., 2013; Olalla et al., 2021; Ye et al.,
2017). Chitosan has therefore emerged as a sustainable alternative to PVA in flotation systems, as it is
biodegradable, biocompatible, and can be chemically modified to tailor its surface activity and
selectivity toward specific minerals (Chiellini et al., 2003; Leceta et al., 2013; Peter, 1995; Sawaguchi et
al., 2015). Chitosan, a natural cationic polysaccharide rich in amino and hydroxyl functional groups,
exhibits strong hydrophilic character and can act as an effective depressant in flotation processes (Cohen
and Poverenov, 2022; Zargar et al., 2015). Through its adsorption onto specific mineral surfaces via
chemisorption involving amine and hydroxyl groups, chitosan increases hydrophilicity, inhibiting
bubble-mineral attachment and suppressing undesired flotation of the depressed phase (Tiraferri et al.,
2014). It has been successfully used to selectively depress chalocopryrite, pyrite and galena, enabling
enhanced separation from target minerals (Alsafasfeh et al., 2023; Hayat et al., 2017; Zhang et al., 2019).
Recent studies have further expanded its applicability, for example chitosan (10 kDa) enabled efficient
reverse flotation of pyrite from galena via stronger adsorption and increased surface hydrophilicity
(Zhang et al., 2019). These studies confirm potential chitosan as an eco-friendly depressant in mineral
flotation. Moreover, due to its strong affinity for mineral surfaces rich in hydroxyl groups, chitosan and
its derivatives are promising reagents for reverse flotation of quartz, where selective depression of other
minerals combined and simultaneous hydrophobization of silica can offer an environmentally friendly
alternative to conventional collectors.

In this study, we investigated poly(3-hydroxybutyrate) (PHB) microspheres coated with chitosan as
potential biodegradable collectors for flotation of quartz. The main objective was to characterize their
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surface properties, including particle size, charge, wettability and to examine their interaction with
negatively charged glass surfaces. The hydrophobicity of the PHB microspheres was assessed trough
contact angle measurements, while the three - phase contact time was determined to evaluate bubble -
particle attachment dynamics. Finally, laboratory flotation tests of quartz were conducted to assess the
performance of PHB microspheres as a green alternative to conventional collectors.

2. Materials and methods
2.1. Materials

Methyl isobutyl carbinol (MIBC) (Sigma-Aldrich, =98%) was used as a frother. Chitosan (Sigma-
Aldrich, =98%, molecular weight 50,000 - 190,000 Da), acetic acid (Chempur, =99,5%), and chloroform
(Chempur, =99,5%) were commercially available reagents used in the preparation of microspheres. The
ionic strength and the pH were adjusted with respective solutions of analytical grade NaCl
(SigmaAldrich, =299,5%), NaOH (Chempur, =98%), and HCl (Chempur, 35-38%). Ultrapure Milli-Q
water (Merck Millipore, resistivity of 18 MQ cm at 25°C) was used for preparation of solutions. Ethyl
alcohol (Chempur, =96%), H,SO, (Chempur, =95%) and H,O, (Chempur, 30%) were used to purify a
borosilicate glass.

Borosilicate glass plates were used for contact angle, three-phase contact formation experiments and
SEM imaging, while high-purity natural quartz samples for flotation tests and particle-bubble dynamic
attachment apparatus.

Borosilicate glass plates were purified before each measurement according to the following
procedure: (i) in the first stage, the borosilicate glass was immersed in ethyl alcohol and sonicated for
20 min and next thoroughly rinsed in distilled water; (ii) in the second stage, the glass plate was
transferred to the piranha solution (a 1:1 mixture of H,SO, and H,O,). The glass was immersed in this
solution for 30 minutes. After cleaning in the piranha solution, the holder with the glass was removed
again and the glass was rinsed several times in distilled water.

The high-purity natural quartz sample originated from a mine in Norway. The material was
mechanically ground and wet-sieved to obtain the desired particle size fractions, and the 50-100 um
fraction was selected for flotation and particle-bubble attachment studies.

2.2. Preparation of poly(3-hydroxybutyrate) microspheres

Poly(3-hydroxybutyrate) (PHB) was produced and purified at the Bioprocess Development Laboratory,
Jerzy Haber Institute of Catalysis and Surface Chemistry (Krakow, Poland). PHB was obtained using
Zobellella denitrificans strain MW1 grown on glycerol as the sole carbon source (Faruga et al., 2025;
Ibrahim and Steinbtichel, 2009).

Poly(3-hydroxybutyrate) (PHB) microspheres were prepared as follows: first, a chitosan solution
was prepared by dissolving 1 g of chitosan in 100 mL of 0.015 mol/L NaCl solution, followed by the
addition of 2.9 mL of 99.5% acetic acid. The mixture was stirred for 2 h at 75 °C in a covered vessel to
minimalize water evaporation and then for 18 h at room temperature. Separately, a 1% PHB solution
was prepared by dissolving 0.1 g of the polymer in 10 mL of chloroform. Next, 50 mL of the chitosan
solution was taken, and the PHB solution was added dropwise through a 23G (outer diameter 0,64 mm)
stainless steel needle. The resulting mixture was stirred on a magnetic stirrer (stir bar length: 2 cmy;
stirring speed: 2000 rpm) for 24 h. To remove excess chitosan, the suspension was centrifuged three
times (4000 rpm, 8 min each), with washing in distilled water after each cycle. Because chloroform is
highly volatile, it evaporated during the 24 h stirring period, and the subsequent centrifugation and
washing steps ensured the removal of both residual chloroform and acetic acid from the final PHB/CHI
microspheres. The pH solution was equal 3.56 during mixing and 4.58 after centrifugation. The product,
i.e., poly(3-hydroxybutyrate) coated with chitosan, will be referred to as PHB/CHI microspheres.

2.3. Scanning electron microscopy

The surface morphology of the PHB/CHI microspheres was studied using a high-resolution scanning
electron microscope (JEOL JSM-7500F) equipped with an AZtecLiveLite Xplore 30 attachment and a
secondary electron detector. The microspheres were deposited on a glass plate by diffusion from the
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solution for 30 minutes. Prior to imaging, all samples were coated with a 40 nm thick chromium layer
using a K575X sputtering system.

2.4. Zeta potential

The zeta potential was determined by the Electronic Light Scattering (ELS) method, used Zetasizer
Nano Series from Malvern Instruments. Each value was calculated as the average of three consecutive
runs of the instrument, with a minimum of 20 measurement taken during each run.

2.5. Contact angle measurement

Advancing contact angle (©,) measurements were performed using the sessile drop method on a Kriiss
DSA100 apparatus. Prior to measurement, the clean borosilicate glass plates were immersed in a 10
mg/L PHB/CHI solution for varying time periods to examine the influence of adsorption time on
surface wettability. A droplet of constant volume (ca. 2 pL) was dispensed using a needle with a 0.5 mm
outer diameter. A CCD camera coupled with a digital recording system and DSA4 software was used
to capture and analyze the droplet profile.

2.6. Three phase contact formation measurement

Three-phase contact (TPC) formation of bubble on the surface of borosilicate glass plates coated with
PHB/CHI was studied using a setup consisting of a borosilicate glass column (290 x 50 x 50 mm) with
a capillary (inner diameter 0.075 mm) at the bottom, connected to a ‘bubble-on-demand’ apparatus
(Zawala and Niecikowska, 2017). The equivalent diameter of the bubble (deq) detaching from the
capillary was 1.48 = 0.01 mm in Milli-Q water. Prior to measurement, the glass plate was thoroughly
cleaned and subsequently immersed in a 10 mg/L PHB/CHI solution for various deposition time
(tdep). Next, the coated solid plate was positioned horizontally beneath the solution surface at a distance
L = 300 mm from the capillary orifice. Bubble collisions, bouncing, and attachment to solid surfaces
were monitored using a high-speed camera (IDT NX5, 1000 fps).

In general, the time of three-phase contact formation (trrc) can be considered as the sum of the bubble
bouncing time (tbouncing) and the film drainage time (tdrainage) (Legawiec et al., 2023b):

trpc = tbouncing + tdrainage (1)

Both parameters tbouncing and tarainage are crucial for interpreting particle - bubble attachment
dynamic. The tvouncing Was calculated from high - speed image sequences as the period between first
contact of the bubble with the solid surface and the last reflection before a stable liquid film was formed.
In contrast, tdrainage represent the subsequent step, during the liquid film separating the bubble and solid
thins until rupture and attachment. The contributions of these two steps provide valuable information
on the interactions of surface forces and wettability, describing bubble - solid attachment efficiency.

Once TPC was formed and TPC line stopped moving, the receding contact angle (®r) (captive bubble
method) was measured using a custom Python script with the PIL module (Wiertel-Pochopien et al.,
2021).

Each experiment was repeated 10-20 times to get reliable data. Further details of the experimental
set-up and determination of the bubble velocity have been described elsewhere (Kosior et al., 2014;
Krasowska and Malysa, 2007; Malysa et al., 2005).

2.7. Particle-bubble dynamic attachment apparatus

Fig. 1 schematically presents the set-up used to study particle-bubble- attachment under dynamic
conditions. The set-up consisted of a glass cell (50 x 50 x 50 mm) filled with 100 mL of the PHB/CHI
microsphere solution and a magnetic stirrer placed at the bottom. Before each experiment, 5 g of quartz
(particle size 50-100 pm) was added and conditioned for 4 min under continuous stirring, after which
MIBC as a frother was introduced and stirred for an additional 4 min. These conditions were selected
to maintain consistency with the flotation procedure, in which identical conditioning time, stirring,
reagent addition sequence and quantities were applied. A stainless-steel needle with an outer diameter
of 1.82 mm was then immersed 20 mm below the liquid surface. A bubble of 2.5 mm in diameter was
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generated at the capillary tip using a peristaltic pump driven by a stepper motor, enabling precise
control of the bubble volume. The camera (ArduCam IMX477 with an AF Micro Nikkor 60 mm lens)
was positioned laterally to the cell for real-time monitoring. Once the bubble was formed, the slurry
was stirred for an additional 1 min. After stirring was stopped and the quartz had settled, two
photographs of the bubble-grains aggregate were taken: the first under white light (Fig. 2A), and the
second with all lights off and the bubble illuminated by a red laser (Fig. 2B).
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Fig 1. Schematic view of an experimental set-up
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Fig. 2. Images of the particle-bubble attachment: (A) under white light illumination, (B) under red laser
illumination, and (C) post-processed image

In post-processing, two photographs were merged to produce a final image, which was then
analyzed using Image]J software to determine the cross-sectional area of the entire bubble (Apubble) and
the area covered by quartz particles (Aquartz). Using this data the bubble surface coverage was calculated:

Coverage = 2bubble . 100 )
quartz

The calculated bubble surface coverage reflects the degree of particle-bubble attachment observed
under the given experimental conditions.

2.8. Particle Size Distribution

The quartz used in this study originated from the same Norwegian deposit as the material characterized
in detail in (Larsen et al., 2019), where XRD analysis confirmed its high mineralogical purity. In the
present work, the quartz was mechanically ground and wet-sieved using sieves with a mesh size of 50-
100 pm. The grains were dried in a chamber at 90°C. The particle size distribution was measured using
laser diffraction with a Malvern Metasizer 2000. Fig. 3 shows the particle size distribution of the quartz
used in the experiments. The quartz sample used in the flotation experiments had a particle size
distribution characterized by D10 = 28.0 pm, D50 = 58.9 pm, and D90 = 101 pm (Fig. 3).
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Fig. 3. Particle size distribution of quartz

2.9. Flotation

Flotation experiments were conducted in a 500 mL column using a laboratory Maelgwyn mechanical
flotation machine. In each test, 25 g of quartz fraction (particle size 50-100 pm) was dispersed in the
PHB/CHI microsphere solution of the desired concentration. The slurry was conditioned for 4 minutes,
after which the frother MIBC 1.6x10-2M was added and stirred for an additional 4 minutes at an impeller
rotation speed of 1800 rpm. Following conditioning, the air flow 50 1/h was initiated, while impeller
rotation speed kept constant (1800 rpm). The flotation parameters were determined experimentally. The
impeller rotation speed was adjusted to the specific flotation machine used, while the MIBC
concentration was selected based on the observed froth height and stability under the applied operating
conditions. Once selected in preliminary tests, the MIBC dosage was kept constant in all flotation
experiments, ensuring full adherence to the principle of controlling variables. The froth was collected
in several weighed cuvettes, which were changed at specific time intervals after 1, 2, 3, 6 minutes and
subsequently after 10 minutes, to account for the higher flotation rate at the beginning process. The
cuvettes with flotation products were dried in an oven at 100° degrees, and then weighed to calculate
the quartz recovery (in this case the product yield corresponds to the recovery).

All experiments in this study were carried out at room temperature, approximately 24 +1°C.
Depending on the type of experiment, measurements were performed between three and ten times to
asses repeatability.

3. Results and discussion

3.1. Physicochemical properties of PHB/CHI microspheres in bulk

The physicochemical characteristic of PHB/CHI microspheres, determined from zeta potential and
SEM analyses, indicates that the microspheres exhibit a well-defined spherical shape with distinctly
rough surfaces, likely due to the morphology of the PHB matrix and the structure of the chitosan coating
layer (Fig .4).
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Fig. 4. SEM images of PHB/CHI microspheres
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Furthermore, a qualitative analysis of the images indicates that the PHB/CHI microsphere
suspension is highly polydisperse. Particle size distribution analysis (Fig. 5) confirmed that most
microspheres ranged between 800 and 1200 nm, with a broad overall distribution extending up to about
3000 nm. Although a few larger particles (5-10 pm) are visible in the SEM images, they occur only
sporadically in the sample (<1-2%) and therefore do not significantly affect the particle size distribution
shown in Fig. 5, which represents the dominant population of PHB/CHI microspheres.
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Fig. 5. Histogram of PHB/CHI size distribution obtained from SEM image analysis

Zeta potential analysis of the PHB/chitosan microspheres revealed a value of +52.36 + 1.28 mV,
indicating a strong positive surface charge due to chitosan protonation and, consequently, high colloidal
stability of the dispersion. The monomodal zeta potential distribution further confirmed the chemical
homogeneity of the particle surfaces. As shown in Fig. 6, the zeta potential decreased gradually with
increasing pH, reflecting the deprotonation of amino groups on the chitosan surface. The isoelectric
point was determined at approximately pH 8.26, above which the particles acquired a negative surface
charge. This behavior confirms effective surface modification of PHB by the polymer.
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Fig 6. Zeta potential of PHB/CHI particles as a function of pH in a ionic strength of 103 M

3.2. Adsorption behavior of PHB/CHI microspheres on flat glass surfaces in clean water

In this study, the hydrophobic/hydrophilic properties of PHB/CHI microspheres were characterized
by examining three-phase contact formation and by measuring advancing and receding contact angles,
providing assessment of surface wettability.

For the clean glass surface, the advancing contact angle was below 4°, while the receding contact
angle could not be measured, as a three-phase contact was not formed, leaving the bubble detached and
separated from the solid surface by a thin liquid film. Deposition of positively charged PHB/CHI
microspheres on the negatively charged glass surface significantly influenced surface hydrophobicity.
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Even a 5-minute deposition under diffusion conditions from a 10 mg/L PHB/CHI solution increased
the advancing contact angle to 39° . As shown in Fig. 7, 20 minutes of deposition resulted in the
formation of a saturated layer with ®, = 50, since further increases in deposition time had almost no
effect on the contact angle. A similar effect was observed for the receding contact angle, with the
exception that for samples with deposition times below 4 minutes, ®r could not be measured because
a three-phase contact was not formed.
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Fig. 7. (A) Contact angle of water on flat glass surfaces coated with PHB/CHI microspheres as a function of
PHB/CHI microspheres deposition time. (B) Receding and (C) advancing contact angle images obtained for a
surface coated for 30 min

To examine the stability of the PHB/CHI layer formed on the glass surface, samples with deposition
times of 30 and 60 minutes were immersed in Milli-Q water for 24 hours. Remeasurement of the ®x
revealed only a negligible decrease to 47°, indicating good stability of the deposited layer. The contact
angle hysteresis (©a - ®r) was below 10°, which indicates a smooth and chemically homogenous
surface, suggesting uniform wetting behavior of the PHB/CHI coating.

The study of TPC formation on the modified glass surface revealed the existence of a threshold
deposition time under the applied conditions, below which bubble-glass surface attachment did not
occur. As shown in Fig. 8, starting from tdep = 5 min, the TPC was formed, with a sharp initial decrease
in trpc, followed by a more gradual decline, reaching approximately 90 ms for tdep = 60 min. Since all
measurements were performed in clean water, tbouncing had a constant value of 79 + 4 ms. Therefore,
the film drainage time followed the same trend as the TPC formation time, as described by Eq. (3). The
decrease in tdrainage With increasing deposition time indicates an enhancement of surface hydrophobicity,
facilitating faster thinning and attachment.
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Fig. 8. Time of three-phase contact formation and time of film drainage in distilled water as a function of
PHB/CHI microsphere deposition time on glass surfaces
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Three dominant mechanisms can be identified for TPC formation (Niecikowska et al., 2012; Wiertel-
Pochopien and Zawala, 2019): (i) changes in surface hydrophobicity, (ii) variations in surface roughness,
and (iii) modification of surface charge. The interplay of these effects may be crucial for thin liquid film
destabilization and subsequent TPC formation.

As PHB/ chitosan microsphere deposition progresses, the surface becomes more hydrophobic, but
only up to a certain degree. It was observed that, while the contact angle reached a plateau after 20 min
of deposition time, the TPC formation time continued to decrease gradually with increasing deposition
time. This phenomenon may result from two factors. First, even after the formation of a saturated layer,
some free spots on the solid surface were likely still available and could be occupied by small PHB/CHI
microspheres during prolonged deposition. This additional coverage did not significantly affect surface
hydrophobicity and therefore had little impact on the contact angle. However, it could increase the
surface charge, which strongly influenced interactions within the thin liquid film (Bueno-Tokunaga et
al,, 2015; Yang et al., 2001). The chitosan coating imparts a positive surface charge, which enhances
electrostatic attraction to the negatively charged air bubble leading to film drainage. Second, possible
variations in surface roughness induced by PHB/CHI microsphere adsorption may also contribute to
TPC formation, as increased roughness facilitates local rupture and promotes three phase contact
initiation. Moreover, this difference may have arisen from the distinct nature of the two measurements.
The TPC formation time is a dynamic parameter, strongly dependent on the local surface properties at
the point of contact, whereas contact angles describe an equilibrium state. This is also evident from the
receding contact angle, which was measured after TPC formation: differences in trpc are not reflected
in Or.

It is important to note that control measurements were also performed for samples coated with
chitosan only. Reference samples were prepared by immersing them in a 10 mg/L chitosan solution for
30 min. The advancing contact angle was only slightly higher than that of the clean glass surface, not
exceeding 8°. In the case of TPC formation, the bubble did not attach to the surface even after several
minutes. These results may indicate two scenarios: (i) very low surface coverage by chitosan
macromolecules and/or (ii) the adsorbed chitosan maintains the surface in a hydrophilic state (Cohen
and Poverenov, 2022; Zargar et al., 2015).

3.3. Adsorption behavior of PHB/CHI microspheres on flat glass surfaces in MIBC solution

Since froth flotation is carried out in the presence of a frother, it is important to evaluate the influence
of its potential interactions with the PHB/CHI microspheres as collectors. Therefore, adsorption
experiments were also conducted in the presence of MIBC, as a widely used as a frother.

Prior to measurement, the glass plate was thoroughly cleaned and subsequently immersed in a 10
mg/L PHB/CHI solution for 30 min to ensure the formation of a saturated PHB/CHI layer. A series of
measurements of the contact angle (Fig. 9) and TPC formation time (Fig. 10) were then performed for
various MIBC concentrations.

Fig. 9 presents the advancing (©4) and receding (®r) contact angle values measured on the prepared
surfaces as a function of MIBC concentration. As observed, ®A decreased by approximately 12° with
increasing surfactant concentration, which can be explained by Young's equation (Blankschtein, 1989).

(ysc —vsL)
—= 5
YLG ©®)

cosO =

Thus, knowing that y,,,,-s = 72.0 %N, 0110-5 = 49.7°, and y¢y10-3 = 63.3 %N, the theoretical value
of contact angle for 84,,,-3 can be calculated as:

72.0 m—N-COS 49.7°
O¢x10-3 = Arccos (6”31—,"_,\,> =42,6° (6)

The theoretical decrease in contact angle (=7.1°) is in good agreement with the experimentally
observed value (=11.8°), indicating that the reduction in liquid-air surface tension is the dominant factor
governing the wetting behavior.

Consequently, a decrease in surface tension at higher surfactant concentrations promotes enhanced
spreading of the liquid over the solid surface. The slightly larger experimental decrease may suggest
additional contributions from MIBC adsorption at the solid-liquid interface, further enhancing surface
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wetting. The receding contact angle and hysteresis both increase with the concentration of MIBC. At
very low concentrations the hysteresis remained below 10°, while above 6x10-> M it already reached
14.95, and continued to rise with further increase in MIBC concentration. This trend indicates that the
presence of MIBC modifies not only the air - liquid, but also the solid - liquid interfacial properties,
affecting the mobility of the three - phase contact line.
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Fig. 9. Advancing and receding contact angles on the flat glass surfaces coated with PHB/CHI microspheres as a
function of MIBC concentration

Fig. 10 shows the results for both the TPC formation time and the film drainage time. In the case of
trrc, no clear trend with increasing MIBC concentration was observed, which can be attributed to the
interplay of two competing effects. On one hand, the presence of MIBC in solution affected the bubble
impact velocity through the formation of a dynamic adsorption layer over the rising bubble (Dukhin et
al., 1995). As the surfactant concentration increased, the bubble velocity decreased, which led to a
shorter bubble bouncing time (Malysa et al., 2005; Vakarelski et al., 2019). On the other hand, higher
MIBC concentrations significantly prolonged the film drainage time. This effect is clearly visible in Fig.
10, where tqrainage increased from ca. 80 ms at cve = 1x10-° M to nearly 170 ms at cvse = 6x10° M.

The prolongation of the film drainage time with concentration of MIBC can be explained by the
adsorption of MIBC molecules at the air-water interface, which stabilizes the thin liquid film separating
the bubble from the solid. As the surfactant concentration increases, the interfacial elasticity and surface
viscosity rise, causing surface immobilization and reducing the rate of film thinning (Bournival et al.,
2012; Wang and Yoon, 2006). This leads to slower drainage and, consequently, delays film rupture,
counteracting the effect of reduced bubble velocity and shortening of tpouncing. The observed balance
between these two opposing mechanisms explains why trpc remains largely unaffected, while tarainage
exhibits a strong dependence on the surfactant concentration.
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Fig. 10. Time of three-phase contact formation and time of film drainage as a function of MIBC concentration for
the flat glass surfaces coated with PHB/CHI microspheres
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From a flotation perspective, these results indicate that the presence of MIBC can influence bubble-
particle attachment dynamics in the presence of PHB/CHI microspheres acting as collectors. Therefore,
itis essential to optimize the frother dosage to minimize the negative effect associated with the increased

stability of the thin liquid film, while the primary function of MIBC, i.e. the formation of a stable froth,
is achieved.

3.4. Particle-bubble dynamic attachment

While contact angle and three-phase contact (TPC) formation measurements provide qualitative
insights into the possible mechanisms of the designed flotation process, experiments that directly
monitor the formation of particle-bubble aggregates are more informative in term of flotation processes.

According to the classical flotation model (Wang et al., 2016), the overall probability of bubble-
particle aggregate formation (P) can be expressed as the product of three subprocesses: collision (Pc),
attachment (Pa) and detachment (Pd) probabilities. While TPC measurements reflect only the
attachment probability (assuming Pc =1 and Pd = 0), direct visualization of particle-bubble attachment
provides a quantitative link between interfacial phenomena and the macroscopic flotation response.

Therefore, using our custom-made apparatus, three series of experiments were carried out (Fig. 11).
In the first series, quartz was tested in PHB/CHI microsphere solutions of varying concentrations to
evaluate the effect of collector dosage. In the second series, the same conditions were applied, but with
the addition of MIBC at 1.6x102 M, to assess the combined influence of microspheres as collectors and
the frother, and maintain the same conditions as in the tested flotation process. Third series was control
measurement, in which quartz was examined in a chitosan solution alone to distinguish the specific role
of the microsphere coating.
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Fig. 11. (A) Coverage data for three series of measurements of quartz suspended in: (4 ) chitosan solution, (m)
PHB/CHI microsphere solution, and (e) PHB/CHI microsphere solution with the addition of MIBC at
1.6x10-2 M. (B-D) Representative post-processed images illustrating bubble-grain aggregates formed in:

(B) CHL, (C) PHB/CHI and (D) PHB/CHI + MIBC. All images were obtained
for a collector dosage of 0.8 mg per 1 g of quartz

Fig. 11 shows that PHB/CHI microspheres significantly increased quartz coverage over the bubble
surface, with a sharp rise for cpp/CHI > 1.6 mg/ g of quartz, reaching ca. 25-30% bubble coverage at
the highest tested concentrations.

These results are in very good agreement with the contact angle and TPC formation measurements.
All three experimental methods consistently highlight the crucial role of the collector in the quartz
recovery. In both, contact angle and TPC formation experiments, greater surface coverage by PHB/CHI
microspheres led to enhanced hydrophobization of the solid surface. Likewise, increasing the PHB/CHI
microsphere concentration in the particle-bubble attachment experiment resulted in a higher load of
quartz particles on the bubble surface.

It is interesting that, although the TPC formation measurements clearly demonstrate that MIBC
stabilizes the thin liquid film and prolongs the drainage time, the particle-bubble dynamic attachment
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results suggest that MIBC does not noticeably affect the efficiency of particle attachment. This indicates
that TPC studies primarily capture kinetic effects and the timescale of film thinning, rather than
providing information about interfacial coverage or the extent of particle adsorption, which is better
reflected by the dynamic attachment measurements. The observed lack of a statistically significant
change in bubble - particle attachment and quartz recovery, suggests that MIBC did not noticeably
affect how efficiency the particles attached.

In contrast, chitosan alone exhibited very low surface coverage across the entire concentration range,
not exceeding ~7%. This confirms that the presence of PHB/CHI microspheres was essential to
achieving significant hydrophobization of quartz surfaces. In quartz flotation, chitosan adsorbs onto the
negatively charged silica surface via hydrogen bonding and electrostatic attraction, forming a
hydrophilic layer that prevent collector adsorption and bubble attachment. This mechanism result in
selective depression of quartz in mixed mineral systems (Tiraferri et al., 2014).

3.5. Quartz flotation

The froth flotation tests of quartz particles (50-100 pm) were conducted at a constant MIBC
concentration. The effect of the PHB/CHI microspheres dosage on quartz recovery as a function of
flotation time was evaluated. Additionally, the experiments performed in the presence of MIBC only
and chitosan with MIBC served as references.

Fig. 12 present quartz recovery as a function of time under different collector conditions. In the
collectorless flotation (0.0 mg/ g of quartz), recovery increased slowly and remained modest throughout
the test, reaching only ca. 45-55 % at 60 min. The recovered fraction likely resulted from the mechanical
entrainment and occasional transient bubble-grain contacts. This effect is consistent with the presence
of a fine particle fraction (<50 pm), which is known to enhance recovery through entrainment rather
than true flotation.

When chitosan was used alone (0.08 mg/ g of quartz) with MIBC, recoveries were similarly low. This
confirms that chitosan, despite its cationic nature, does not promote quartz hydrophobicity and may
even act as a depressant under these conditions, which is consistent with the trends observed in the TPC
and contact angle measurements. The flotation rate was calculated from the formula (Polat and
Chander, 2000):

R(t) = Ro(1 - f,” f(K) exp(—kt) dk) ©6)

The addition of PHB/CHI microspheres significantly enhanced both the initial flotation rate and the

quartz recovery, with a clear dosage-dependent effect. At the collector concentration of 0.008 mg/g of

quartz, the recovery steadily increased to ca. 65 % after 60 min and flotation rate was equal 0.0397 s-1.

Increasing the dosage to 0.08 mg/ g of quartz further accelerated the kinetics to 0.0515 s and improved

the recovery to ca. 80 %. At the highest tested dosages, 0.8 mg/g of quartz, the recovery increased to
90%, indicating faster kinetic 0.0587 s-1 and more stable bubble-particle attachment.
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Fig. 12. Quartz recovery as a function of flotation time for different collectors” concentration. Process conditions:
cmisc = 1.6x102 M, tconditioning = 4 min
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In addition to dosage test, the effect of conditioning time was examined at fixed collector
concentrations of 0.08 mg/g of quartz, which was selected as it provided a substantial improvement in
recovery while maintaining reasonable reagent consumption. This test aimed to assess the adsorption
efficiency and kinetics of the PHB/CHI microspheres.

The results presented in Fig. 13 demonstrate that the flotation performance of quartz with PHB/CHI
microspheres was essentially unaffected by conditioning time. The adsorption and activation of the
PHB/CHI microspheres on the quartz surface occur rapidly and reach equilibrium within the first
minute of conditioning. This finding suggests that the microsphere deposition process is highly efficient
and does not require prolonged agitation prior flotation. Consequently, short conditioning times can be
applied without compromising recovery, highlighting the practical potential of PHB/CHI microspheres
as fast-acting, biodegradable collectors.
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Fig. 13. Quartz recovery as a function of flotation time for different conditioning times. PHB/CHI microspheres
concentration: 0.08 mg per 1 g of quartz. Process conditions: cmisc = 1.6x102 M

6. Conclusions

This study demonstrated that PHB/CHI microspheres act as efficient bio-based collectors,
biodegradable collectors capable of substantially enhancing quartz flotation. The observed high
polydispersity of PHB/CHI microspheres may be advantageous as their adsorption increases the
probable surface roughness which improve the flotation efficiency (Cheng et al., 2024; Krasowska and
Malysa, 2007; Zhao et al., 2023). Moreover, larger microspheres may act as binders for fine particles,
facilitating their aggregation into larger, more easily floatable clusters, and thereby enhancing particle-
bubble attachment (Farrokhpay et al., 2021; Huang et al., 2020).

Flotation tests revealed a clear dosage-dependent improvement in both flotation kinetics and
recovery, with PHB/CHI concentrations as low as 0.08 mg per 1 g of quartz providing a notable effect
(recovery ca. 80%). The paper showed that microsphere adsorption increased the contact angles and
accelerated three-phase contact formation, indicating effective hydrophobization of quartz surfaces.

Particle-bubble attachment experiments supported this mechanism, showing markedly higher
bubble coverage with quartz particles in the presence of PHB/CHI microspheres, whereas chitosan
alone produced negligible attachment, consistent with its hydrophilic and depressant character. The
addition of MIBC did not statistically influence the coverage of bubble with quartz particles. This
limited synergy was in line with TPC results, which demonstrated that MIBC stabilizes the wetting film
and prolongs drainage. These findings highlight the importance of optimizing the of frother dosage
when combining MIBC with biopolymer-based collectors.

It should be emphasized that although chitosan is widely known as a hydrophilic depressant for
many silicate minerals, its role in the PHB/CHI composite is fundamentally different. Chitosan alone
does not increase quartz hydrophobicity, consistent with its depressant behavior. In the PHB/CHI
microspheres, however, chitosan acts primarily as a cationic anchoring component that promotes
attachment of the composite particle to the negatively charged quartz surface. The hydrophobicity
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responsible for flotation enhancement arises from the exposed PHB domains rather than from chitosan
itself. This distinction explains why chitosan alone remains hydrophilic but contributes functionally to
the collector system when incorporated into the composite structure.

Overall, the results establish PHB/CHI microspheres as a promising bio-based alternative to
conventional amine-based flotation reagents. Further work should focus on selectivity tests with multi-
mineral systems, and evaluation of collector biodegradability under process conditions.
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