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In this study we performed an experimental analysis of the influence of rhamnolipid (RL) biosurfactant produced
by Pseudomonas aeruginosa on the dynamics of bubble adhesion onto model surfaces of various hydrophobicity.
The attachment time of a single bubble to a solid surface with contact angles of 6, 34, 49 and 80° was evaluated

grl()tcl:;r d biosurfactant at different concentrations of RL in the range of 0 to 500 mg-dm 2, both at pH 5 (non-ionic form) and pH 10
Rhyamng lipids (anionic form). The dependence of the three-phase contact (TPC) formation time on biosurfactant concentration

was determined by monitoring the bubble-solid surface interactions using a high-speed camera. It was found that
as the concentration of RL rises, the formation time of the TPC extends as a result of an increase in the film
drainage time. A significant effect of RL on the process of TPC expansion (lower rate) and the size of the contact
area between the bubble and the surface (smaller surface area) was also noted. This study provides a better
understanding of the effect of one of the most popular biosurfactants on the fundamental act of the flotation

process: attachment of the particle to the bubble.

1. Introduction

Froth flotation is a separation technique that exploits the differences
in the physical and surface properties of the mineral particles. The
process involves the collision of gas bubbles and particles, where if the
particle exhibits a sufficient level of hydrophobicity, attachment be-
tween these objects will occur. Attachment is essential to the flotation
process, determining its overall effectiveness [1,2]. When a bubble and a
particle collide, a thin film of liquid is formed between them, the sta-
bility of which determines whether three-phase contact (TPC) formation
will occur [1]. This stability is determined by the different kinds of in-
teractions between the surfaces of a solid and a bubble, such as elec-
trostatic, van der Waals, and hydrophobic [3]. Analysis of the
mechanism of attachment of the solid particle to the gas bubble is of
great importance in understanding and improving the flotation process
[4]. For example, it has already been proven that there is a correlation
between the three-phase contact formation time and flotation efficiency
[5]. The authors stated that the TPC formation time is one of the basic
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parameters that affect the successful attachment of particles to bubbles.
It has also been shown that the shorter this time is, the higher is the
flotation yield obtained. The research of Kowalczuk and co-workers
demonstrates the crucial role of the thin liquid film stability and ki-
netics of three-phase contact formation by colliding bubbles with a solid
surface.

Chemicals such as collectors, frothers, and modifiers are applied [6]
to control process parameters and improve efficiency [6]. Collectors are
used to selectively adsorb onto the surface of the target mineral grain
and enhance its hydrophobicity. In contrast, frothers, which are surface-
active agents, are used to improve gas dispersion by creating smaller
bubbles and establishing a froth layer with a desirable level of stability.
Currently, these are primarily compounds of synthetic (petrochemical-
based) origin. The aspiration towards sustainability in the flotation
process is associated with a number of efforts to introduce substitutes for
synthetic substances into industrial operations. One idea to replace the
petroleum-based molecules employed to control processes is the appli-
cation of bioproducts [7,8]. In particular, this trend is noticeable for
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systems where it is necessary to modify the properties of the phase
boundaries. Modification of these properties on an industrial scale,
especially in separation processes, is achieved by adding surface-active
compounds to the system [9]. Through adsorption at the interface,
these molecules provide physicochemical changes in surface properties.
However, conventionally used surfactant molecules can be poorly
biodegradable and harmful to humans and aquatic organisms [10].
Therefore, one of the more important advances is the use of surfactants
secreted extracellularly by bacteria — biosurfactants.

Mineral flotation has been greatly improved by the use of microbial
products such as biosurfactants and organic acids. Extensive research
has been conducted on rhamnolipid biosurfactants produced by strains
of Pseudomonas aeruginosa. Two primary types of rhamnolipids (RL),
mono- and di-RL, are typically produced during standard growth con-
ditions, and both have two hydrophobic chains [11]. Due to its ability to
complex divalent ions, RL has already been tested as a collector in
precipitation flotation of cadmium(Il) [12,13], chromium [14,15],
uranium [16], lanthanum(III) and caesium (I) [17], and many other rare
earth elements. The hydrogen bonding ability paved the way to use
these biomolecules in other processes, such as removal of dyes [18-20]
and even dewatering of oily sludges from dissolved air flotation pro-
cesses in petroleum refineries [20,21], where RL showed the ability to
break up the emulsified oil droplets. RL has also been studied as a po-
tential frothing agent leading to increased grades and recoveries of
molybdenum and copper in copper ore flotation [22], as well as in coal
flotation [23,24]. The results showed that RL had greater surface ac-
tivity and frothing ability than MIBC (methyl isobutyl carbinol) and
DOW-250 (DOWFROTH 250) due to the significantly higher molecular
weight and the presence of multiple oxygenated functional groups in its
molecule. RL showed substantially better results than conventional
synthetic reagents in many of these cases. Despite promising results, the
optimal use of rhamnolipid in flotation is still an area of ongoing
research. Factors such as optimal concentration and pH must be care-
fully considered to maximise the performance of RL in the flotation
process. Additionally, the economic feasibility of using the concerned
molecules on an industrial scale must be evaluated.

This paper presents the results of a study on the influence of pH and
concentration of RL biosurfactant on the kinetics of three-phase contact
formation on quartz plate surfaces with different hydrophobicity. Ex-
periments were carried out in solutions containing a mixture of RL ho-
mologues with a di- to mono-RL ratio of 0.3. By changing the pH of the
solution, the ability of RL molecules to act as non-ionic and anionic
surfactants was demonstrated. The mechanism of TPC formation is
broadly discussed to shed light on the insights gained by the study.

To date, this is the first paper to focus on the adhesion of the bubble
to the solid, the fundamental act of flotation, in the presence of rham-
nolipid, directly explaining its effect on the stability of the thin wetting
film.

2. Materials and methods
2.1. Materials

Rhamnolipid biosurfactant (RL) was purchased from AGAE Tech-
nologies LLC (Corvallis, OR, USA) as a mixture of different mono- and di-
RL homologues. Individual RL congeners present in the supplied mixture
were identified by the LCMS-IT-TOF technique (ion trap/time-of-flight
mass spectrometry coupled with high-performance liquid chromatog-
raphy). A sample of RL was dissolved in a mixture of water and aceto-
nitrile (50:50). The LC-MS experiment was performed on a Shimadzu IT-
TOF instrument with an electrospray ion source in negative ion mode.
Separation was carried out on an Aeris PEPTIDE 3.6 um XB-C18 column
(50 x 2.1 mm) with a gradient elution of 5-90% B in A (A = 0.1%
HCOOH in water; B = 0.1% HCOOH in MeCN) at room temperature for
15 min (flow rate: 0.2 ml-min~1).

The LC-MS chromatogram showed signals corresponding to 7 RL
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homologs: 2 di-RL and 5 mono-RL. The three mono-RL homologs can
exist as isoforms (Rha-C;o-Cg/Rha-Cg-C1g, Rha-C19-C12.1/Rha-Ci2.1-C1o
and Rha-C;(-C;2/Rha-C;2-Cqp; note that Rha is an abbreviation repre-
senting the hydrophilic portion of biosurfactant — the rhamnose mole-
cule) and one of them consists of an unsaturated bond. The relative
abundance of each component was calculated based on the area under
the chromatogram signals. Mono-RL homologues predominated in the
sample, and the most abundant homolog was Rha-C;y-Cio. The ratio of
di-RL to mono-RL was 23.89:76.11 (~0.3), wherein Rha-C10-C10
constituted 39.63% of the total RLs. The data obtained are shown in
Table S1. The average molar mass of the biosurfactant used was 499.60
g-mol L,

Fused quartz microscope slides were used as a model solid substrate
for thin film stability measurements (Alfa Aesar, USA). The chemical
composition of the slides was obtained by X-ray fluorescence spectros-
copy (Epsilon 3X, PANalytical, USA). The main chemical component
was SiO», constituting 99.5 + 0.1%, and Al;03, TiO3, and CaO in the
amounts of 0.2, 0.2, and 0.1%, respectively. Surface roughness of non-
modified plate was analysed using an optical profilometer (Contour GT,
Veeco). The roughness parameters were evaluated based on measure-
ments taken at ten random locations, each with an area of 1.3 x 0.9 mm.
Average roughness (R,) was 3.9 + 1.4 nm while root mean square
roughness (Rrys) was 5.0 + 1.7 nm.

N-alkyl alcohols — 1-propanol (99%), 1-butanol (99%), and 1-octanol
(99%) — were used for quartz plates’ surface esterification and were
purchased from Alfa Aesar (MA, USA). Methanol, acetone, sulphuric
acid (95%), hydrochloric acid (35-38%) used in glass cleaning, hydro-
chloric acid (1 M) and sodium hydroxide (1 M) for pH adjustment and
sodium chloride used as a background electrolyte were analytical grade
and were purchased from Avantor Performance Materials Poland S.A.
(Poland). Solutions were prepared using ultrapure water with a con-
ductivity of 0.05 pS cm™! (at 25 °C) supplied by the Millipore Simplicity-
UV purification system (Merck, USA).

2.2. Methods

2.2.1. Wettability modification

Modification of the wettability of the quartz plate was employed
using an esterification technique described in detail elsewhere [25]. In
short, before the modification, the material surface was chemically
cleaned to thoroughly remove organic contaminants. This was followed
by esterification in 1-propanol (for 2 h) and 1-butanol and 1-octanol (for
4 h).

2.2.1.1. Contact angle measurements. The equilibrium contact angle of
the liquid (water and RL solutions) on the glass surface was measured by
a sessile drop method using the OCA 15 EC contact angle meter (Data-
Physics Instruments GmbH, Germany). The images of 0.2 pL liquid
droplets deposited on the plate surface were recorded for 5 min until the
equilibrium value was reached and then analysed using the SCA 20
shape analysis software (DataPhysics Instruments GmbH, Germany).
The reported contact angles are the average values of ten independent
droplets per sample. Measurements were made in a saturated vapour
atmosphere to reduce droplet evaporation. The water contact angle of
the cleaned quartz was 6° + 1°, and the contact angles for three plates
modified by esterification were as follows: 34° 4 1°, 48° + 1° and 80° +
1°.

2.2.1.2. Surface tension measurements. The surface tension of the RL
solutions was measured using the pendant drop method [26] with an
OCA 15 EC goniometer (DataPhysics Instruments GmbH, Germany). A
series of RL solutions with different concentrations was prepared in the
range of 0-500 mg-dm 3. The sample of the solution was placed in a
1750 TLL 500 L gastight syringe (Hamilton, NV, USA) equipped with a
blunt tip needle with a 2.11 or 1.65 mm outer diameter. According to the
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recommendation by Song and Springer [27], the needle diameter was
chosen based on the solution’s surface tension. The syringe needle was
placed in the glass cuvette filled with a small amount of measured so-
lution to ensure a saturated vapour environment to minimise the drop-
let’s evaporation. A droplet of the solution was then formed at the tip of
a needle. The size of a pendant drop was adjusted to be large enough so
its shape significantly differs from a spherical shape due to its own mass.
Images of a droplet suspended from a needle were captured every 1 min
for 60 min. This time was sufficient for the surface tension to reach
equilibrium. The recorded sequence of images was then analysed with
SCA20 software (DataPhysics Instruments GmbH, Germany) to obtain
surface tension values. The software performs a numerical fitting pro-
cess, which involves comparing the theoretical shape of a droplet pre-
dicted by the Young-Laplace equation with the recorded shape. Each
dynamic surface tension curve was measured three times. The equilib-
rium value after 60 min was used as the surface tension value for a given
rhamnolipid concentration.

2.2.1.3. Bubble motion in surfactant solution. To study the bubble
behaviour in RL solution, a glass column with a square cross-section of
40x40 mm and a height of 260 mm was employed, along with a heavy-
walled capillary with an internal diameter of 0.025 mm at the bottom
(VitroCom, USA). The column was filled with water or RL aqueous so-
lution, and a single bubble generator [28] was used to create an air
bubble through the capillary. A high-speed camera (Optronis GmbH,
Germany) equipped with a telecentric lens and illuminator (Sill Optics
GmbH & Co. KG, Germany) was used to record images of the bubble at 1
ms intervals, 250 mm above the capillary orifice. The image resolution
was 3.3 pm-pix L.

The recorded images were processed using MATLAB (MathWorks,
USA) to extract variables of interest, such as bubble local rising velocity
(wp), calculated as

i1 — )+ i — )
o VG =+ 0 =) o

G -t

where x and y are vertical and horizontal coordinates of the
geometrical centre of the bubble measured for two successive frames,
and index I denotes the order of the image in the sequence. The time step
(tiy1 — ) was 1 ms. In addition, the vertical (dy) and horizontal (dy)
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diameters of the bubble were determined to calculate the equivalent
diameter of the bubble (d}) and its deformation ratio ()

dy = (diA-dV)% ©))

%

4 3

The reported values are the average of 30 independent measure-
ments per surfactant concentration.

2.2.1.4. Bubble adhesion. The process of bubble-surface interaction was
examined using the experimental setup described above in Section 2.2.4.
For selected concentrations of RL, a quartz plate was mounted into a
Teflon holder, which was then placed in the column 250 mm above the
capillary orifice (Fig. 1).

Frame-by-frame analysis of the recorded image sequences of the
colliding bubble was conducted to determine the TPC formation time
(trpc), that is the period between the first bubble collision and the
moment of TPC formation (moment of wetting film rupture). Therefore,
trpc can be defined as the sum of the bubble bouncing time () and
drainage time (tg) of the liquid film [29]. Here, the bubble velocity and
diameter were also determined according to equations E1 and E2 and
the three-phase contact diameter (dypc), which was used to calculate the
three-phase contact line expansion velocity (vrpc) as

drpc,it1 - drec, i )

Vrpc =
G - G

Furthermore, the captive bubble contact angle (6cg) during TPC line
propagation and equilibrium was determined. Values of all determined
parameters are reported as the average from 30 independent runs.

In the case of measurements where the formation of a three-phase
contact was not observed within 30 s (this is the maximum recording
time of the full measurement sequence) after the bubble collided with
the surface, additional measurements were carried out with a lower time
resolution that allowed the bubble to be observed under the surface of
the solid for 5 min. All measurements were carried out in 1 mM NaCl
background solutions.

Air bubble

Manual
micromanipulator

lluminator
\\ /

Y

]

Fig. 1. Experimental setup for monitoring air bubble interactions with quartz surface (A). Side view (B) shows the mounted quartz plate with an adhered air bubble.
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3. Results and discussion
3.1. Surface tension

The equilibrium surface tensions of aqueous solutions of RL at pH 5
and 10 plotted versus surfactant mass concentration are presented in
Fig. 2. As can be observed, when the concentration exceeds 1 mg-dm’3,
the surface tension begins to decrease rapidly from 72.1 mN-m~! to
32-33 mN-m " for both pH values, where the critical micelle concen-
tration (CMC) is reached. This clearly indicates that RL has a very good
ability to lower surface tension even at low concentrations. The CMC
value of other RL mixtures may vary depending on the exact composi-
tion, which depends on the carbon source used. For the biosurfactant
mixture tested, the CMC extracted from these plots was 26 mg-dm > at
pH 5, while for pH 10, it was more than three times higher, equal to 90
mg-dm~3. These values are within the range already reported for RL by
other researchers [30,31].

Differences in the surface tension of the RL solution depending on the
pH are the direct result of its molecular structure. The carboxyl group
(—COOH) is sensitive to the pH of the solution, and depending on its
value it can be in protonated (-COOH) or deprotonated form (-COO™).
The pK, values (pH at which the molecule is 50% protonated) for mono-
and di-RL reported by Abbasi and co-workers [32] were 5.5 and 5.6,
respectively. According to their data, at pH 5, more than 90% of the
molecules will be neutral. Differences in the ability of RL to change
surface tension depending on the solution’s pH and the molecule’s
structure were reported by Ozdemir and co-workers [33]. In their study,
they compared the surface and interfacial tensions of pure solutions of
mono-RL and di-RL at the pH values of 5 and 6.8. At a pH of 6.8, most of
the carboxyl groups dissociate to form carboxylate groups that confer
anionic properties on the molecule (Fig. 3), while at pH 5, the proton-
ated form is prevalent in the solution, giving the molecule non-ionic
properties.

The results of Ozdemir and co-workers [33] indicated that pH has the
greatest impact on CMC and the minimum surface tension value of the
rhamnolipid solution. These parameters were practically unaffected by
the type of rhamnolipid, although mono-RL molecules exhibit higher
surface activity at concentrations below the CMC. Also, the interfacial
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Fig. 3. Charge dependence of the rhamnolipid molecule (Rha-C;¢-C10) on the
pH of the solution.

behaviour of mono- and di-RL molecules below the CMC differed
significantly based on their interaction with the structure of the mole-
cules at the interface. Specifically, mono-RL molecules demonstrated a
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Fig. 2. Equilibrium surface tension of aqueous solutions of rhamnolipid at pH 5 and 10 as a function of mass concentration.
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greater ability to reduce interfacial tension compared to those of di-RL
molecules. The critical micellisation concentration at pH 5 was almost
an order of magnitude lower than at pH 6.8, since at lower pH there is no
electrostatic repulsion between the heads of the undissociated bio-
surfactant. Therefore, molecules can pack more tightly at the gas-liquid
interface [34].

Hence, the values of pH chosen in this study were 5 for the non-ionic
form and 10 for the anionic form. A pH of 10 was chosen since it is easier
to set in a solution compared to lower values closer to 7. Furthermore, as
there is no significant effect on the rhamnosyl group in this pH range, it
remains unaltered [35]. Its dissociation occurs when the pH exceeds 11.

As stated by Ozdemir and co-workers [33], stronger interactions
between undissociated rhamnolipid molecules lead to increased
compaction at the surface monolayer. Thus, we used our surface tension
data to determine the minimal area (Ap;,) occupied by one molecule, as
follows:

1

Apin = ———
NA-T 0

(5)
where N is Avogadro’s number, and I'ynax is the surface excess
calculated using the equation [33,36]:
1 . d
A Y

Iﬂmn,v = T o
nRT  dinC

(6)

where R is the gas constant (8.314 J -mol’l‘K’l), T is the temperature
(K), dy/dInC is the slope of the linear part of the surface tension vs the
logarithm of concentration dependence, and n is a molecule-specific
dissociation number. This number was taken as 1 at pH 5, assuming
that RL is weakly ionised in these conditions. At pH 10, n was taken as 2
taking into account that most of the carboxyl groups of RL are depro-
tonated at this pH [33,37].

The calculated minimal surface area occupied by one molecule at pH
5 (Table 1) is much smaller than at pH 10. It is consistent with the
assumption that, at lower pH, surfactant molecules can pack more
closely at the interface and exhibit lower surface tension because of
decreased electrostatic repulsion between carboxylate groups. These
results demonstrate that RL self-assembly is most effective at the
gas-liquid interface at pH 5. Furthermore, the hydroxyl groups of RL
molecules at pH 5 can easily participate in hydrogen bonding in-
teractions with water molecules [38,39].

3.2. Contact angle

Contact angle measurement is the basic technique used to quantify
mineral surface wettability in flotation research, including in the pres-
ence of flotation reagents. High values of contact angles translate to
highly hydrophobic surfaces, indicating a higher probability of adhesion
between particles and bubbles [40]. The measured contact angles for the
water and RL solutions are presented in Fig. 4. As can be seen, complete
spreading of the RL solution was observed only in the case of a highly
hydrophilic surface, with a water contact angle of 6°. Identical values
were obtained for all biosurfactant concentrations. This shows that the
biosurfactant does not cause hydrophobisation of the nonmodified
quartz surface. In the case of esterified surfaces with higher hydropho-
bicities, the contact angle decreased marginally for low concentrations
of RL. For a concentration <50 mg-dm >, the aqueous solution of

Table 1
Surface tension, critical micelle concentration, and minimum surface area of RL
at the gas-liquid interface at different pH values.

Property PHS pH 10
CMC (mng-dm~3%) 26 90
Surface tension at CMC (mN-m™1) 32.1 34.3
dy/dInC —0,033 —0,021
Amin (A2-molecule 1) 12 39
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rhamnolipid is a poor wetting agent, especially compared to its ability to
lower surface tension (Fig. 2). Zdziennicka and Janczuk, who investi-
gated the wetting properties of polytetrafluoroethylene, polyethylene
and quartz with aqueous solutions of rhamnolipid and surfactin (up to
40 mg-dm™>), also drew a similar conclusion on wetting properties of
rhamnolipid [41].

A distinct decrease in the contact angle value occurred in the vicinity
of and beyond the CMC, where the surface tension reached almost the
lowest values. The magnitude of the change in contact angle value was
strictly dependent on the pH of the solution. The non-ionic form of RL
(pH 5) caused a much greater reduction in the contact angle value
compared to that of the anionic RL form (pH 10). The contact angle
defined by Young’s equation [42] depends on the liquid-gas, solid—gas
and solid-liquid interfacial tensions. As this decrease is not the effect of
changes in the gas-liquid interfacial tension above CMC, which, as
mentioned above, reaches practically constant values, it must be the
result of the adsorption of the surfactant on the solid surface modified by
alcohol molecules.

For the adsorption of surfactants from an aqueous solution onto
hydrophobic solid surfaces, the process mainly involves the adsorption
of a hydrophobic chain of surfactant molecules onto a hydrophobic solid
surface [43]. As the surfactant concentration in the solution rises, the
increased packing of tails at the surface pushes the heads into the so-
lution. As a result, the formation of an adsorption monolayer and even
the formation of admicelles, i.e. aggregates in which hydrophobic chains
create a non-polar environment on the surface of the solid, so the outer
surface of the admicelles is ionic, can occur [44]. The concentration at
which this phenomenon occurs is known as the critical surface aggre-
gation concentration (CSAC) and is typically observed at around 60% of
the CMC [45,46]. This suggests that for the indicated concentrations, the
adsorption of rhamnolipid molecules must take place with their tails
toward the alcohol-modified quartz surface and their heads towards the
solution. As quartz possesses a significant negative zeta potential at pH
10, it is most likely the case that under these conditions, the adsorption
of the ionic form of the surfactant is much lower than at pH 5 and its
non-ionic form, which would also explain the lower ability of pH 10
solutions to lower the contact angle. As demonstrated by the research of
Kruszelnicki and co-workers [47], the modification method used does
not significantly alter the zeta potential of the silica surface, so it should
be assumed that the examined hydrophobic surfaces also have a sig-
nificant negative potential. For example, in the case of a quartz surface
with a water contact angle of 80°, the use of a solution at a concentration
of 100 mg-dm 2 and pH 5 resulted in a reduction in the contact angle
value to 59°. Similarly, for pH 10, the angle was reduced to a value of
72°, while for the highest concentration used, the angle value decreased
by 57° and 18°, respectively. Complete wetting of hydrophobic surfaces
was not observed for any of the solutions studied.

On the other hand, the lack of ability of RL, used in low concentra-
tions, to significantly decrease the value of the contact angle shows that
RL does not negatively affect the hydrophobicity of the mineral surface,
which has a positive meaning in the context of the bubble adhesion
process and also the flotation itself.

3.3. Bubble motion in biosurfactant solution

In flotation, a variety of chemical compounds, both inorganic and
organic, are used to control the properties of the phase interface. They
are commonly divided into three main groups: collectors, frothers, and
regulators [6]. From the perspective of bubble properties and their
behaviour in solution, the greatest impact comes from the frothers. The
primary objective of these modifications is to alter the properties of the
liquid-gas interface in order to improve various critical factors that
affect separation efficiency, such as the degree of gas dispersion, the
inhibition of coalescence, the velocity of bubble rise, and the formation
and stability of froth. Hence, the effect of RL on the behaviour of the
bubble in solution was determined.
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angles (values at 5 min after droplet deposition).

The values of the terminal velocity of the bubble (the constant value
of bubble velocity determined by the balance between all the acting
forces [48]) in water and the aqueous solutions of RL are presented in
Fig. 5. It can be clearly seen that (as reported earlier for various

surfactants) the terminal velocity of the bubble depends on the amount
of surfactant in the liquid. Initially, the bubble surface is fully mobile for
pure water, so its velocity and diameter are the highest possible and
equal to 26.1 cm-s~! and 996 pm, respectively. These values agree very
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Fig. 5. Bubble terminal velocity as a function of RL concentration and pH.
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well with the theoretical prediction of a model proposed by Manica et al.
[49], presented in Fig. 4 as a dashed line (theoretical terminal velocity
was calculated using y = 72.3 mN-m %, liquid density p = 998 kg-m >,
liquid viscosity p = 1 x 1072 Pa-s and gravity constant g = 9.81 m-s~2).
As the concentration of the surfactant increases, the values of the ter-
minal velocities decrease rapidly until they reach a minimum value of
approximately 12 cm-s~! at a concentration of RL 2 and 0.5 mg-dm " for
pH 5 and 10, respectively, where the bubble surface is fully immobilised
(and so-called steady-state conditions are reached). Such rapid velocity
changes result from the fact that a gas bubble is extremely sensitive to
any change in the surface tension of the liquid caused by the appearance
of additional substances in the liquid, especially as a surface active
agent. The solid line in Fig. 5 denotes the theoretical velocity of a bubble
with a fully immobilised interface according to the classical Schiller-
Naumann formula [50] for p = 998 kgm >, p =1 x 10 3 Pasand g
= 9.81 m-s 2 and the bubble size equal to 996 um. As seen, despite full
immobilisation of the rising bubble surface after reaching threshold
concentrations (2 and 0.5 mg-dm™! for pH 5 and 10, respectively), a
small but significant decrease of bubble velocity occurs at concentra-
tions greater than ca. 30 mg-dm . This effect was caused by the rapid
decrease in bubble diameter observed for Cgy, greater than 30 mg-dm ™3,
down to 736 and 832 pym at pH 5 and 10 respectively for the highest
concentration of 500 mg-dm 3 (Fig. 6A), and will be discussed below.
The bubble’s movement and surface mobility depend on the presence
of surface-active substances in the liquid. The effect of surfactant con-
centration on the bubble is complex and is influenced by various factors
such as surface activity, gradients in surface tension, the orientation of
surface active molecules, and their packing at the interface. The bubble’s
surface is free from surfactants in pure water, giving it high mobility.
Therefore, the bubbles take the shape of an ellipse. In this case, the
deformation coefficient, which is the ratio of the horizontal to the ver-
tical diameter of the bubble, takes values greater than one (while a value
of 1 indicates a spherical geometry). It is well known that when a bubble
moves in a liquid containing a surfactant, its molecules accumulate at
the gas-liquid interface, creating an adsorption layer. As the bubble rises
in a continuous medium, viscous drag causes the adsorbed molecules to
be carried to the bottom of the bubble surface, resulting in an accu-
mulation of surfactant molecules and an unequal distribution of surface
tension. This type of adsorption layer is known as a dynamic adsorption
layer (DAL) [51]. The presence of a coverage gradient induces Mar-
angoni effects that counteract the shear flow and ultimately leads to the
immobilization of the bubble surface. That is why for highly concen-
trated surfactant solutions, bubbles behave like a rigid sphere, and the
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reduction of their velocity is significant [52,53].

As can be seen from Fig. 6A, the presence of the surfactant in con-
centrations below CMC did not affect the equivalent diameter of the
bubble, while there was immobilisation of its surface, revealed by a
decrease in the value of the deformation coefficient, that is, the ratio of
horizontal to vertical diameter (Fig. 6A). Comparison of the values of the
deformation coefficient for the given concentrations at pH 5 and 10
confirms that the non-ionic form of rhamnolipid has a greater ability to
accumulate on the bubble surface, as a more surface active compound
(see Fig. 2).

Interestingly, as seen in Fig. 6B, a decrease in the bubble velocity,
observed for Cg;, greater than 20-30 mg-dm 2, can be associated with
the bubble size decrease — experimental data follow the trend shown by
the Schiller-Naumann model (solid line in Fig. 6B) [50]. However, a
clear discrepancy from the model predictions arises with bubble size
decrease. The direction of this difference depends on the charge of the
RL molecules in the solution. For pH = 10, lower bubble velocity can be
explained by a slight increase in the solution viscosity associated with
bulk micelle formation. On the other hand, at pH 5, an observed increase
in the bubble velocity (increase in surface mobility) may occur when
molecules desorb faster from the interface [54].

3.4. Three-phase contact formation

The variation in the TPC formation time values in the single bubble
experiment is presented in Fig. 7. Generally there are two mechanisms of
a wetting film rupture related to (i) electrostatic interactions between
interfaces of a solid substrate and a gas bubble (characteristic for hy-
drophilic and slightly hydrophobic surfaces, so-called capillary waves or
spinodal dewetting), and (ii) nucleation mechanism at solid substrates of
enough degree of hydrophobicity. As was shown in the literature, with
increasing degree of solid surface hydrophobicity, the former mecha-
nism is gradually shifted towards the latter [55-58]. As can be seen in
the case of the highly hydrophilic quartz surface (¢ = 6°), no bubble
adhesion was observed regardless of the concentration of the surfactant
and pH of the solution. The presence of RL did not cause destabilisation
of the thin film. The contact angle value was too small for a thin film
rupture to occur. A lack of three-phase contact formation was also
observed for a plate with a contact angle of 34° at pH 10 under condi-
tions where the RL molecules were in the anionic form. The stability of
thin wetting films on hydrophilic solid surfaces depends primarily on the
electrostatic interactions between the interfaces [55]. The pH of the
solution heavily influences the nature of ions adsorbed onto a solid
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Fig. 7. Value of trpc as a function of RL concentration for examined solid surfaces at pH 5 and 10.

surface. The quartz surface immersed in an aqueous phase exhibits a
negative charge across almost the entire pH range (pHiep 2-3) [59].
Similarly, the air bubble carries a negative charge in a wide pH range
(pHiep 3—4) [60]. Thus, in this case, the degree of surface hydrophobicity
was too small to overcome the repulsive electrostatic forces stabilising
the thin film resulting from the interaction of negatively charged sur-
faces and to trigger the nucleation mechanism of film rupture.

In conditions where degree of hydrophobicity was sufficient for TPC
to form (i.e. when the contact angle of the solid surface was high enough
for the nucleation mechanism to come to play), it can be seen that for
low concentrations of surfactant, the TPC formation time was not
significantly different from the values obtained for water. For concen-
trations up to 1 mg-dm >, the difference did not exceed 200 ms. An
increased concentration caused an extension of the TPC formation time.
This indicates that the film showed higher stability. For example, in the
case of the surface with 8 = 80°, the typc was extended from 275 + 10 ms

in pure water to 1273 + 15 ms in 500 mg-dm>. However, there are also
observable thresholds for the concentration of RL beyond which the trpc
values begin to increase significantly. This was especially apparent in
the case of the anionic form. In addition, when the concentration
reached a high enough value, the three-phase contact no longer formed.
This effect was especially noticeable at pH 5, that is, for RL in non-ionic
form. The concentration value above which adhesion was no longer
observable was 5 mg-dm 2 for surfaces with a contact angle of 34° at pH
5 and 49° at pH 10 and 10 mg-dm > for @ > 49° at pH 5.

The variable trpc is the sum of the bubble bouncing time (t,) and the
thin film drainage time (tg). Fig. 8 presents a sequence of images
showing the phenomenon occurring during bubble interaction with a
quartz surface with # = 80° in 1 mg-dm~> RL solution of pH 10. The
moment of the first collision was set as the time of 0 ms.

The prolongation of three-phase contact formation time with
increasing concentration is clearly the effect of the increase in film

1%t collision

0ms

2" collision
11 ms

392 ms

393 ms

394 ms

TPC formation
395 ms

396 ms

397 ms 398 ms

Fig. 8. Sequences of images of a bubble colliding with a quartz plate (¢ = 80°) in 1 mg-dm 3 RL solution of pH 10.
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drainage time, as can be seen in Fig. 9. The bouncing time, on the other
hand, decreased, resulting mainly from a lower bubble impact velocity
(Fig. 5), which strongly affects the bouncing stage of bubble-surface
interaction [61]. The number of bubble rebounds decreased from
three for water to zero for a concentration of 10 mg-dm ™3, i.e. when the
terminal velocity decreased from 25.6 to 11.1 cm-s . A reduction in
bubble diameter to 989 and 986 pm at pH 5 and 10, respectively, was
also observed. However, the decrease in bounce time was not as sig-
nificant as the increase in the drainage time of the film formed on sur-
faces of different hydrophobicity values in its effect on the total contact
formation time. Therefore, an increase in trpc was observed, as
mentioned above.

The increase in the drainage time of the thin film is observed with
increasing rhamnolipid concentration can be associated with (i) greater
wetting of the surface by the solution, as demonstrated by the contact
angle measurements shown in Fig. 4 and discussed in section 3.2, as well
as (ii) increase in degree of the bubble surface immobilization with
increasing RL concentration (see discussion associated with Fig. 5). The
aforementioned higher ability of the non-ionic rhamnolipid solution to
wet the surface, in effect, resulted in the inability of TPC formation for a
concentration above 10 mg-dm 3. On the other hand, at pH 10, the ef-
fect of the surfactant on hydrophobic silica surface wettability was much
lower compared to pH 5; hence the three-phase contact formed for
higher concentrations.

The ability of this biosurfactant to form stable foam films will un-
doubtedly play a role in this effect. As Cohen and co-workers [62,63]
observed in their study, the foam films created by RL solutions show
high stability in this concentration range. The increase in the concen-
tration of RL in the solution obviously contributed to an increase in
bubble coverage (gas/liquid interface), which resulted in slower film
drainage. Also, Khoshdast and co-workers [64] investigated the frothing
and surface activity of the RL biosurfactant and compared the results
with conventional flotation frothers, that is, methyl isobutyl carbinol
(MIBC). Their results showed that RL exhibits much better surface ac-
tivity, which means that it has a higher ability to lower surface tension.
This was explained by the fact that it has a much higher molecular
weight than typical foaming agents and a higher number of multiple
oxygenated groups in its structure. According to the research, the
oxygenated units in the RL structure can bond with water molecules via
hydrogen bonding, which leads to the molecules adopting a flat orien-
tation on the surface and possibly increasing the viscosity of the liquid
film. In addition, they performed an elasticity calculation of the foam
film formed by the reagents studied. Their results showed that the film
formed with the use of RL has significantly higher elasticity and, thus,
durability. The high molecular weight of biosurfactant molecules leads
to a more viscous and hence more stable wetting film.
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3.5. Three-phase contact line expansion

After the thin film rupture, the expansion of the three-phase contact
line begins. For an efficient flotation process to take place, such factors
as a high adhesion velocity of the bubble to the solid surface and high
contact angles are required. The dynamics of TPC line propagation are
affected by degree of surface hydrophobicity and the solid-liquid and
liquid-gas interfacial tensions, which are, in turn, dependent on sur-
factant concentration. Changes in bubble shape during the movement of
the gas-liquid interface cause variations in surfactant concentration
and, therefore, the formation of its gradient, which induces Marangoni
flow along the bubble surface, resulting in an interfacial gradient of
surface tension [65].

To evaluate the effect of the presence of the biosurfactant on bubble
adhesion, we determined the three-phase contact propagation velocities
and the values of the contact angle during TPC expansion and when the
equilibrium was reached.

3.5.1. TPC diameter

The calculated values of diameters of the TPC perimeters are illus-
trated in Fig. 10. Because the bubble diameter was reduced with
increasing surfactant concentration, to evaluate the effect of its presence
on the size of the three-phase contact formed, the dg,./dy ratio was
evaluated. The moment when the thin liquid film ruptured was set as
zero time, and afterwards, an expansion of the TPC line was observed.
The non-zero values of the TPC diameter before zero time result from
inability of the image analysis technique to differentiate the thin liquid
film between the bubble and the solid surface. Therefore, these values
should be considered not to have any physical meaning [66].

As can be seen in Fig. 10, the expansion of TPC was increasing in
time, and the rate of reaching the maximum value depended on the
concentration of RL for a given degree of surface hydrophobicity. The
process of bubble adhesion in pure water leads to the formation of the
largest TPC perimeter, regardless of the surface’s hydrophobicity. Also,
for small concentrations of RL (<5 mg~dm’3), the formation rate of a
stable three-phase contact and equilibrium diameter does not differ
significantly from the process occurring in pure water. The stable
perimeter of the TPC line (the equilibrium value of the dypc/d,, ratio) is
reached within a few milliseconds, particularly already after 5 ms. In the
presence of the surface active substance, the kinetics of TPC line prop-
agation are significantly affected. The effect of the surfactant becomes
apparent at higher concentrations, causing an increase in the time
required for the bubble to reach a stable position and also a decrease in
the total area of contact between the bubble and the surface, which will
certainly have a negative effect on actual flotation.
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3.5.2. TPC propagation velocity

The calculated values of three-phase contact line expansion veloc-
ities are given in Fig. 11. As can be seen, after the thin film rupture, the
TPC expansion velocity increased in time, reaching a maximum and then
gradually decreasing to low values. This pattern of contact line propa-
gation has been previously reported by Basarova and co-workers
[66,67]. Their study examined the TPC line expansion process during
bubble adhesion onto hydrophobic surfaces in solutions of non-ionic
surface-active agents of different structures (Terpineol, Triton X-100,
and pentaethylene glycol monodecyl ether). They found that for a sur-
factant whose molecule has a long and flexible hydrophobic tail, bubble
adhesion is very slow in solutions with concentrations close to or higher
than the CMC. In our case, the maximum propagation velocity of TPC
was observed for bubble adhesion in pure water, and its value decreased
as the concentration of RL increased. Obviously, the additional key
factor, in this case, was the hydrophobicity of the solid’s surface itself.

The higher the concentration was, the higher were the velocities reached
for the corresponding concentrations. For the lowest contact angles of
the solid surface for which the formation of three-phase contact
occurred (i.e. 34° for pH 5 and 49° for pH 10), the velocities were
extremely low (<5 cm-s™).

3.5.3. Bubble-solid contact angle

When the adhesion of a bubble to the surface of a solid is considered,
the adhesion efficiency can be expressed by the value of the equilibrium
contact angle between the air bubble and the solid. This parameter is an
important characteristic of the flotation system. Similarly to the velocity
of three-phase contact propagation, it depends on the degree of surface
hydrophobicity and interfacial tension. The determined values of dy-
namic bubble contact angles are given in Fig. 12. In all experiments
where a three-phase contact was established, the dynamic contact angle
was found to increase from an initial value of zero (in the figure, it is a
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Fig. 11. Velocity of three-phase contact line expansion at the surface of different contact angles in rhamnolipid solution of pH 5 and 10.

value of 10° due to the analysis technique mentioned above) to an
equilibrium value over time, and this time dependence was dependent
on the concentration of the surfactant present. After reaching the equi-
librium, the highest contact angle value is found for adhesion in pure
water. This is due to the high surface tension of this liquid. As the
concentration of the surfactant increases, the surface tension decreases,
as does the equilibrium contact angle. At pH 10 for concentrations
greater than 50 mg-dm 3, contact angles are significantly lower than in
pure water. Changes in the value of the dynamic wetting angle occurred
more slowly over time.

4. Conclusion

The rupture of the thin liquid film separating the bubble and the solid
surface is a crucial condition for the formation of the three-phase contact
and the formation of an aggregate. The obtained results indicated that
the three-phase contact formation time strictly depends on the

11

concentration of RL biosurfactant. The time required to form a three-
phase contact between a bubble and a quartz surface of various de-
grees of hydrophobicity was prolonged with the increase in the con-
centration of RL. Additionally, while rhamnolipid is non-ionic, particle-
bubble adhesion can be inhibited when the surfactant concentration is
too high. The leading cause of this effect was the high foaming power of
the RL, which increased the stability of the thin liquid film formed be-
tween the bubble and the surface of the solid.

The study showed that in the case of RL, the key parameter is the pH
of the solution, which determines whether the molecule assumes an
anionic (pH 10) or non-ionic character (pH 5). The key distinction be-
tween the ionic and non-ionic forms of RL molecules lies in their ability
to stabilise the thin film. The ionic forms exhibit much lower surface
coverage and higher surface mobility as a result of the strong electro-
static repulsion between the charged surfactant molecules. On the other
hand, the non-ionic molecules are capable of extensive coverage of the
bubble surface, stabilising the foam films. Additionally, hydroxyl groups
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Fig. 12. Dynamic bubble contact angle during bubble adhesion on the surface of different contact angles in rhamnolipid solution of pH 5 and 10.

of non-ionic RL molecules are able to create hydrogen bonds with water
molecules, which will form a hydration shell around the bubble. The
factors outlined above also affect the bubble’s mobility. The presence of
the surfactant immobilizes the bubble surface, causing a decrease in
velocity and changes in bubble size and shape, although deviations from
theoretical model predictions. At this point, we are unable to provide an
exact explanation for these deviations; therefore it requires further
research.

In addition to the increase in the time required for the thin film to
break and form a three-phase contact itself, in each case, the increasing
concentration of rhamnolipid caused the three-phase contact perimeter
to propagate more slowly. The size of the contact area between the
bubble and the surface decreased, as did the value of the arising contact
angle.

The prolongation of the three-phase contact formation time caused
by the presence of RL in the solution will be of particular importance for

the actual flotation process, in which this biosurfactant would be used as
a collector or frothing agent. In such a case, especially at excessively
high concentrations, it would have a negative impact on flotation ki-
netics and, thus, efficiency. This is especially true in excessively high
concentrations. Hence, from a particle flotation point of view, rham-
nolipid seems to be an unsuitable agent when used in an excessively high
concentration because of its strong foaming action. On the other hand,
as other studies have indicated, it shows very promising potential for use
in ion flotation, where the interaction between rhamnolipid anions re-
sults in the formation of ionic clusters that are then removed by
attaching to rising bubbles.
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