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Yeast-derived bola amphiphiles have attracted growing attention in various industrial sectors as green reagents.
However, their physico-chemical properties relevant to mineral separation by froth flotation are poorly explored.
To bridge this gap, we studied the foaming, interfacial, and flotation properties of acidic sophorolipid (ASL),
acidic glucolipid (GL) and alcoholic glucoside (GS) obtained from strain engineering of the yeast Candida
bombicola by molecular editing of the headgroups. Bench-scale flotation testing of a copper sulfide ore showed
that ASL can effectively separate copper sulfides (85% recovery at 20% grade), GL is less effective (ca. 60%
recovery and 13% grade), while GS is a poor collector. To understand this trend, we studied the interfacial and
foaming properties of these three biosurfactants. The surface tension study reveals that, contrary to GS, self-
assembly of both ASL and GL at the air-water interface is pH-responsive, suggesting that both the bio-
surfactants acquire a I1-shape. The dependence of the foaming properties of all the three surfactants on pH and
concentration does not correlate with the trends in the static surface tension, suggesting the critical roles of
dynamic factors, interfacial elasticity and interfacial viscosity. Hydrophobicity of djurleite (a model copper
sulphide) in the presence of the three surfactants was assessed using the contact angle and Hallimond flotation
methods. ASL and GL only float the pure mineral at alkaline pH, which is consistent with the contact angle data.
In contrast, even though GS does not have a significant effect on contact angle, it floats djurleite in a wide pH
range, which is explained by the mechanical entrainment of hydrophilic mineral particles in rich GS foams.
Overall, these results demonstrate the potential of carboxylic bola biosurfactants for the recovery of copper
sulfides from ores. They also bring new insights into the interfacial and foaming properties of bola biosurfactants,
which can assist their introduction into other industries.

1. Introduction

The strengthening of safety, health and environmental regulations
discourages the use of toxic reagents in flotation, driving their replace-
ment by green alternatives. In this context, there is growing interest in
biosurfactants (surfactants produced by microbes or yeasts from
renewable resources) due to their low eco-toxicity and increased
biodegradability and biocompatibility compared to conventional
petroleum-based counterparts (Jain et al., 2020).

Previous investigation into the development of green substitutes for
conventional petroleum-based flotation reagents has so far focused
mostly on microorganisms rather than their metabolites including bio-
surfactants (Jain, et al., 2020; Rao et al., 2010). As a result, there is no
systematic knowledge on biosurfactants as flotation reagents, though
prior work demonstrates that biosurfactants can be used as collectors
and frothers. In particular, it has been found that rhamnolipids, lip-
opeptides and non-disclosed biosurfactants can float iron oxides, sili-
cates, and coal (Zouboulis et al., 2003; Szymanska and Sadowski, 2010;
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Khoshdast et al., 2011; Didyk and Sadowski, 2012; Olivera et al., 2019;
Pereira et al., 2021; Augustyn et al., 2021). Rhamnolipids can also be
used as frothers (Fazaelipoor et al., 2010; Khoshdast et al., 2012).
However, they negatively affect flotation of Cu and Mo sulfide minerals
with thionocarbamate and dithiophosphatetype as collectors (Khoshdast
et al., 2012). At the same time, rhamnolipids improve the recovery of
pyrite and iron oxides (Khoshdast et al., 2012).

Within a very diverse class of biosurfactants, three glycolipid bio-
surfactants shown in Fig. 1 are of special interest due to their bipolar
(bola) molecular structures and the relatively high technological level of
their production. These surfactants have a C18 hydrocarbon chain with
a C9 unsaturation (derived from the tail of oleic acid), with one end
capped with a saccharide group and the other end with a carboxyl or
hydroxyl group. Specifically, acidic sophorolipid (ASL) contains soph-
orose and carboxyl groups. This family of biosurfactants can be obtained
in large amounts by the fermentation process of the yeast Starmerella
bombicola and has already been commercialised for detergency and
pharmaceutical applications (Roelants et al., 2016). Acidic glucolipid
(GL) contains glucose and carboxyl groups. It is synthesized by Penicil-
lium decumbensnaringinase and f-nitro-phenylglucoside (B-NPG) (Van
Renterghem et al., 2018). Alcoholic glucoside (GS) is a by-product of the
sophoroside production. It can also be produced using Candida bomb-
icola cultures with glucose as the main carbon source and 2-dodecanol as
the co-substrate. The interest in these bola biosurfactants as flotation
collectors is stimulated by their activity in single-mineral (Hallimond)
flotation of sulfide minerals (Dhar et al., 2019a; Dhar et al., 2021),
which, as we elaborate below, is quite unexpected.

The efficiency of surfactants as collectors in froth flotation is defined
primarily by their adsorption at the mineral-water interfaces. This re-
action is driven by a decrease in the free energy of the system due to
electrostatic (ion-ion and ion-dipole), chemical (covalent, ionic, and
coordination bonding), hydrogen (H) bonding, hydration/dehydtarion,
and chain-chain or chain-surface hydrophobic interactions (Soma-
sundaran et al., 1998). The adsorbed surfactant renders the mineral
particle hydrophobic when it exposes its hydrocarbon chain toward the
aqueous solution. Packing (self-assembly) of surfactant chains at the
mineral-solution interface is driven by the chain-chain and chain-
mineral hydrophobic interactions (Gaudin and Fuerstenau, 1955). This
process can be hampered by the incompatibility of the surfactant
headgroup with the surface motif of the adsorption sites and the minimal
required chain-chain distance (Ponnurangam et al., 2012). Additional
complications can be imposed by the metal-surfactant precipitation and
the dissolution-reprecipitation of metal ions as hydrolyzed species
(autoactivation) (Dhar et al., 2021; Fuerstenau and Urbina, 1987).

Selectivity of the surfactant adsorption is underpinned mostly by the
electrostatic and chemical interactions. The electrostatic interaction is
controlled by pH via the surface charge of the mineral surface (estab-
lished by the adsorption of H/OH™) and the protonation state of the
surfactant head group (controlled by its acid-base properties). Chemi-
sorption is generally predicted by the hard and soft (Lewis) acid and
bases (HSAB) concept pioneered by Pearson (Pearson, 1963) or by the
stability constants of the ligand-metal complexes (Blesa et al., 2000).
Within this paradigm, collectors are divided into two main groups: thio
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(S-donors) and non-thio (O and N donors) compounds which have
different designated targets (Nagaraj et al., 2019). S-donors (e.g,. xan-
thates and dithiophosphates) are used as metal sulphide collectors,
while O- and mixed O- and N- donors (e.g., carboxylates and hydrox-
amates) are used to separate metal oxides.

However, the conventional reagent-selection paradigm is challenged
by the affinity of metal sulfides to polysaccharides (O-donors), espe-
cially carboxylated ones (Bicak et al., 2007; Liu et al., 2000; Moreira
etal., 2017; Qiuetal., 2019; Rath et al., 2000), which is currently poorly
understood (Dhar et al., 2021). It is also in conflict with the ability of
acidic sophorolipid (ASL), which is an O-donor, to render djurleite
(Cuy.94S) hydrophobic at basic pH (Dhar et al., 2021). In contrast, ASL
adsorption does not affect hydrophilicity of the copper sulfide at acidic
pH. The single-mineral flotation follows the same trend: It step-wise
increases from 40% to 75% when pH is changed from acidic to basic
values. The hydrophilicity of the mineral at acidic pH has been attrib-
uted to the biosurfactant physisorption through its carboxyl group
leaving the sugar group exposed to the solution. The hydrophobicity at
basic pH is consistent with surface precipitation of hydrophobic Cu®*-
ASL complexes (Dhar et al., 2021). This non-orthodox result calls for
tests of ASL on real sulfide ores, as well as a better understanding of the
role of the surfactant headgroups in the surfactant performance as a
sulfide collector.

Even though selective adsorption on minerals is the main perfor-
mance control of a collector, its foaming properties (foamability and
foam stability) are also very important. There are typically two types of
foams, usually characterized by liquid content and half-life time of the
foam: (i) wet and unstable, and (ii) dry and metastable. Froth flotation
typically employs wet foams that are stable and fluid enough to carry the
floated particles to the top of the flotation cell, while decaying quickly
outside of the cell to reduce operating costs. In general, foaming prop-
erties depend on many parameters, including the film elasticity under
non-equilibrium conditions, equilibrium surface Gibbs elasticity, inter-
facial viscosity, surface charge, steric interactions, equilibrium surface
tension, disjoining pressure, and also complex surface deformation and
dynamic surface tension properties (Matysa, 1992; Rosen and Kunjappu,
2012; Langevin, 2017). The main physical processes that contribute to
foam destabilization are coalescence due to rupture of the films between
bubbles, Ostwald ripening due to diffusion of gas (growth of large
bubbles, shrinkage of small ones) and liquid drainage due to gravity
(Matysa, 1992).

Since foaming properties are one of the key functional characteristics
of biosurfactants in general, they have been historically among the first
to study (Baccile et al., 2021). It has been found that sophorolipids in
general are poor foamers (Hirata et al., 2009; Koh and Gross, 2016).
Foams produced by glycolipids with sorbose and glucuronic acid
headgroups are more stable than those from surfactants with a glucose
headgroup (Hollenbach et al., 2020). Glycolipids with unsaturated tail
groups produce foams quickly collapsing even at the smallest shear
loads, whereas the branched tail group results in a higher modulus than
the linear tails (Hollenbach et al., 2020). Stability of the foams produced
by sophorolipid-esters with ester interrupted tail lengths ranging from
19 to 28 carbons is dominated by coalescence rather than Ostwald
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Fig. 1. Structures of bola glycolipid biosurfactants used in this study: acidic sophorolipid (ASL), glucoside (GS), and glucolipid (GL).
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ripening (Koh and Gross, 2016). However, the relationship between
foaming properties of the bola biosurfactants shown in Fig. 1 remains
unknown. This relationship would help establish the link between the
collecting and foaming properties of these biosurfactants.

The current study is a continuation of our previous work (Dhar et al.,
2019a; Dhar et al., 2021), with major aims to (i) test the efficiency of the
three bola biosurfactants (Fig. 1) in lab-bench flotation of a copper
sulfide ore and (ii) clarify the effects of the surfactant structure on the
performance of the surfactants as sulfide collectors. Toward the latter
aim, we study the equilibrium surface tension and foaming properties of
ASL, GL, and GS in a wide range of concentrations and pH, as well as the
activity of the surfactants in hydrophobization of a model copper sulfide
mineral (djurleite, Cuj 94S) and then use these data to rationalize the
lab-bench flotation results.

2. Materials and methods
2.1. Materials

ASL and GS were produced from S. bombicola, while GL was pro-
duced using Penicillium decumbensnaringinase at the Bio-base Europe
pilot plant, Ghent, Belgium. The detailed procedure is described in the
supplementary material (SM). Purity of the biosurfactants was 98.7% for
ASL, >95% for GL, and 94.5% for GS. The characterization of impurities
was performed using HPLC and GC-MS (Figs. S1 and S2). The structures
of ASL (non acetylated, C18:1, molecular weigh 622), GL (non acety-
lated, C18:1, molecular weigh 460) and GS (non acetylated, C18:1,
molecular weight 446) were confirmed using FTIR (Fig. S3). ASL is
readily soluble in water. To solubilize GL and GS, solutions were heated
at ca. 30° C for 10 min. Photos of the 1 x 10> M solutions at different
pH are shown in Fig. S4.

The milli Q water (resistivity of 18.2 M Q x cm) produced by IQ
7000, Merck, was used in surface tension and contact angle experiments.
The pH was adjusted with dilute solutions of reagent grade milli Q water
with HCl and NaOH. NaOH (98% pure) and HCI (98.4% pure) were from
J.T. Baker. Deionized water was used in the Hallimond flotation and
ore/batch flotation tests.

The djurleite (Cuj.94S) was from Cornwall (England). Its character-
ization can be found elsewhere (Dhar et al., 2021). Its particles were
prepared by milling in a ball mill using 660 g of stainless-steel balls
(1.8 mm), followed by sieving to collect the —150 + 45 pm size fraction
for single mineral Hallimond tube flotation tests. Samples for contact
angle experiments of the -10 pm size fractions were prepared by
grinding a portion of the —45 pm material in a Fritsch P6 Pulverizette
planetary mono mill at 300 rpm followed by ultrasound-assisted wet
screening with a 10 pm screen.

The Nussir copper ore was provided by the Nussir ASA company of
Northern Norway. The ore was characterized using ICP-MS, XRD, XRF
and SEM as reported elsewhere (Dhar et al., 2019c¢). It has primarily
chalcocite and bornite copper minerals and a small quantity of chalco-
pyrite at a total Cu grade of ca. 7%. A specific feature of this ore is that it
practically does not contain pyrite or any other iron sulphide. Crushing
and milling of this ore was performed in a jaw crusher with a 3 mm
opening with subsequent sieving to the —150 pm size fraction. The dried
material was sampled to provide a representative approximately 1 kg
sample of each batch. 1 kg ore was ground at 60% pulp density in a
stainless-steel laboratory ball mill containing the same steel balls as
grinding media. A product of 80% passing size of 75-pm was achieved.
The milled slurry was transferred to a 2 L batch froth flotation cell and
water was added to produce a pulp density of approximately 35% solids.

2.2. Surface tension measurements
Equilibrium surface tension was measured by the Du Nouy’s ring

method using a computer-controlled surface tension meter (Biolin Sci-
entific, model Sigma702). Glassware was cleaned with chromosulfuric
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acid. The ring was repeatedly flamed until red-hot and washed with
deionized water to ensure the full removal of impurities. The instrument
was first calibrated with water (72 £+ 2 mN/m).

2.3. Foam preparation and characterization

The characterisation of foamability and foam stability was con-
ducted at room temperature (25 °C) using two setups. The first one was a
standard Ross-Miles foam column (Koh et al., 2017). A surfactant solu-
tion of 200 mL was placed in a pipette of specified dimensions. It had an
orifice of internal diameter (i.d.) 0.0029 m and length 0.010 m. The
solution in the pipette was allowed to fall from a height of 0.90 m on to
50 mL of the same solution present in a cylindrical vessel (i.d. 0.05 m)
surrounded by a water jacket. The foam height in the receiver was
measured immediately after the last drop of the solution fell from the
foam pipette. Foam height was recorded every 30 s for 1 h.

In the second set of experiments, foams were produced and charac-
terized with a dynamic foam analyzer DFA 100 (Kriiss, Germany). The
apparatus consists of a cylindrical glass column mounted in a stand with
a filter paper (as an air disperser) holder at the bottom, and two vertical
rows of photodiodes as light sources and light scanners. It was used for
the simultaneous automatic measurement of foam (Hg) and solution (Hs)
heights as a function of time. Before each experimental series, the col-
umn was carefully cleaned with a diluted Mucasol solution (Sigma-
Aldrich), rinsed with a large quantity of Milli-Q water, and dried under
ambient pressure. The filter paper roundel (pore size 12-15 pm) was
fixed in the cylindrical glass column holder and placed in the DFA stand.
Then, the column was filled with 50 mL of the prepared solution. The air
was pumped through the filter paper with a flow rate of 0.5 L/min for a
specific time (foaming time) equal to 20 s, and the Hf and Hg were
measured by a photodiode module (blue A = 469 nm, structure illumi-
nation 20%, height illumination 20%) and recorded by the computer
using ADVANCE Software (KRUSS GmbH). Foaming tests were per-
formed three times, and the results were calculated as an average with
standard deviation values.

2.4. Hallimond flotation

Single mineral flotation tests were performed using a 100- mL Hal-
limond cell (Fig. S6a). A 2 g portion of the —~150 + 45 pm size fraction of
the mineral was conditioned in a solution with a predetermined sur-
factant concentration and pH for 5 min and the suspension was trans-
ferred to the flotation cell. The flotation was conducted for 1 min at an
air flow rate of 8 mL/min. The concentrate and the tailings were
collected, filtered, dried, and weighed to determine the yield (recovery)
of the product. Three independent experiments were performed on each
sample to report their average and standard deviation.

2.5. Contact angle

Contact angle was extracted from the capillary water penetration
into mineral powder beds of the -10 pm size particle fraction. The
measurements were conducted using an Attension Sigma 700 apparatus
(Biolin Scientific, Germany). The dried powders were packed into a tube
(8 + 0.1 mm diameter) on a filter paper over the frit on its bottom end.
The tube was mounted on a probe attached to an electronic balance over
a container containing water on a moving stage. Three measurements
were performed on each sample to report their average and standard
deviation.

2.6. Bench scale flotation

Bench scale flotation experiments were performed in a mechanical
Denver bench scale flotation cell with a 2-litre volume (Fig. S6b). The
mineral sample was conditioned for ten minutes with specified bio-
surfactant dosages. The impeller speed and air flow rate were fixed at
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1200 rpm and 3 L/min. Concentrates were collected after 3, 5, 7 and 11
min after the air was introduced into the flotation cell referring to four
stages of flotation. The froth was manually scraped into the collection
trays with a scrape interval of 15 s. Collected samples were dried and
weighed. Cu assay,%, of the feed and concentrate samples was measured
using a portable Thermo Scientific Niton XL3t FPXRF spectrometer. The
efficiency of the multistage Cu flotation was evaluated in terms of re-
coveries R and grades G (Cu assay,%, from XRF) of Cu were calculated as
follows.

2GS x M¢
Geumulative = —
lat M
M¢ x G¢
Ri=—"—"-100
Twxe

R eumutative = § Rh

where G and G¢ are the Cu grade of the feed and the concentrate ob-
tained at the i stage, respectively; M and M¢ are the weight of the feed
and the concentrate obtained at the i stage; R; is the recovery of the it
stage. All experiments were performed in triplicate and an average result
was reported.

3. Results and discussion
3.1. Equilibrium surface tension

The dependence of the equilibrium surface tension of ASL, GL and GS
on concentration at pH 7.0 &+ 0.6 shows that the critical micelle con-
centration (CMC) increases in the order ASL < GL < GS (Fig. 2a and
Table 1). The CMC values of anionic ASL and GL (4 x 107> M and 3 x
10~* M, respectively) are in the range typical of non-ionic surfactants,
while the CMC of non-ionic GS (5 x 1072 M) is in the CMC range of
anionic surfactants (Rosen and Kunjappu, 2012; Schramm and Mar-
angoni, 1994). This deviation from the common trend along with the
significant difference between the CMC of these three surfactants in-
dicates that, in contrast to conventional (one tail-one headgroup) sur-
factants, the bola biosurfactants acquire non-linear conformations at the
air-water interface with the result that both their headgroups are
interfacially active.

From the surface tension curves shown in Fig. 2a, we infer minimum
specific surface areas, Apin, at pH 7 as described in the supplementary
part of Dhar et al., 2021. In brief, Ap,;, was calculated from the surface
excess (I'max) using the following equations (Fainerman et al., 2001;

Surface Tension (mN/m)
S (42 [$,] [2] (2]
[¢)] o ()] o (6]

1 1 1 1 1

N
o
1

35 T T T T T T
1E-7 1E-6 1E-5 1E-4 0.001 0.01

Collector concentration (mol/L)
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Table 1

Characteristics of ASL, GL and GS at the air-water interface at pH 7.
Properties ASL* GL GS
STcmc (mN/m) 38.5 40 36.3
Amin(3?) 75 73 85

CMC (mol/L) 4x107° 3x107* 5x1073

* The data for ASL were reported and discussed in detail in (Dhar et al., 2021).

Pugh and Stenius, 1985):

1 dy
Iﬂmax = T 5T 5
nRT ~ dInC
Amin = ;7
Nl—‘mm(

where R is the gas constant (8.314 J ~K’1~m01’1), N is the Avogadro’s
number, and n is the molecule specific dissociation number (the Gibbs
prefactor). This number was taken as 1 at pH 4 and 7 on the basis of the
earlier finding that ASL is weakly ionized at natural pH (Penfold et al.,
2012). As seen from Table 1, all the three biosurfactants occupy high
Anin, which is consistent with the surfactants adopting the II-shape at
the air-water interface (Scheme 1). The highest area An;, observed for
GS can be explained by weaker intra- and inter-molecular non-covalent
(electrostatic) interactions between its non-ionic headgroups as
compared to ASL and GL which have a carboxylate headgroup.

The surface tension values of ASL, GL and GS with respect to pH are
shown in Fig. 2b. ASL demonstrates a distinct fatty-acid-like pH
dependence of the surface tension, specifically, a pronounced minimum
at pH 8. As discussed elsewhere (Dhar et al., 2021), this minimum
suggests that ASL adopts at the air-water interfaces a I1-shape where
both the COOH/COO™ and sophorose headgroups contact water, while
the COOH/COO" groups of two neighbouring molecules directly interact

56 T T T T T T

N [$)] [$)] Lol
[e+] o N B
1 1 1 1

Surface Tension (mN/M)

EN
[}
1

pH

Fig. 2. Surface tension of acidic sophorolipid (ASL), acidic glycolipid (GL), alcoholic glucoside (GS) as a function of (a) surfactant concentration at pH 7 and (b) pH at
a concentration of 1 x 10~> M. The surface tension curves for ASL were reported and discussed in detail in (Dhar et al., 2021).



P. Dhar et al.

with one another as in the monolayer of a fatty acid. The absence of the
minimum for GS (which lacks the carboxyl headgroup) supports this
interpretation. GL demonstrates an intermediate case, with a much less
pronounced minimum than ASL. This difference suggests that GL is less
prone to organize in the COOH/COO™ coupled dimers than ASL, espe-
cially at acidic pH, which can tentatively be explained by stronger
interaction between the carboxylate and saccharide groups of GL.
Hence, even though the high Ay, values of GS and GL suggest that
similar to ASL they adapt the II-shape at the air-water interface, the
mutual organization of the I1-shapes of these two surfactants is different.
Further details could be provided by using spectroscopic, Langmuir
trough, and molecular dynamics modelling methods.

3.2. Foaming properties

Foaming occurs when the surface tension of water is reduced and the
system is aerated, which stabilizes a thin liquid film surrounding an
immiscible gas phase (Langevin, 2017). The addition of surfactants is an
effective method to reduce the interfacial tension and thereby enhance
the stability of the foam film. The molecular structure and concentration
of the surfactant are among the primary controls of the foaming prop-
erties, along with salinity, temperature, type of the gas, and the foam
generation method (Rosen and Kunjappu, 2012).

Fig. 3 shows foamability and foam stability for ASL, GL and GS
measured using the Ross-Miles setup at the surfactant concentrations of
3 x107° 3 x 1073 and 1 M and pH 7. Increasing the surfactant con-
centration increases the initial foam height irrespective of the surfac-
tant. Among the surfactants, GS has the strongest foamability and foam
stability. GL has the lowest foamability, while ASL at 3 x 10™> M and 1
M provides the lowest foam stability. In the case of ASL, the foam height
drops significantly at 10 min, slowly decreasing afterward, indicating
that ASL is not good as a foam stabilizer.

The same relationship between the foaming properties is observed at
pH 4, 7 and 10.2 and a surfactant concentration of 3 x 10> M (Fig. 4).
As expected, there is no effect of pH on the maximum foam height of 0.6
+ 0.2 cm attained by GS at 30 s.

GL develops the least initial foam height at pH 4, increases at pH 7,
followed by an insignificant decrease at pH 10.2. ASL shows an increase
in the maximum heights with increasing pH, which can be attributed to
the dissociation of the carboxylic group. In the case of GS, variations in
the maximum height with pH are within the experimental error. These
results are in agreement with the results of the Ross-Miles test. Hence,
the foaming properties of the surfactants are not directly related to their
surface activity (Table 1), which can be explained by the non-
equilibrium character of foams and the importance of the other effects.

To explain our findings, we should recall that foam destabilization is
driven by three main physical processes: drainage of liquid out of the
foam, coalescence and/or rupture of bubbles, and disproportionation
(which may be called Ostwald ripening) (Langevin, 2017). Bubble
coalescence could be defined as rupture of the thin liquid film between

Minerals Engineering 174 (2021) 107270

gas bubbles, forming a larger bubble whereas Ostwald ripening results
mainly from the diffusion of gas from smaller to larger bubbles. It has
been reported that the time scale for coalescence is generally within 10
min, whereas the time scale for Ostwald ripening is relatively long (Koh
et al., 2017). While bubble coalescence and Ostwald ripening are both
likely to occur in foams stabilized by the biosurfactants, the rapid
decrease in foam height for ASL suggests that the dominant destabili-
zation mechanism of the ASL foam is coalescence. In contrast, destabi-
lization of the GS foam is likely to be Ostwald ripening. For GL, both
coalescence and Ostwald ripening are anticipated to be responsible for
foam destabilization. However, further studies are needed to verify these
preliminary conclusions.

Previous studies have related poor stability of ASL foams to their low
surface shear viscosity and/or low surface elasticity (Koh and Gross,
2016), which are likely to root from the strong lateral attraction between
its headgroups at the air-water interface including strong coupling of
the COO™ and COOH-capped tails (Dhar et al., 2021). Accordingly, the
best foaming properties of GS can be explained by the absence of strong
coupling between the surfactant headgroups at the air-water interface
which increases surface elasticity. Since increasing pH increases the
concentration of deprotonated carboxylate headgroups in the adsorbed
surfactant monolayer, it is logical to tentatively relate the improvement
of the foaming properties of ASL and GL with pH to an increase in the
disjoining pressure due to electrostatic repulsion between the electric
double layers of the negatively charged bubble walls.

Given the dependence of the foaming properties on the foam gen-
eration method, we performed another set of foaming measurements in
the DFA apparatus. Foams were generated during 20 s and subsequently
the foam decay was recorded. Fig. 5 shows the foaming properties of
ASL, GL and GS at a concentration of 1x10~* M and pH4,7,and 10. At 1
x 10~*M and pH 7, the maximum height attained by both ASL and GS is
approximately 80-82 mm (Fig. 5b). In contrast, GL shows an abrupt
increase in the foam height as soon as the air supply starts, a plateau at
48 mm, and an abrupt drop when the air supply stops. When the foaming
time is increased to 60 s (Fig. 6a), GS, ASL, and GL attain the maximum
foam height at 60, 40, and 10 s, respectively. The fastest foam formation
by GL implies that its diffusion or adsorption at the bubble surface is
quickest, which needs to be verified using dynamic surface tension.

The maximum foam height, as observed in the DFA foam analyser, is
presented as a function of the surfactant concentration at pH 7 in Fig. 6b.
For all the three surfactants, a steady increase is observed at low and
high concentrations, with a step-like increase at ca. 4 x 10~> M. This
step is largest for ASL and the smallest for GL. Even though this step is
close to CMC of ASL, it is far below CMC of GL and GS (Table 1). This
trend does not correlate with the trend observed for surface tension in
Fig. 2.

The foam stability was additionally assessed using a methodology
developed by (Lunkenheimer et al., 2010). This method measures
changes in the foam height Hf and the solution height Hs, AHf(t) and
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Fig. 3. Foam heights for ASL, GL, and GS at a concentration of (a) 3 x 10°° M (b) 3 x 10°3 M and (¢) 1 M. The foam heights are an average of at least three
measurements at pH 7. The foam heights were obtained at constant volumetric flow of 9 L/hr introduced at the bottom of a standard Ross-Miles foam column.
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AH;(t), respectively:
AH (1) = H(t,) — Hy (1),

AH, (1) = H(1,) — H,(1),

where to denotes the moment when the air supply was ended. A
graphical presentation of the AHf — AH; value as a function of time al-
lows determining the time of deviation, t4ey. The latter is the time at
which AHf - AH; starts to be greater than 0 (Fig. 7). The value of tgey is
an indicator of foam stability (Lunkenheimer et al., 2010). It is the initial
time interval of the foam decay, when there is only drainage of solution

from the foam column but not yet any foam rupture. For t greater than
tdev, the process of the foam film rupture begins, and the foam column
starts to decay.

The dependence of AHAH; on time t at biosurfactant concentra-
tions of 4x10~°> M and 1x10~* M (Fig. 7) does not reveal a significant
difference between tgey values for ASL and GL at these two concentra-
tions. A noticeable difference can be observed only for GSat 1 x 1074 M.
Its tgey increases from ca. 20 s at 4 x 10 M to 36 s at 1 x 107 M,
indicating improvement in stability. GS, which is a strong foamer, is
characterized at 4 x 10°M by tgev as high as 20 s. This value is similar to
that of dry foams of moderately stable commercial surfactants (Lun-
kenheimer et al., 2010). In contrast, GL is characterized by tgey of 8 s,
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which corresponds to a wet unstable foam. ASL is characterized by an
intermediate tgey value of 14 sec.

Wet foams consist of spherical bubbles separated by thick liquid films
(Iamellae) with the liquid content usually greater than 1% (Langevin,
2017). In contrast, the liquid content in in dry foams is around <1%,
while the shape of bubbles is polyhedral. Their lamella thickness is in the
order of nanometers, i.e., within the range of the intermolecular forces
action. Analysis of the bubble shapes in foams at 18 sec after aeration
was stopped (Fig. S5) shows that foams of GL and ASL consist of
spherical bubbles, whereas a polyhedral foam structure with thinner
lamellae is produced by GS. Hence, non-ionic GS forms dry and
moderately stable foams, whereas anionic ASL and GL form unstable wet
foams which are desirable for froth flotation.

3.3. Contact angle

The contact angle was measured by employing the Washburn
capillary rise method which was used to characterize hydrophobicity of
the copper sulfide particles. The major problem associated with the
application of this method to powders is that the contact angle depends
significantly on both particle size and packing (Galet et al., 2010).
Hence, we verified reproducibility of the results by three independent
measurements.

As seen from Fig. 8a, the contact angle of djurleite particles condi-
tioned in water is approximately constant (ca. 58°) at acidic pH until pH

80 T T T T

Contact angle, degree

30 T T T T T T

pH

7 and decreases by 5° with a further increase in pH due to hydroxylation
of the surface. In the presence of 1 x 10~> M ASL and GL, the contact
angle increases step-wise from 38° to 70-75° at circumneutral pH and,
within the experimental error of the method, remains almost the same at
basic pH. This pH dependence is qualitatively different from that
observed for other anionic collectors below CMC. Their hydrophobicity
always goes down at highly alkaline pH (though there can be a second
maximum) due to the electrostatic repulsion of anionic surfactants from
the negatively charged mineral surface (Theander and Pugh, 2001). Our
previous study has demonstrated that the hydrophobicity of djurleite at
alkaline pH in the presence of ASL can be explained by the ASL
adsorption in the form of hydrophobic Cu(II)-ASL precipitates, while
hydrophilicity at acidic pH is consistent with the ASL adsorption
through the carboxylic group (Dhar et al., 2021). This model can be
applied to GL, given its structural similarity to ASL. In contrast, djurleite
conditioned with GS is characterized in the wide pH range by similar
contact angles as in water, which indicates a negligible influence of GS
on hydrophobicity. To interpret this result, we take into account that the
contact angle of the gold surface increases from 48° to 55° when oleate is
grafted to the surface through the carboxylate group (Valotteau et al.,
2015). In contrast, the contact angle remains unchanged when the sur-
face is functionalized by ASL grafted through its carboxylate group and
exposing its sophorose group towards the solution (Valotteau et al.,
2015). On this basis, we conclude that either GS is negligibly adsorbed
on the mineral surface or adsorbed through only one its headgroups.
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Fig. 8. (a) Contact angle of djurleite as a function of pH in the presence of ASL, GL, and GS at a concentration of 1 x 10°M and pH 7. (b) Hallimond flotation of
djurleite (1 min) in the presence of 1x10~> M ASL, GL and GS as a function of pH. The contact angle curves for ASL were reported and discussed in detail in (Dhar

et al., 2021).
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3.4. Hallimond flotation

As seen from Fig. 8b, the pH dependence of the floatability of djur-
leite particles in a Hallimond cell in the presence of 1 x 10~>M ASL and
GL is consistent with the pH dependence of the contact angle (Fig. 8a).
Specifically, a recovery of 75-85% is observed at pH higher than 6,
while the recovery is below 30% at acidic pH, which supports for GL the
adsorption model previously proposed for ASL (Dhar et al., 2021). In
contrast, an apparent inconsistency is observed for GS. This bio-
surfactant achieves a high recovery of 75-85% in the whole pH range,
while the corresponding contact angle is similar to that observed in the
absence of the surfactant. This result reinforces the notion that the single
mineral flotation does not necessarily follow the contact angle trend.
Given the superior foaming properties of GS (Figs. 3-7) and its weak
effect on the contact angle (Fig. 8a), its capacity to recover the mineral
in the broad pH range can be attributed to mechanical entrainment.

3.5. Bench scale flotation

Bench-scale flotation tests in the presence of ASL, GL and GS were
performed at natural pH of ca.9.2 on a copper ore obtained from the
Nussir deposit. A specific feature of this ore is that it does not contain
pyrite or any other iron sulphide. Therefore, concentration of copper
from this ore would be feasible at natural pH.

Sufficient froth stability is a mandate in bench-scale flotation tests for
the concentrate to transfer into a froth phase, while still allowing for the
drainage of hydrophilic particles out of the froth. We found that the
levels of entrainment for all the three biosurfactants are high, while the
drainage is insufficient resulting in low concentrate grades. Therefore,
we measured the cumulative water recovery, which is a strong indicator
of entrainment due to froth stability (Warren, 1985; Ross, 1989) to
correlate with the cumulative solid recovery.

As seen from Fig. 9a, the cumulative solid recovery with ASL and GL
is constant after 5 min, indicating that the flotation results are not
merely due to mechanical entrainment, and these two surfactants act as
collectors. The recovery of copper in flotation with ASL and GL is high,
close to 85% and 68% respectively (Fig. 9b). Additionally, the grades are
approximately 12 and 20% in the presence of GL and ASL respectively.
In the presence of ASL, over a longer period of time, cumulative recovery
of copper increased from 40 to 85% but the grade decreased from 25 to
18%. Similarly, in the presence of GL, although the recovery increased
from 40 to 65%, grades decrease from 20 to 12%. The grade-recovery
curve shows that in both cases, most of the copper minerals are floa-
ted by the end of 5 min, followed by a steep fall beyond this flotation
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time. Both the grade and recovery are significantly lower with GS
compared to ASL and GL. This result confirms the above conclusion
based on the contact angle and Hallimond flotation data that GS floats
copper minerals through the physical pathway due to its high frothing
capacity. In our recent work on the same ore using three commercial
thiol reagents (xanthate, dithiophosphates and thionocarbamates) we
observed that the best cumulative recovery and grade at 89% and 22%
were achieved by thionocarbamate (DTC) (Dhar et al., 2019b) (Fig. 9b).
These results are comparable to ASL, thus indicating that, despite being
an O-donor, ASL holds promise as a green collector in copper sulfide
flotation.

4. Conclusions

As part of the effort towards the introduction of biosurfactants to
mineral separation by froth flotation, this study links the performance of
three bola biosurfactants, ASL, GL, and GS (Fig. 1) in the selective re-
covery of copper sulfides from a sulfide ore with their interfacial and
foaming properties. We found that

(1) The equilibrium surface tension values of ASL and GL strongly
depend on pH, whereas no significant effect is observed for GS.

(2) The dependence of surface tension on pH suggests that GL,
similarly to ASL, acquires at basic pH at the air-water interface a
I1-shape where the COOH/COO™ headgroups of two neighbors are
coupled by non-covalent interactions.

(3) Among the three biosurfactants, GS demonstrates the best
foaming properties.

(4) As-created GS foams are dry and stable, whereas foams produced
by ASL and GL at neutral pH are wet and unstable.

(5) ASL and GL increase hydrophobicity of djurleite step-wise at
basic pH, as follows from the contact angle and Hallimond
flotation results.

(6) GS does not have a significant effect on the contact angle of
djurleite, even though it promotes Hallimond flotation of the pure
mineral.

(7) Bench-scale flotation of a copper ore demonstrates that ASL can
compete with conventional thiol collectors in flotation of copper
sulfides. GL is less efficient than ASL. In contrast, GS is not effi-
cient as a sulfide collector, which is explained by non-selective
transport of the ore particles by the rich foam.

The reported foaming properties of the yeast-derived bola bio-
surfactants can be of interest for their application as frothing agents in
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Fig. 9. (a) Cumulative water—solid recovery and (b) Cumulative copper recovery and grade demonstrated by ASL (squares), GL (red circles) and GS (triangles) at pH
9.2 at a surfactant concentration of 1 x 10~° M. Concentrates were collected at 3, 5, 7 and 11 min. For comparison purposes, graph (b) includes flotation results
obtained on the same ore with 1 x 10~> M thionocarbamate (DTC) (diamonds) at pH 8.2 (Dhar et al., 2019b). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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various industrial applications, while the high selectivity and recovery
of copper from a copper ore with ASL suggests their potential in the froth
flotation of sulphides.
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