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Abstract

The United Nations’ Sustainable Development Goals have sparked growing interest in biosurfactants
from many surfactant-loaded industries including those utilizing froth flotation for mineral separation.
However, the interaction of biosurfactants with mineral surfaces is currently poorly understood. We
bridge this gap by studying adsorption of a yeast-derived bola acidic sophorolipid (ASL) biosurfactant
on djurleite (Cu;94S). The methods used include Hallimond flotation, contact angle, adsorption
isotherm, zeta potential, leaching measurements, and X-ray photoelectron spectroscopy (XPS). To
facilitate the interpretation of the adsorption results, we characterize the activity of ASL at the air-
water interface and measure its critical micelle concentration (CMC) at different pH using static
surface tension. We find ASL to be a multifunctional surfactant with an unusual, pH-sensitive
interfacial behavior. At the air-water interface, ASL is most active at pH 8, while its CMC goes through
minimum as low as 40 uM at pH 7. The surfactant adsorption at the djurleite-water interface makes
the sulfide surface hydrophilic at acidic pH and hydrophobic at neutral and basic pH. In addition, ASL
has strong affinity to copper sulfide and demonstrates metal leaching properties. Finally, ASL
demonstrates detergency properties. We offer a mechanistic interpretation of these findings. Our
results provide a basis for the application of acidic glycolipids in froth flotation and have implications
for their application in ion separation using hydrometallurgical routes, as well as for the chemical

stability of metal sulfides in environmental systems.
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Introduction

Microbial biosurfactants (100% bio-based surfactants produced by microorganisms) are
increasingly being introduced into many industries including home and personal care, cosmetics,
agriculture, food, environmental remediation, and pharmaceutical sectors. Their advantages include
environmental compatibility, biodegradability, relatively low cytotoxicity, combined with beneficial
functional properties such as detergency, complexing, and anti-microbial activity. From the scaling-
up view-point, some biosurfactants are already produced quite efficiently, using yeasts through highly
productive and eco-friendly bioprocess routes from renewable resources (biomass). These resources
can be primary (e.g., sugar and vegetable oil) and secondary (e.g., side- and waste streams including
food waste) generation substrates [1-3]. Substitution of petroleum-derived conventional surfactants by
biosurfactants would thus contribute to the establishment of a circular economy.

This work is a part of our research aiming to develop a fundamental knowledge of the
interaction of biosurfactants with minerals that would help introduce biosurfactants to froth flotation.
Froth flotation is one of the main physico-chemical methods used in the mining industry to extract
valuable minerals from ores. It employs a difference in hydrophobicity of mineral particles dispersed
in water, which is controlled by selective adsorption of surfactants (called ‘collectors’). However,
many conventional collectors are petroleum-derived, toxic, hazardous, and not biodegradable.
Specifically, xanthates (alkyl dithiocarbonates), the most common thiol collectors of metal sulfides,
pose occupational hazards to workers as their decomposition products (CS, and OCS) are strong eye
and skin irritants, while thiol residuals preclude simple water reuse, and may pollute the environment
after disposal of flotation tailings [4-6]. Substitution of conventional toxic collectors by more efficient
eco-friendly microbial biosurfactants could make this separation technology environmentally more
sustainable [7].

The interaction of biosurfactants with minerals is largely unknown. In contrast to conventional
surfactants, biosurfactants feature large headgroups which can be complemented by additional ionic
or non-ionic functionalities and branched hydrocarbon chains with cis defects. This chemical and
structural complexity could translate into new mechanisms of the surfactant interaction with minerals,
which are yet to be established.

The present study focuses on the interaction of djurleite Cu;94S (a copper sulfide from the
chalcocite group) with an acidic sophorolipid (ASL) (Scheme 1). This surfactant is known for its

detergency [8] and antimicrobial properties [9], and has already been adapted for large-scale
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production [1-3]. It has an asymmetrical bipolar (‘bola’) structure with a sophorose headgroup, o.-Glc-
(1-2)-Glc (diglucose with a f1—2’ bond), attached to the C17 carbon of oleic acid C18:1 (where C18:1
refers to an alkyl chain with 18 carbon atoms and 1 mono-unsaturated C=C defect). The hydrophilic
sugar group increases solubility of the fatty acid in water and provides additional functionalities for
interaction with a mineral surface. Geometric flexibility of the long alkyl chain with a mono-
unsaturated defect in its middle can facilitate the formation of a cis isomer in which the headgroups
interact with one another in a bent structure depicted in Scheme 1, which can underpin novel pH-

sensitive self-assembly structures and consequently interfacial properties.

Scheme 1. Acidic C18:1 sophorolipid (ASL).

ASL self-assembly has previously been studied in detail mostly in solution [10-14]. As
expected, this phenomenon depends strongly on the ionization of the carboxyl group of the surfactant.
ASL forms small loosely-packed micelles with an elongated-ellipsoid shape in a broad pH and
concentration range [10]. The micelle structure has been found to be rather unusual. Surfactant packing
in the ellipsoidal micelles has been described by a coffee-bean model, according to which the micelles’
hydrophilic shell is highly inhomogeneous and pH sensitive [14]. Inside the micelles, ASL molecules
can be bent or stretched. Sophorose groups constitute the micelle rim, while carboxyl groups are
hidden within the sophorose shell [14]. However, due to the small size of the micelles, it is not
necessarily true that ASL will self-assemble similarly at the interfaces.

Current knowledge of the interfacial properties of ASL is very limited. ASL adsorption at the
air-water interface has only been studied for di-acetylated ASL [15]. Using neutron reflectivity, this
study has shown that ASL has a similar affinity for the interface and is similarly distributed there as its
lactonic form (a non-ionic derivative in which the carboxylic group is chemically attached to sophorose
by esterification). At the same time, the pH-dependence of the adsorption has not been studied, and no
clear conclusion has been drawn about the interfacial configuration of ASL.

When deposited on gold, silicon(111), and TiO, (anatase) by dip-coating from concentrated
solutions, ASL forms dry deposits with the morphology depending on the solution pH and the substrate

[11]. In particular, the deposits are arranged in a homogeneous film on TiO, at pH 4, but aggregate at



pH 6 and 11. When used as a capping agent in the synthesis of Co and y-Fe,O3; nanoparticles by
precipitation, ASL coordinates to the nanoparticles via its carboxylate group while its sophorose group
points to the solution, which makes the nanoparticles hydrophilic [16, 17]. The hydrophilicity of the
sophorose groups of adsorbed ASL has been shown by water contact angle measurements on the ASL
molecules self-assembled on Au through their carboxylate headgroups [9]. In contrast, ASL renders
chalcopyrite CuFeS, hydrophobic at neutral and alkaline pH [18], which suggests that both its
headgroups interact with the mineral surface. However, the mechanism of the ASL adsorption on the
copper sulfide remains unclear as the ex situ FTIR spectroscopy does not show any significant
difference in the conformations of the adsorbed and bulk ASL [18], which calls for further studies.

To provide more context, we should mention that there is currently a basic consensus about the
interaction of fatty acids with minerals. Fatty acids adsorb on basic metal oxides through a pH-
dependent combination of physisorption and chemisorption, which can drive their adsorption even on
highly negatively-charged oxide surfaces at alkaline pH [19, 20]. In contrast, fatty acids are neither
chemisorbed nor physisorbed on clean metal sulfides: Within the hard soft acid base theory,
chemisorption is precluded because the carboxylate groups are hard Lewis bases, while the adsorption
sites of sulfides such as Cu(I) and Fe(Il) are soft and borderline Lewis acids, respectively. Fatty acids
cannot physisorb on metal sulfides at neutral and basic pH because the carboxylate groups are repulsed
from the negatively-charged sulfide surfaces (their isoelectric point, IEP, is 0-2 [21, 22]).

At the same time, there is less clarity about the interaction of saccharide groups with metal
sulfides and oxides, especially for molecules that have both saccharide and carboxylate groups. In
particular, the adsorption of n-dodecyl-B-d-maltoside on solids has been interpreted in terms of
hydrogen (H) bonding between the surfactant headgroup and surface hydroxyls [23, 24]. In agreement
with this model, it has been found that carboxymethyl cellulose interacts with chalcopyrite through the
complexation of its carboxymethyl groups with the Fe3* surface sites, rather than through its saccharide
groups [25]. In contrast, many studies have argued that saccharide groups can form strong chemical
bonds with hydroxylated metal sites of the oxide and sulfide surfaces [26-29], whereas the carboxylate
groups have an antagonistic effect on the adsorption [28]. It is worth mentioning that the interaction
of polysaccharides with minerals has been studied for several decades due to the capacity of
polysaccharides to suppress flotation (such reagents are called ‘depressants’).

Thus, the interaction of ASL with minerals is a very intriguing but poorly understood
phenomenon. To bridge this knowledge gap, we study adsorption of ASL on djurleite using
macroscopic methods (zeta potential, adsorption isotherm, leaching, contact angle, and flotation) and
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XPS. We also gain insight into the self-assembly of ASL at the air-water interface and measure its
CMC as a function of pH using surface tension. We find the interfacial properties of ASL to be highly

unconventional and propose their mechanistic interpretations.

Materials and Methods

Materials

Copper (II) sulfate pentahydrate (99% pure) was acquired from Merck. NaOH (98% pure) and
HCI (98.4% pure) were from J.T. Baker. NaNOj (99.5% pure) was from Sigma Aldrich. Except for
flotation, all experiments were conducted in Milli-Q (resistivity of 18.2 M Q-cm) produced by 1Q
7000, Merck group. Deionized water was used in all the Hallimond flotation tests.

Non-acetylated C18:1 ASL (C;30Hss0;3, molecular weight 621.7) was synthesized and
characterized as described in the Supplementary Material (SM) section. The ASL structure was
confirmed using 'H and '*C NMR [17] and FTIR (Figure S1). Characterization of impurities was
performed using HPLC, GC-MS, and ICP-MS (Table S1). The produced ASL sample has a purity of
more than 95%. Of the total ASL content, the main component is the C18:1 ASL (90.4 %) and 9.6%
is made up by other sophorolipids (mainly non-acetylated acidic sophorolipids with C18:0, C18:2 fatty
acids incorporated) (Figure S2 and Table S2). ICP-MS shows that the 1 mM ASL has negligible
(<0.3 wt%) admixtures of foreign elements (Table S3). More information is provided in SM.

The djurleite (Cu, 94S) mineral used in this study originated from Cornwall (England) (Figure
S3). It was ground by employing a procedure typically used in flotation. Specifically, the mineral was
wet ground in a ball mill using 660 g of stainless-steel balls (¥1.8 mm), followed by sieving to retrieve
the —150 +45 um size fraction for the Hallimond tube flotation tests. The —10 and —20 um fractions
were prepared by wet grinding of the —45 pm fraction in a Fritsch P6 Pulverizette planetary mono mill
at 300 rpm for 5 min. The mill was equipped with a 250 ml stainless steel grinding bowl containing
twenty @20 mm stainless steel grinding balls. Milled particles were subjected to ultrasound assisted
wet screening for 30 min with a 10 or 20 screen, followed by air drying. The —20 um fraction for the
adsorption tests was prepared by dry grinding under the same conditions and wet screened at 20 um
with a RoTap sieve shaker until clear (about 30 minutes). The undersize fraction was decanted and
vacuum filtered on a grade 589/1 Whatman black ribbon filter paper and air dried.

According to the X-ray diffraction (XRD) analysis (Figure S4), the mineral constitutes 86.4%
djurleite (Cu, 94S), 6.1% chalcocite (Cu,S), 5.8 % anilite (Cu;Sy), 1.7% digenite (CuoSs), and 0.08%
quartz (SiO;). In addition to Cu, S, O, C, and Si, XPS shows traces of Ca (Figure S5).
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SEM analysis of the —20 pum fraction shows that the particles are highly polydispersed in the
size range from 1 to 30 um (Figure S6). They have irregular shapes and rough surfaces, suggesting
high concentration of surface defects.

For use as a reference, we prepared a bulk ASL-Cu(II)-SO4* precipitate by titrating a 0.01 M
solution of Cu(Il) sulfate pentahydrate in water with an ASL solution until a pale green sticky
hydrophobic precipitate was floating on the solution surface. This precipitate was collected and

centrifuged.

Methods
The phase composition, size, and morphology of djurleite particles were characterized using
X-ray diffraction (XRD) and scanning electron microscopy (SEM) as described in SM.

The Brunauer—Emmett-Teller (BET) surface area of djurleite particles was measured using a
Micromeritics Tristar 3000 Analyser. Approximately 0.32 g of particles was loaded into a sample tube
and evacuated overnight to ~6.7 Pa. Nitrogen was used as the adsorption gas and all adsorption
measurements were performed at 77 K. The single-point method gave BET surface areas of 1.1 and
0.82 m?/g for the —10 and —20 pm djurleite particles, respectively.

Equilibrium surface tension of aqueous surfactant solutions was measured by the Du Nouy’s
ring method using a computer-controlled surface tension meter (Biolin Scientific, model Sigma702).
Glassware was cleaned with chromosulfuric acid and 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). Each reported surface tension data point is an average of 10
measurements in the same solution. Each set of experiments was repeated on two solutions at a
particular pH and concentration. Differences between the duplicates were insignificant.

Zeta potential measurements were performed using a DT-310 electroacoustic analyzer
(Quantachrome/Dispersion Technologies). The instrument was calibrated using a standard quartz
suspension. metal sulfide suspensions were prepared by adding 2 g of the —20 pm size fraction of the
metal sulfide particles to 100 mL of 0.01 M NaNOs or 0.01 M NaNO; with 1x10> M ASL. The
suspensions were magnetically stirred for some time, followed by pH adjustment using HCI or NaOH.
Afterwards, suspensions were equilibrated for 1 h and pH was readjusted before measurements. The
actual pH was recorded automatically during the zeta-potential measurements. To assess the accuracy
of the zeta-potential results, measurements were performed in triplicate. We report the average values.

The maximum standard deviation is 5 mV.



Adsorption tests were conducted at room temperature as follows. A 2-g portion of the —20 pm
djurleite was added into 50 mL of an ASL solution at pH 7.0 in a polyethylene bottle. At this point,
pH dropped to 6.0-6.5. The pH value was adjusted back to 7.1+0.1 with a NaOH or HCI solution during
2-3 min, and the bottle with the suspension was placed on a shaking table. After 40 min of shaking,
the final pH was measured again (almost no change occurred, suggesting that the suspensions were in
equilibrium). The supernatant was filtered off using a filter paper (grade 589/1 Whatman black ribbon
filters). The exception was the sample conditioned at 1 mM ASL. It was additionally vacuum filtered
using a 0.45 um cellulose nitrate membrane. The reason for this extra step was that the particles were
moving across the edge of the wet filter paper due to hydrophobicity (flotation) of the particles. The
clear supernatant was divided into two parts. One part was subjected to the total organic carbon (TOC)
analysis, while the other was analyzed using ICP-MS. One third of the samples was prepared in
duplicate.

TOC analysis was performed using a Combustion Analyzer Apollo 9000 instrument. To
remove inorganic carbon, the samples were acidified and saturated with synthetic air. After bubbling
with synthetic air, the sample was sent into an incinerator held at 680°C where carbon was converted
to CO,. The CO, detector compares the signal with stored calibration values and calculates the amount
of detected CO; in ppm. All TOC measurements were conducted in duplicate.

To determine the amount of adsorbed ASL in each adsorption test, we calculated equilibrium
ASL concentrations using the calibration line obtained using the initial ASL solutions (Figure S7).
These values were converted into the formal adsorption density (AD) of the adsorbed surfactant as AD
= (Co-C) VIS, where Cy and C. are the initial and equilibrium concentration of ASL, respectively, V' is
the solution volume (50 mL), and S is the surface area of the particles (0.82 m?/g).

Elemental composition of the ASL solutions before and after interaction with djurleite was
analyzed using an ICP-HR-MS Element 2 (Thermo) equipped with an auto-sampler - SC2 DX dust
covered with a ULPA filter. The ICP-HR-MS measurements were conducted on the blank ASL
solutions and the supernatants prepared in the adsorption study, after their digestion using HNOs.
Triplicate measurements were performed on each sample.

Contact angle was extracted from capillary penetration of water 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
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were performed on each sample to report their average. The maximum relative standard deviation was
2%.

Single mineral flotation tests were performed using a 100-ml Hallimond cell. A 2 g portion of
the —150 + 45 pum size fraction of the mineral was conditioned in a solution with a predetermined ASL
concentration/pH for 5 min and the suspension was transferred to the flotation cell. 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 of the product. All experiments were performed in
triplicate and the relative standard deviation did not exceed 3%.

X-ray photoelectron spectroscopy (XPS) measurements were conducted using a Kratos Axis
Ultra DLD spectrometer (Kratos Analytical) with a monochromatized Al X-ray source (hv = 1486.69
eV) operating at 10 mA and 15 kV (150 W) and a low energy electron beam charge-neutralization
flood gun. survey spectra were measured at an electron analyzer pass energy of 80 eV and a resolution
of 1 eV. regional spectra were measured at a pass energy of 20 eV and a resolution of 0.1 eV. Each
regional and survey spectrum was accumulated for 7-8 min. The binding energy scale was calibrated
by setting the C Is peak of adventitious sp> carbon at 284.6 eV. Percentage atomic concentrations of
the sample surfaces were calculated using CasaXPS software. XPS peaks were fitted with Gaussian—
Lorentzian peak profiles (100-80% Gaussian) after subtracting either the Shirley or linear background.
S 2p spectra were fitted with doublets with the intensity ratio of 1:2 and splitting of 1.18 eV. MultiPak
software was used for reporting the results.

XPS spectra were measured on —20 um djurleite particles conditioned for 30 min in either
water or different ASL solutions. To prepare samples, 2 g of the particles were added into a 100-mL
solution at initial pH 8.0+0.1. A 100-mL. At this point, pH dropped to from 7.1 to 6.3 in the solutions
with ASL concentration from 1 uM to 1 mM, respectively, but essentially did not change in water.
After 30 min of stirring, mineral particles were filtered off using a paper filter and dried under open
atmosphere for 2 days. For the XPS measurements, the dry particles were pressed into the freshly-
exposed surface of an indium foil (>99% purity, Sigma-Aldrich), and the foil was attached to the XPS
holder (Figure S8). Survey spectra do not reveal In peaks (Figure S5), which excludes contribution
from In/In (hydr)oxide to the XPS spectra. To verify reproducibility, the XPS spectra were measured
on two sets of the ASL-conditioned particles prepared independently.



Results and Discussion

ASL adsorption at the air-water interface

Before studying adsorption on djurleite, the CMC of ASL was measured as a function of pH and its
self-assembly at the air-water interface characterized using static surface tension. CMC has earlier
been measured for ASL samples with different purity and at natural pH that has not been reported [1,
12, 15].

Figure 1a shows the equilibrium surface tension as a function of ASL concentration in water
at pH 4, 7, and 11. At all three pH values, surface tension reaches limiting values of 38-40 mN-m™!
(Table 1), which are in good agreement with reported values [1, 12, 15]. CMC extracted from these
plots is 0.4 mM, 40 uM, and 0.10 mM at pH 4, 7, and 11, respectively (Figure S9). The minimum
surface area per surfactant, A;,, also goes through the minimum at pH 7 (Table 1) (the A, calculation
is described in SM). In addition, the pH dependence of the surface tension at ASL concentrations of
2.1 and 13 uM (which are well below CMC) demonstrates a pronounced minimum at pH around 8
(Figure 1b). These results indicate that ASL self-assembly is most effective in water and at the air-
water interface at pH 7-8.

75 T T T T T T T T T
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Figure 1. Surface tension of ASL as a function of (a) concentration at pH 4, 7, and 11 and (b) pH at
ASL concentrations 2.1 and 13 uM. Differences between duplicates were insignificant.

Table 1. Limiting surface tension, critical micelle concentration (CMC), and minimum surface area
(Amin) of ASL at the air-water interface at different pH values

Properties at Air-Water Interface pH 4 pH7 pH 11
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Surface Tension at CMC (mN/m) 40 38.5 39

Anmin (molecule/A2) 86 75 150

CMC (mM) 0.4 0.04 |0.1

The pH dependence of the surface tension created by ASL is remarkably different from that
reported for other surfactants with a large O-rich headgroup complemented by a carboxyl group. For
example, the surface tension of rhamnolipids decreases with decreasing pH, with a plateau at pH from
10 to 4 [8, 30]. Nonaoxyethylene oleylether carboxylic acid, R-O(CH,CH,0-),CH,COOH, R =
C16/C18, n = 9) demonstrates a monotonic decrease in the surface tension with decreasing pH [31].
This effect has been explained by a denser packing of the surfactants with decreasing electrostatic
repulsion between their carboxylate groups.

In contrast, the pH dependence of the surface tension of ASL is similar to that of fatty acids,
which also have a minimum at pH 7.5-9.0 [32]. This minimum is commonly interpreted in terms of
the premicellar activity of fatty acids in the bulk solution. Specifically, it coincides with maximum
concentration of the ion-molecular dimers (RCOQO),H™ of a fatty acid in solution [33]. When these
dimers are self-assembled at the interface, the lateral repulsion between their carboxylate groups is
screened by the intermingled neutral carboxylic groups, which makes the surfactant packing denser.
In addition, the carboxylate and carboxyl headgroups in the ion-molecular pair are strongly attracted
to one another by the ion-dipole (or acid-base) interaction, which further increases the cohesive
intermolecular forces between the adsorbed molecules as compared to the purely ionic and molecular
counterparts. This attractive interaction manifests itself by an increase in apparent pK, of fatty acids

from 4.8-5.0 in a monomer to 7.5-9.5 in the interfacial or solution aggregates [34, 35].

Scheme 2. Postulated self-assembly of ASL at the air-water-interface at pH 8 via dimers in which the
molecules adopt a I1-shape and interact with one another via their carboxyl/carboxylate groups.
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The fatty-acid-like pH dependence of the surface tension of ASL suggests that the carboxylic
groups in the ASL monolayer contact water and directly interact with one another as in a monolayer
of fatty acids. This is possible if ASL adopts a [1-shape at the interface where both the carboxylic and
sophorose headgroups point to water, the hydrophobic alkyl chain protrudes towards air, while the
carboxyl/carboxylate groups of two neighboring Il-shapes contact one another forming a dimer
(Scheme 2). The I1-shape of adsorbed ASL agrees with the fact that A, of 75 A2/molecule occupied
by ASL at pH 7 is only slightly above 72+1 A2/molecule occupied by diacetyl lactonic sophorolipid
C18:1 (in which the carboxylic and sophorose headgroups are chemically bonded) [15]. The I1-shape
at the air-water interface has earlier been reported for a symmetric bola amphiphile [36].We are the
first to report it for an asymmetric bola surfactant. Since CMC of ASL also goes through the minimum
in this pH range (Table 1), it is likely that carboxyl groups of ASL are also paired in micelles, which
is feasible in the coffee-bean arrangement of the bent ASL molecules [14]. It would be instructive to
verify the above conclusions using spectroscopic and molecular dynamics modelling methods.

Our model (Scheme 2) explains the decrease in the surface activity of ASL at pH above 8 as
in the case of fatty acids, by an increase in the relative interfacial concentration of carboxylate groups,
which makes their repulsion unscreened. However, the analogy with fatty acids runs short in the pH
range below 8. For fatty acids, the decrease in the surface activity in this pH range has been explained
by the precipitation of neutral molecules or their partitioning to the oil droplets at the air-water interface
due to the protonation-driven drop in their solubility [34, 35]. This hardly happens for ASL at 2.1 and
13 uM because of its relatively high solubility at acidic pH, at least 10 mM at pH 4 (Figure 1a).
Instead, protonation of the carboxylate groups can lead to a decrease in the surface activity of ASL
through weakening the intra- and inter-molecular attraction between the headgroups of the self-
assembled I'-shaped molecules, which causes their lateral dilation and increases the spacing between
them, respectively.

In summary, we find that ASL acquires at the air-water interface a bent I1-shape, while the
carboxylic/carboxylate headgroups of two neighboring molecules interact with one another (Scheme
2). This self-assembly pattern explains the increase in the surface activity of ASL at pH 8.The ability
of ASL to adopt I'I-shape suggests that both its headgroups are sterically available for chelating metal

ions, which is behind its leaching activity and strong affinity to the djurleite surface (see below).

Macroscopic characterization of the ASL adsorption on djurleite
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Zeta potential

In the absence of ASL, the sulfide surface is progressively negatively charged with increasing
pH (Figures 2 and S10). Its IEP (the pH value where zeta potential changes sign) is around pH 4 , in
good agreement with the reported value of 4.4 [21]. An IEP around 4 suggests that the sulfide surface
is in a medium oxidation state. For comparison, the IEP of non-oxidized sulfides such as covellite
(CuS) and chalcopyrite is in the pH range of 0-2 [21, 22]. Surface oxides increase IEP up to 9 and can
generate a secondary IEP [37, 38].

CU1_94S + ASL

Zeta potential, mV

-50
pH

Figure 2. Effect of pH on zeta potential of —20 um djurleite established in 1 h in 0.01 M NaNO;
(dashed line) in the absence and (solid line) in the presence of 10 uM ASL. The maximum standard
deviation of zeta potential in triplicate measurements (#=3) is 5 mV.

In the presence of 10 uM ASL, which is below CMC, zeta potential becomes zero at acidic pH
and, surprisingly, increasingly positive at pH above 7 (Figure 2). This picture is reproduced in the
absence of a background electrolyte at a shorter equilibration time (Figure S10). In contrast, an acidic
C18:1 glycolipid (its sugar headgroup includes one glucose ring) and an alcoholic C18:1 glycolipid
(which has -OH instead of -COOH at the other end of its C18:1 chain) screen the zeta potential of
chalcopyrite in the whole pH range [18].

The disappearance of the zeta potential at acidic pH (Figure 2) suggests that ASL is adsorbed
in this pH range in the molecular form. Adsorption of neutral species typically screens zeta potential
because is moves the shear plane farther from the Stern plane.

The increase in the positive zeta potential of djurleite in the presence of ASL at alkaline pH
(Figure 2) is unusual given that anionic surfactants and carboxymethyl cellulose typically charge

mineral surfaces negatively [18, 25, 38, 39]. We explain this anomaly by a unusual mechanism of the
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surfactant absorption—the surface precipitation of Cu(II)-ASL complexes that are formed due to the
strong metal-leaching/dissolution activity of ASL. This explanation is based on a similar increase in
the positive zeta potential of the bulk ASL-Cu(II)-SO4>~ precipitates synthesized by titrating a Cu(II)
sulfate solution with an ASL solution (Figure S11), combined with the other results of this study (see
below). The activation of the dissolution-precipitation mechanism at neutral and alkaline pH can be
linked to the fact that saccharides interact only with hydroxylated cations [23, 24, 26-29]. As a result,
ASL is capable of leaching Cu(Il) cations (which is followed by precipitation of the Cu(II)-ASL
complexes) only when hydroxylated surface cations become available for anchoring the sophorose
group.

The increase in the positive zeta potential suggests that the ASL-Cu(II) precipitates attract more
Na* cations (the only positively-charged species at alkaline pH). These cations penetrate into the Stern
layer of the precipitates, making the zeta potential positive. The co-adsorption of Na* with ASL is
observed by XPS (Figure S5), while the overcompensation of surface charge by counter-ions is a well-
known phenomenon [40]. However, it remains unclear which force/interaction drives the Na*
overcompensation. Given its absence in the case of adsorbed and precipitated acidic glucolipid and
alcoholic glucoside [18], this effect is likely to be caused by features of the microscopic structure of
the ASL-Cu(Il) precipitates, e.g., their membrane properties and heterogeneity. Further studies are
required to gain insight into this.

To summarize, ASL has non-conventional impact on the zeta potential of djurleite at basic pH.

This impact can be explained by the surface deposition of Cu(Il)-ASL precipitates.

Adsorption isotherm

The ASL adsorption isotherm was measured on —20 um djurleite particles in room temperature
water at pH 7. Since we used the TOC method rather than an analytical method specific to ASL to
quantify the depletion of ASL upon its adsorption, we called the measured adsorption density “formal
adsorption density”. As seen from Figure 3a, this characteristic is negative at ASL concentrations
below ca. 50 uM (below CMC). The negative values can be explained by the detergency properties of
the surfactant: It solubilizes the adventitious carbon contaminations introduced during the particle
preparation (grinding, sieving, and handling), which increases the TOC amount in the solution as
compared to the initial ASL solution. This explanation is supported by a high concentration of

adventitious carbon on the sulfide surface washed with pure water (see the XPS section below).
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With increasing ASL concentration above CMC, the formal adsorption density of ASL goes
through the maximum of 3.8 pmole/m? at 0.5 mM and then decreases to 2.5 umole/m? at | mM (Figure
3a). The maximum value is by a factor of 1.7 higher than 2.2 pumole/m? that ASL occupies at the air-
water interface at pH 7 (calculated from A, of 75 A%/molecule). The real factor is expected to be
higher due to the negative contribution of the adventitious carbon to the formal adsorption density
value. It follows that at concentrations in the 0.5-1.0 mM range ASL is adsorbed at a larger amount

than that of a formal monolayer.
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Figure 3. Effect of ASL concentration on (a) ASL adsorption on and (b) ion leaching by —20 pum
djurleite in water at pH 7 during 40 min. The TOC and ICP-MS measurements in (a) and (b),
respectively, were conducted on the same solutions. The adsorption density points present the
mean values with the maximum error bar of £5% obtained in duplicate measurements. The maximum
standard deviation of ion concentrations in triplicate measurements (7=3) is 15%.

Leaching properties of ASL

The ICP-MS analysis of the supernatants of djurleite dispersions reveals that ASL has strong
leaching properties. As seen from Figure 3b, increasing ASL concentration at pH 7 increases the
concentration of dissolved Cu. At 1 mM ASL, the concentration of Cu is 0.14 mM. At ASL
concentrations above 50 uM and higher, which are above CMC of 40 uM, the ASL:Cu solution ratio
of 7£1 is constant (except for the 0.5-mM point), suggesting that the dissolved copper cations are
associated with ASL micelles. Apart from Cu, ASL leaches out metallic impurities such as Ca, Mg,
Al, and Fe (the latter three are not shown in Figure 3b as their concentrations are below 0.1 ppm).

The observed leaching activity of ASL is in line with the reported strong complexation/
chelating properties of ASL toward adsorbed heavy metals including Cu?* [41-43]. In particular, it has
been proposed that ASL forms complexes with adsorbed cations, followed by the detachment of these

complexes into the solution through their association with the surfactant micelles [42]. For comparison,
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oleate inhibits dissolution of Cu(I) sulfide [44]. Hence, even though the carboxylate group of ASL
participates in the complexation (see section XPS study), the main role is played by the sophorose
group.

In addition to metals, ASL solubilizes sulfur (Figure 3b, S12). Based on XPS results (below),
this sulfur can come from surface oxidation products such as hydrophobic elemental sulfur and
polysulfides. Solubilization of elemental sulfur by ionic surfactants is a well-known phenomenon [45].
It roots to their detergency properties.

The increase in metal leaching at concentrations higher than 0.5 mM, when a formal ASL
multilayer is formed (Figure 3b) indicates that ASL adsorption is highly non-uniform and does not
fully passivate the mineral surface. Non-uniformity of the ASL surface coverage can be caused by
high heterogeneity of the particle surface and polydispersity of the particle size (Figure S6).

In combination with the adsorption isotherm, the leaching results suggest that ASL is adsorbed
as precipitates of Cu(II)-ASL complexes, in agreement with the conclusion derived from the zeta

potential data.

Effect of ASL adsorption on hydrophobicity of djurleite

Contact angle and flotation were used to characterize the effect of ASL on the hydrophobicity of the
djurleite surface as a function of ASL concentration and solution pH. This effect is the key property
of a surfactant from the flotation view-point. The results confirm the dissolution-precipitation
mechanism of the ASL adsorption at neutral and alkaline pH and shed light on the configuration of
neutral ASL molecules adsorbed at acidic pH.

Flotation as a function of the ASL concentration at pH 7 shows that djurleite is recovered at a
rate of 70% already with 5 uM ASL (Figure 4). This concentration is 8 times lower than CMC,
indicating very high affinity of the surfactant to the sulfide. The corresponding adsorption density of
ASL is expected to be well below the theoretical monolayer of 2.2 pmole/m? (Figure 3a). It is likely
that under these conditions the adsorbed ASL forms hydrophobic patches. The tendency of ASL to
form such patches has been reported earlier [11]. It is known that the formation of one hydrophobic
patch is sufficient for the attachment of the particle to an air bubble in the suspension and hence to be

floated.
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Figure 4. Hallimond flotation of djurleite as a function of ASL concentration at pH 7. The maximum
relative standard deviation of recovery in triplicate independent experiments (#=3) is 3%.

As concentration increases further to I mM (which is well above the CMC), djurleite recovery
increases by 15% (Figure 4). In contrast, an increase in concentration of sodium dodecanoate above
its CMC switches the Fe,O; surface from its hydrophobic to hydrophilic state due to the formation of
a hydrophilic surfactant bilayer [39]. This difference, along with the TOC and Cu-leaching results
(Figure 3), indicates that ASL is adsorbed at high concentrations at pH 7 in the form of hydrophobic
Cu(II)-ASL precipitates, rather than hydrophilic micelles or bilayers.

Below we show that the pH-dependence of hydrophobicity of djurleite (Figure S) is consistent
with the dissolution-precipitation mechanism of the ASL adsorption at neutral and basic pH. In

contrast, it suggests that at acidic pH ASL is physisorbed through its carboxyl group.
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Figure 5. pH-dependent hydrophobicity of djurleite. It is assessed by measurements of (a) the contact
angle on the —10 pm djurleite particles conditioned in water and a 10-uM ASL solution and (b)
flotation recovery of —150 + 45 pum djurleite particles. The maximum relative standard deviation of
contact angle values in triplicate measurements (n=3) is 2%.
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As seen from Figure Sa, the contact angle measured on the djurleite particles conditioned in
ASL-free solutions at acidic pH is ca. 60°. The angle goes further down to ca. 53° at pH 7 and remains
the same at basic pH. It follows that the particles are hydrophilic in the whole pH range. The slight
increase in the hydrophilicity at basic pH can be explained by the established fact that at pH above 6
Cu(I) sulfides start to get oxidized and are covered by hydrophilic Cu(Il) hydroxide precipitates [21,
46, 47].

The picture changes remarkably in the presence of 10 uM ASL (Figure Sa): ASL makes the
sulfide surface more hydrophilic at acidic pH, as seen from a decrease of the contact angle from 60°
to ca. 40°. At pH 6-7, the surface suddenly becomes hydrophobic, which is manifested by a step-wise
increase in the contact angle from ca. 40° to 75°. As pH is increased further to pH 12, the contact angle
slowly increases to 78°. The same pH dependence is demonstrated by flotation recovery (Figure 5b).
It increases step-wise at pH 6-7 from ca. 20% at acidic pH to ca. 85% at basic pH. This pH dependence
is qualitatively different from that typically observed for other anionic surfactants. They typically
increase hydrophobicity of minerals at concentrations below CMC in a certain pH range. However,
hydrophobicity always goes down at alkaline pH (though there can be a second maximum) due to a
decline in the adsorption of anionic surfactants on the negatively charged mineral surfaces [18, 20].

The increased hydrophilicity of the sulfide surface at acidic pH suggests that ASL is adsorbed
through its carboxyl group while its sophorose groups point toward the solution. This interpretation is
supported by a low water contact angle of 48°+2° observed on the sophorose-terminated outer surface
of a self-assembled monolayer (SAM) ASL grafted to Au through its carboxylate headgroup [9]. The
step-wise increase in the hydrophobicity at neutral pH is consistent with the proposed model of the

surface precipitation of Cu(II)-ASL complexes and suggests that these complexes are hydrophobic.

XPS study of ASL adsorption on djurleite
The molecular structure of the hydrophobic Cu(II)-ASL precipitates was studied using XPS. Before
producing these results, we analyze the reference XPS spectra of the water-conditioned mineral, ASL

powder, and ASL-Cu(I)-SO4*~ precipitate.

Reference XPS spectra

Dijurleite conditioned in water. The survey spectrum of the —20 um mineral particles
conditioned in water at pH 7 shows that the only extraneous elements on their surface are C, O, and

traces of Si and Ca (Figure S5).
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The Cu 2p spectrum of the copper sulfide exhibits the principal Cu 2ps, peak at a binding
energy of 932.3 eV typical of Cu(I) in cuprous sulfides and oxides (Figure 6a) [48, 49]. Its pronounced
shoulder at ca. 933.7 eV and a strong shake-up satellite at 940-945 eV demonstrate the presence of
Cu(II) cations in cupric (hydr)oxides [48, 49]. The above results are in agreement with the position
and shape of the Cu L3M,4 sM, s Auger peak at a kinetic energy of 917.7 eV (Figure S13a) [48, 49].

The S 2p spectrum of the water-conditioned djurleite is dominated by the spin-orbit doublet at
161.4 eV typical of the S*~ ions of the cuprous sulfide (Figure 6b) [50, 51]. An additional weak doublet
at ca. 168.2 eV, which accounts for ca. 15% of surface S atoms, can be assigned to the S®* ions of
adsorbed SO4* groups [50]. These groups are formed on copper sulfides during storage in air [52].
Finally, curve fitting reveals a small doublet at 162.2 eV of Cu-deficient sulfide/polysulfide [53-55].
These species constitute ca. 12% of total surface S atoms. However, their actual surface concentration
can be higher and they can be accompanied by elemental sulfur S° because the XPS detection of these

species is not reliable (they are prone to sublimation under the UHV conditions) [54, 55].
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Figure 6. XPS of djurleite conditioned 30 min in water at pH 7: (a) Cu 2p, (b) S 2p, and (c) O 1s
spectra. Sat.=shake-up satellite.

The O 1s peak of the water-conditioned djurleite can be fitted with components at 529.6, 530.8,
531.3, 532.2, and 533.1 eV (Figure 6¢). The peaks at 529.6 and 530.8 eV can be assigned to the O
atoms in copper oxides (compare with 529.7-529.4 and 530.2-530.3 eV reported for CuO and Cu,0,
respectively [49, 56, 57]). The peak at 531.3 eV is due to hydroxyl groups. The peak at 532.4 eV can
be assigned to the O atoms in sulfate groups and adventitious organic contaminations [49, 58, 59]. The

minor peak at 533.1 eV is consistent with adsorbed water.
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Table 2. Atomic composition of djurleite conditioned in water and ASL solutions at pH 7 as compared
to the Cu(II)-ASL-SO,>~ precipitate and ASL powder. It was calculated from regional XPS spectra.

C, % % of O, |S,% | Cu, | Cu/S
sophorose C | % %
in total C

water 44.8 11.1 327 | 62 | 164 | 2.6

1 uM ASL 34.4 11.5 436 | 6.1 | 159 | 26

3 uM ASL 44.0 11.8 328 | 7.2 | 16.0 | 22

10 uM ASL 523 13.5 328 | 7.8 | 7.0 1.1

1 mM ASL 69.5 36.9 275 | 1.8 1.2 0.7
Cu(II)-ASL-SO4* | 31.9 36.8 485 | 63 | 6.8 1.1
ASL 71.6 383 284 | 0.1 - —

The atomic composition (Table 2) shows that the surface of the water-conditioned particles is
Cu-enriched: Its Cu/S atomic ratio is 2.6 vs. the stoichiometric ratio of 1.94 of djurleite. In addition,
the particles have a high surface concentration (45 at.%) of adventitious carbon (its C 1s spectrum is
shown in Figure S13b)), which explains the negative formal adsorption densities at low ASL
concentrations (Figure 3a).

In summary, the djurleite surface conditioned in water at pH 7 is strongly oxidized. The main
oxidation products are Cu(Il)/Cu(I) oxides and hydroxides, with admixture of Cu(I)SO, and
polysulfides, 12-15% each with respect to total S. This surface is copper-enriched and has high

concentration of adventitious carbon.

Bulk ASL. The C 1s spectrum of ASL (Figure 7a) is dominated by two peaks at 284.6 and
286.2 eV assigned to the sp? carbon of the hydrocarbon chain and oxidized carbon in the C-OH and
C-O-C groups of the sophorose headgroup, respectively [60, 61]. Smaller peaks at 287.6 eV and 288.9
eV are due to the two O-C-O linkages and the carboxyl (-COOH) group, respectively [60, 61]. This
peak assignment is supported by a much lower intensity of the 286.2 and 287.6 eV peaks for acidic
glucolipid (it has one glucose ring headgroup and one O-C-O linkage) (Figure S14). The O 1s
spectrum displays a broad peak at 532.6 eV (Figure S15a) that can be assigned to the overlapped
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peaks of sophorose and carboxylate/carboxyl groups. The C/O atomic ratio of bulk ASL is 2.5 (Table
2), which is close to the value of 2.3 expected for ASL (C;90Hs5013).
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Figure 7. XPS C 1s spectra: (a) bulk ASL; (b) bulk ASL-Cu(II)-SO,4>~ precipitate; (¢) their overlap;
and (d) bulk ASL-Cu(II)-SO,4*~ precipitate and djurleite conditioned with 1 mM ASL. Arrows in (d)
show a decrease in the relative intensities of the C-O-C/C-OH and COOH peaks in the ASL adlayer
as compared to the precipitate.
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Figure 8. Cu 2p spectrum of bulk ASL-Cu(II)-SO4> precipitate.
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Bulk ASL-Cu(I1)-SO /- precipitate. The Cu 2p photoelectron and Cu L;M,4 sMy s Auger spectra
of the ASL-Cu(II)-SO42~ precipitate are characteristic of the Cu(II) cations coordinating SO42~ groups
(Figures 8 and S15a, respectively). The presence of sulfate groups is confirmed by the S 2p spectrum
(Figure S15c¢). In addition, the Cu 2p;/, peak displays a shoulder at 932.4 eV (Figures 8) which
contributes 14+1% to the total Cu 2ps3,, peak. This shoulder can be assigned to the Cu(I) cations that
can be intrinsic or formed by the reduction of Cu(Il) under XPS conditions [62-64]. It is known that
the secondary and flood gun electrons can reduce Cu(Il) in the presence of organic matter [62].

The O 1s peak of the precipitate is shifted from 532.6 eV observed for ASL to 532.1 eV (Figure
S15a), which can be explained by the contribution of the O atoms of the SO4>~ groups.

As compared to bulk ASL, the precipitate is characterized by broader C 1s peaks (Figure 7¢),
which indicates that the chemical environment of its carbon atoms is more inhomogeneous. The C-O-
C/C-OH sophorose peak is shifted from 286.2 eV observed for ASL to 286.05 eV. Carbohydrates
typically form complexes with metal cations through replacement of the proton in the OH groups
attached to the anomeric carbon C! and C? (see [65] and references therein). Importantly, intensity of
the C-O-C/C-OH sophorose peak decreases relative to the saturated hydrocarbon peak, pointing out
that the sophorose groups in the precipitate are more buried under the hydrocarbon chains than in ASL.

The remaining differences in the C 1s spectra of the precipitate can be described by a shift of
the O-C-O peak from 287.6 to 287. 2 eV and the appearance of a new peak at 288.1 eV (Figure 7b).
The former effect is in line with the shift of the main sophorose peak in the same direction, both
indicating that the sophorose groups interact with Cu(II). The new peak at 288.1 eV can be assigned
to the carboxylate groups coordinated by Cu(Il). For comparison, the C 1s peak of carboxylic groups
of long-chain n-alkyl carboxylic acids shifts from 289.0 eV to 288.3 eV when the acids are adsorbed
on copper [66]. Similarly, the C 1s peak of carboxylic groups of the carboxylated graphene shifts from
289.0 eV to 288.5 eV upon adsorption of Cu(Il) cations [67].

The decrease in the binding energy of the C 1s electrons of carboxylate groups upon their
coordination to copper can be explained by the covalent character of the coordination bond [68].
According to Pauling’s valence compensation rule, such a bond would polarize the valence electron
density of the coordinated O atom toward the coordinating Cu(Il) cation. This would weaken the
covalent C-O bond that involves the O atom that coordinates Cu(Il). As a result, the valence electron
density on the C atom of this bond would increase, which would downshift the binding energy of its

C 1s core-level electron. A similar interpretation has been proposed for a decrease in the binding
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energy of the C 1s photoelectron of the -C-S,™~ group of xanthate in the Cu(Il)-xanthate precipitates as
compared to an alkali metal xanthate salt [69].

The inferred interaction of both the headgroups of ASL with Cu(Il) is consistent with FTIR
spectra of the precipitate (Figure S16). In addition, the FTIR spectra suggest that the carboxylate group

of ASL forms a monodentate complex with Cu(Il).

Interaction of djurleite with ASL
The XPS spectra of djurleite particles conditioned at ASL concentrations from 1 uM to 1 mM

ASL and pH 6.5-7.0 (Figure 9) allow us to draw the following four main conclusions.
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Figure 9. Effect of ASL concentration in the 0-1-mM range at pH 6.5-7.0 on XPS spectra of djurleite:
(a) Cu 2p, (b) C 1s, (c) S 2p, and (d) O 1s regions. The peak intensities in (b)-(d) are normalized by
the most intensive peak. Color code: blue=water, green=1 uM ASL, red=10 uM ASL, black=1 mM
ASL. The trend corresponding to increasing ASL concentration is shown by arrows.

Firstly, changes in the surface atomic concentrations indicate that the amount of adsorbed ASL
increases with ASL concentration (Table 2). As ASL concentration increases, the percentage of C

atoms increases, while that of Cu and S decreases, as expected for an organic layer covering the
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surface. This effect also manifests itself by a gradual lowering of the background in the Cu 2p spectra
(Tougaard’s effect [70, 71]) (Figure 9a). The C 1s spectra show the consistent increase in the relative
intensity of the sophorose peak at 286.2 eV (Figure 9b). The O 1s spectra show the appearance and
gradual growth of a new component at 532.6 eV consistent with adsorbed ASL (Figure 9d). In the
limiting case of 1 mM, ASL the O 1s peak is located at 532.6 eV becoming similar to that of bulk ASL
(Figure S15b). The exception is the tail toward lower binding energies which can be assigned to the
O-Cu(II) bonds of adsorbed ASL.

Secondly, the XPS spectra demonstrate that ASL strips off copper (hydr)oxides from the sulfide
surface. Specifically, the Cu(Il) signatures (the high binding-energy shoulders and the shake-up
satellites) are gradually suppressed in the Cu 2p spectra as ASL concentration is increased from 1 uM
to 1 mM (Figure 9a). The Cu L3;M,sMy s Auger peak acquires features typical of Cu,S rather than
Cu,0 [48, 49] (Figure S15b), while the O 1s spectra show a decrease in the relative intensities of the
oxides and hydroxide peaks at 529.6 and 531.3 eV, respectively (Figure 9d). We should note that the
removal of Cu(Il) is partially accounted for by the Cu(II) reduction to Cu(I) under the XPS conditions
[62-64]. Indeed, Figure S17 shows that an increase in the number of scans decreases the Cu(Il)
signatures in the Cu 2p spectrum of the sulfide conditioned at 1 mM ASL. However, the dependence
of the Cu(Il) features on the ASL concentration along with the leaching results (Figure 3b) suggests
that the main mechanism of the Cu(Il) removal is the ASL-promoted dissolution.

Thirdly, as the ASL concentration is increased from 0 to 1 mM, the sulfide surface is
transformed from metal- to sulfur- rich. In fact, even with the contribution from the Cu(Il)-ASL
precipitates to the Cu 2p peaks, the Cu/S atomic ratio drops from 2.6 to 0.7 (Table 2). Accordingly,
the S 2p spectra exhibit a steep increase in the metal polysulfide/metal deficient species at 1 mM ASL
(Figures 9c and S18). The formation of the sulfur-rich sulfide surface agrees with the metal-leaching
properties of ASL. ASL dissolves the protecting Cu(Il) hydroxide coating on the sulfide surface
exposing the underlying sulfur-rich surface. This surface is exposed to dissolved oxygen, which causes
its further oxidative corrosion. This reaction starts at basic pH presents with dissolution of Cu(Il)
cations which leads to the formation of a sulfur-rich surface and precipitated Cu(II) hydroxide [21]:

Cu,S + %2 O, + H,O = CuS + Cu''(OH),. (1)
In addition, the S 2p spectra demonstrate the SO4>~ doublet at 168.2 eV even after adsorption of more
than one ASL monolayer at 1 mM. Since SO4>~ groups are formed by the sulfide oxidation in air [52],

their persistence suggests that the ASL adlayer is non-uniform.
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The fourth and most important conclusion is that the ASL adlayer can be described as
precipitated Cu(II)-ASL complexes. This conclusion follows from the close similarity of the C 1s
spectra of the ASL adsorbed at 1 mM and the ASL-Cu(II)-SO,?~ precipitate (Figure 7d). The exception
is that the adlayer is characterized by a lower relative intensity of the sophorose and carboxyl peaks at
286.2 eV and 289.0 eV, respectively. This difference indicates that both the headgroups are shielded
more strongly by the hydrocarbon chains in the adlayer as compared to the precipitate.

It has been shown earlier that carboxylate-bridged Cu(Il) cations can form multi-ligand
polynuclear complexes with saccharide groups at alkaline pH by replacing proton in the acidic OH
group attached to the anomeric carbon of the saccharide (see [65] and references therein). This
chemical interaction has been proposed to explain spectra of polysaccharides adsorbed on minerals

[26-29]. It can be written for the sophorose group of ASL as:

zguﬂ-o-H + HO-C(sph)-R-COO~ = ECéiu”-O-C(sph)-R-COO‘ +H,0, )

H H

where =Cu'(OH), is the hydroxylated surface site and HO-C(sph) denotes the reactive OH group of
the sophorose headgroup and R is the C18:1 hydrocarbon chain. Since reaction (2) decreases the local
negative charge on the adsorption site, we propose that it facilitates the interaction of the adsorption
site with the negatively-charged carboxylate group of ASL through the ligand exchange that results in

the formation of a neutral ASL-Cu(Il) ring complex:

/O-C(slgh)
EguH-O-C(sph)-R-COO = =Cu" + OH". 3)

H — \o-%/

The formation of a monodentate complex between the carboxylate group of ASL and Cu(Il) is
observed by FTIR for the ASL-Cu(II)-SO,4>~ precipitate (Figure S16). Further spectroscopic studies
are required to elucidate the chemical structure and organization of the Cu(II)-ASL chelating
complexes on the sulfide surface.

Combining all the results, we propose the following adsorption mechanism for ASL on djurleite
(Scheme 3). At acidic pH, in the absence of adsorbed hydroxyls, ASL is adsorbed in the molecular
form through the carboxyl group, while the sophorose group points out rendering the surface
hydrophilic. When the sulfide surface becomes hydroxylated at neutral and basic pH, the adsorption

mechanism is switched to the ligand-promoted dissolution-precipitation. It starts with chelating of ASL
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to a hydroxylated Cu(II) surface site through reactions (2)-(3), followed by dissolution of the Cu(II)-
ASL chelating complexes, their aggregation in the electric double layer, and surface precipitation.

These precipitates are hydrophobic and hence make the surface hydrophobic too.

pH<6 pH>6
ASL
m Cu(ll)-ASL m Cu(l1)-ASL
complex precipitate
—
{\H OH OH Cu(OH),

ASL concentration increases —

Scheme 3. Proposed mechanisms of the ASL adsorption on djurleite at acidic pH through
physisorption and at neutral and basic pH through ligand-promoted dissolution-precipitation.

Surface precipitation of hydrophobic metal-ligand complexes has previously been accepted as
one of the main mechanisms of mineral hydrophobization by thiol and hydroxamate collectors [72-
76]. It also has been postulated for the adsorption of carboxymethyl cellulose on metal sulfides [25].
Surface oxidation followed by precipitation of copper dodecanoate has been proposed to render a
copper surface superhydrophobic in solutions of sodium dodecanoate through conversion of copper
dodecanoate precipitate into a superhydrophobic sheet structure [66]. We are the first to report surface
precipitation of the metal-surfactant complexes as the adsorption and surface hydrophobization

mechanism for glycolipid surfactants.

Conclusions

Due to its asymmetric bola structure and the presence of a carboxyl group, ASL demonstrates
unconventional pH-dependent interfacial behavior. ASL is most active at the air-water interface at pH
8 due to its self-assembly in dimers of the I1-shaped molecules interacting with one another through
their carboxyl/carboxylate groups (Scheme 2). The CMC of ASL also depends on pH reaching the
minimum value of 40 uM at pH 7, which suggests that ASL self-assembles in micelles in similarly-
coupled dimers.

In contrast to conventional (one headgroup-one tail) surfactants at concentrations below CMC,
ASL adsorption can make the mineral surface either hydrophilic or hydrophobic depending on pH
(Scheme 3). Specifically, ASL renders djurleite hydrophilic at acidic pH and hydrophobic at neutral

and basic pH. The hydrophilicity is consistent with the surfactant physisorption through its carboxyl
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group, while the hydrophobicity is caused by the ligand-promoted dissolution-precipitation
mechanism. The latter is underpinned by the strong metal-leaching activity of ASL stemming from its
capacity to form ring chelates. The Cu(II)-ASL precipitates are responsible for an usual increase in the
positive zeta potential of djurleite at alkaline pH.

In addition, ASL demonstrates detergency properties with respect to hydrophobic surface
species such as elemental sulfur and adventitious carbon, these properties being synergistic with the
adsorption and leaching properties of the surfactant.

The multifunctional interfacial properties of ASL can be of interest for several applications. In
particular, the leaching properties can be employed in the hydrometallurgical extraction of metals,
while the strong chelating properties can open a door for ASL in ion separation using foam flotation.
The pH-controlled role of ASL as either a depressant or collector is very attractive for mineral
separation using froth flotation. Toward these practical applications, further studies and tests are

required.

Supplementary Material

1. Biosynthesis (Culture conditions, Biosynthesis and purification) and characterization of ASL
(HPLC and GC analysis of ASL; FTIR spectrum of ASL powder; HPLC-ELSD chromatogram of
ASL; ICP-MS analysis of a 1 mM (622 mg/L) ASL solution)

2. Characterization of Djurleite (Photograph as received from the supplier; SEM image and XRD

of the —20 um size fraction of ground djurleite).

3. Additional XPS data: Mounting of sulfide particles on the XPS holder; Effect of ASL
concentration on the Cu/S ratio in solution; XPS survey spectra of djurleite particles conditioned in
water and in ASL solutions; XPS C 1 spectrum of djurleite conditioned in water at pH 7; Effect of
ASL concentration on the Cu Auger peak of djurleite at pH 7; Comparison of XPS C 1 s peaks of
ASL and acidic glucolipid (AGL) and Chemical structure of AGL; Auger, XPS O Is, and S 2p
spectra of the ASL-Cu(II)-SO4* precipitate; Comparison the Ols peaks of solid ASL and djurleite
conditioned at 1 mM ASL (pH 7); Effect of the exposure to the XPS conditions on the Cu 2p
spectrum of djurleite conditioned in a 10-3 M ASL solution at pH 7; curve-fitted XPS S 2p spectrum
of djurleite conditioned in 1-mM ASL solution at pH 7.
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4. Additional data: Calibration curve for the TOC analysis; Extraction of the CMC values of ASL
from surface tension; Effect of pH on zeta potential of —10 pm djurleite in water in the absence and
presence of 10 uM ASL; Zeta Potential of the ASL-Cu(II)-SO,?* precipitate as a function of pH in

water.

5. FTIR spectra of ASL and the ASL-Cu(I)-SO,* precipitate.
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Highlights

Due to its asymmetric bola structure, acidic sophorolipid (ASL) has unconventional pH-
dependent interfacial properties.

At the air-water interface, ASL molecules acquire a II-shape and interact with one another
through their carboxyl/carboxylate groups.

ASL renders copper sulfide hydrophilic at acidic pH and hydrophobic at neutral and basic pH.

The stepwise increase in hydrophobicity is caused by precipitation of hydrophobic Cu(I)-ASL
complexes.

The ligand-promoted dissolution-precipitation mechanism of the ASL adsorption is

underpinned by the strong metal-leaching activity of ASL linked to its capacity to form ring chelates.
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