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Abstract: The present study introduces scattering-type scanning near-field infrared optical
nanospectroscopy (s-SNIM) as a valuable and well-suited tool for spectrally fingerprinting n-butyl
xanthate (KBX) molecules adsorbed to chalcopyrite (CCP) sample surfaces. The collector KBX is well
known to float CCP and is used in beneficiation. We thus identified KBX reaction products both by IR
optical far- and near-field techniques, applying attenuated total internal reflection Fourier-transform
infrared spectroscopy (ATR FT-IR) in comparison to s-SNIM, respectively. The major KBX band
around 880 cm~! was probed in s-SNIM using both the tunable free-electron laser FELBE at the
Helmholtz-Zentrum Dresden-Rossendorf facility, Germany, and table-top CO; laser illumination.
We then were able to monitor the KBX agglomeration in patches <500 nm in diameter at the CCP
surface, as well as nanospectroscopically identify the presence of KBX reaction products down to the
10~* M concentration.

Keywords: potassium n-butyl xanthate; chalcopyrite; flotation; near-field nanoscopy; IR spectroscopy;
scanning probe microscopy; fingerprint region; ultra-low concentration

1. Introduction

Flotation is known as one of the most frequently used technologies in the mineral processing
industries, annually separating billions of tons of valuable minerals from worthless material.
Many primary resources of copper, zing, lead, gold, platinum group metals (PGM), graphite, etc.
may be recovered by this process. The technology is based on the control of the wettability of mineral
surfaces using the selective adsorption of amphiphilic molecules. Even though the process has been
established for more than a century, the microscopic understanding of flotation still stands in its infancy;
little is known, for instance, about the spatial coverage and adsorption of the mediating amphiphilic
molecules, e.g., when varying the local chemical environment or the surface potential, influencing
the recovery of valuables and the separation efficiency of the flotation process. Also, the adsorption
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kinetics is far from being understood. Hence, contributions to an in-depth fundamental understanding
by applying modern analytical techniques are warranted. Here, we introduced optical near-field
techniques as a valuable methodology to collect both spectroscopic and microscopic data from such
sample systems, down to the nanometer scale. We used potassium n-butyl xanthate (C4HyOCSSK:
KBX) adsorbed to chalcopyrite (CCP) as the model system, and tracked the relevant optical fingerprint
regions for the amphiphilic KBX reaction products by both the infrared (IR) optical far and near
field using attenuated total reflection Fourier-transform infrared spectroscopy (ATR FT-IR) and
scattering-type scanning near-field infrared optical nanospectroscopy (s-SNIM), respectively.

Xanthates, e.g., KBX, are organic collector molecules that are frequently used for the flotation
of sulfide minerals such as CCP, sphalerite, and galena. The chemical and physical nature of
the sulfide-mineral/xanthate interface and the specific xanthate-to-mineral interactions have been
the subject of numerous investigations by means of FI-IR [1-5], X-ray photoelectron spectroscopy
(XPS) [6-12], X-ray absorption near edge fine structure (XANES) [13,14], and secondary ion mass
spectrometry (SIMS) [15-20]. On the nanometer length scale, Beattie and co-workers investigated
the interactions of various polymeric surfactants with minerals (including CCP) [21-24] manifesting
the paramount role of sub-micrometer domains generated by the adsorbates and attachment of the
bubble-particle systems using in situ atomic-force-microscopy (AFM) imaging combined with other
techniques. Additionally, Zhang and Zhang [25] were able to elucidate the adsorption conditions of
several xanthate collector molecules onto CCP surfaces by using in situ AFM operated in a liquid
cell [26].

The latter nanoscopic works report on the non-continuous adsorption of amphiphilic molecules
to the CCP substrate, agglomerating in patches of sub-micrometer size that obviously are not resolved
by standard optical microscopy. This constitutes the major driving force for the present study,
i.e., by combining optical nano-spectroscopy in the mid-IR wavelength range with the high lateral
resolution of s-SNIM. To the best of our knowledge, no information is available on any optical
nanoscopic ex situ investigation on the KBX/CCP interface that aims to visualize the distribution of
the collector reaction products on dried CCP substrates. Moreover, it is still far from being understood
how the adsorption conditions of the xanthate surfactants affect the floatability of sulfide minerals and
the ability of such particles to attach to air bubbles.

Scattering scanning near-field infrared optical nanospectroscopy (s-SNIM) combines nanoscopic
atomic force microscopy (AFM) with IR spectroscopy and, hence, may be applied in order to obtain
high-resolution, spectrally-resolved images in the fingerprint region of these molecules [27-29].
In particular, s-SNIM was used as a versatile tool to image the nano-optical contrast with a
wavelength-independent resolution of a few tens of nanometers [30] and over a broad frequency
range from near-infrared (NIR) down to a frequency of 1 THz [31-33]. s-SNIM has witnessed a huge
boost over the last 15 years, investigating image contrasts, e.g., of phonon/polariton-modes [34,35], IR
optical anisotropy [36], and (buried) charge carrier densities in semiconductors [37,38]; quantifying
stress and strain [39]; or inspecting vibrational modes in molecules [40]. All of these examples clearly
illustrate the manifold benefits of this nanoscopic IR technique.

In the present work, we investigated the reaction products of KBX molecules adsorbed to natural
CCP sample surfaces. Our primary goal was to visualize the spatial distribution of the reaction products
on the mineral surface and target their fingerprint resonances in the surface-bound state. Therefore, we
followed the concept of our previous works when investigating organic porphyrin monolayers on
a metallic surface by optical near-field microscopy [41]. In the present work, we addressed the
fingerprint region of KBX by combining s-SNIM with mid-IR laser sources, i.e., a table-top CO,
laser and the free-electron laser (FEL) FELBE at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR)
facility, Germany, that offers a precisely tunable, narrow-band laser beam with an extremely broad
tunability range from 40 to 2000 cm ™! (5 to 250 um) [32,42,43]. Moreover, s-SNIM was also applied to
visualize the lateral distribution of KBX reaction products adsorbed to the CCP surface, followed by
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scanning the sample relative to the “optical” tip at a fixed IR wavelength. Note that all samples were
also inspected by ATR FT-IR spectroscopy prior to s-SNIM inspection.

2. Materials and Methods

2.1. Materials and Sample Preparation

The raw materials used in this study include natural chalcopyrite (CCP) minerals provided by the
Henderson Mine, South Africa, and technical-grade K-butyl-xanthate (KBX, 95% purity) purchased
from J&K Scientific Ltd., Beijing, China. For ATR FT-IR spectroscopic investigations, all samples were
prepared using the following protocol: 100 mg of CCP powder was added to a 10-mL 10~2 M solution
of aqueous KBX (pH = 9). This suspension then was stirred for 10 min with the pH kept constant
by adding potassium hydroxide and hydrochloric acid. Note that a pH of 9 was chosen since many
similar industrial processes are carried using such a pH. After 10 min, the particles of the reaction
product (CCPX-2a) were filtered, thoroughly washed off the sample surface with water, and then
dried overnight at 40 °C. The same procedure was applied to primary KBX solutions of 10~3 M and
10~* M concentrations with the goal to synthesize CCPX-3a and CCCPX-4a samples, respectively.
Note that industrial processes generally use KBX concentrations of 1072 M and 10~* M or lower, due
to economic and environmental aspects.

Samples used for our s-SNIM investigations were prepared analogously. Nevertheless, since a
flat sample topography is preferred in s-SNIM, a CCP sample several cm? large was embedded
into an epoxy polymer resin until it was completely hardened. The sample was then cut into
two pieces and mechanically polished to a <5 nm RMS (root mean squared) sample surface roughness
prior to KBX adsorption. The overall surface area of the CCP was several cm? and several cm? in
volume. During polishing, the resin was already completely hardened, making it much less reactive.
With respect to the volume of the bulk CCP, it appears unlikely that the resin could reach the center area
of the rock during embedding where the AFM measurements were carried out. Previous studies with a
similar sample preparation did not reveal any influence of the epoxy [44,45]. However, a contamination
of the CCP surface with the hardened epoxy polymer during embedding and polishing cannot be
completely ruled out. Subsequently, the substrates were processed using the same protocol as described
above for the three KBX concentrations, resulting in samples CCPX-2b, CCPX-3b, and CCPX-4b for
KBX concentrations of 1072 M, 103 M, and 10~* M, respectively.

2.2. ATR FT-IR Measurements

ATR FT-IR measurements (see Figure 1) were carried out with a Bruker Vertex 80/v spectrometer
(Billerica, MA, USA) using an ATR device with a diamond crystal with nine internal reflections
on the upper surface and an angle of incidence of 45° (DURA SamplIR II, Smiths Inc., Edgewood,
MD, USA). Transmission spectra were recorded with a mercury cadmium telluride detector over the
spectral range of 650-1300 cm ! with a spectral resolution of 4 cm~!. For each measurement, 256
individual spectra were averaged. For these IR measurements, samples of CCP, CCPX-2a, CCPX-3a,
and CCPX-4a, were dispersed in distilled water at a concentration of 2.5 g/L. As a reference, the bare
KBX material was dissolved in water at the same concentrations. Then, aliquots of 2.5 puL from each of
these dispersions/solutions were dried on the surface of the ATR crystal in a gentle nitrogen stream.
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Figure 1. Macroscopic ATR FT-IR spectra of (a) pure KBX and (b) untreated CCP substrate, as well as
CCPX-2a and CCPX-3a samples. The dashed lines 1 to 5 in (b) correspond to the spectral positions of
the spatio-spectral investigations when using the FEL in combination with s-SNIM (see Figure 3b—f).

2.3. Near-Field Microscopy Setup

The s-SNIM microscope is based on a home-built AFM that is operated in non-contact mode,

with the AFM tip oscillating a few nanometers above the sample surface (see Figure 2). In s-SNIM,
the impinging mid-infrared laser light (either the FEL or the CO, laser) induces an optical dipole
into the metal-coated tip that confines the enhanced optical near field under the tip apex to a probing
volume of a few (10 nm)? only. The near-field coupled tip-sample system scatters back to the far-field
detector carrying the optical signature of the probing volume. Note that the total scattering efficiency
in s-SNIM strongly depends on both the sample material under investigation and the impinging IR
laser wavelengths. Hence, using tunable IR light sources as offered by the FEL allows for exploring the
whole fingerprint region of any such sample, as well as dramatically enhances the image contrast at

material resonances. A lateral resolution of a few tens of nanometers thus is achievable by s-SNIM

with monolayer sensitivity [46].

Figure 2. Schematic drawing of the s-SNIM setup. s-polarized mid-infrared light is focused onto an
AFM tip/CCP-sample (purple) junction, confining the near field under the tip apex. The coupled
tip/sample dipole interaction scatters back into the far-field and is demodulated at higher cantilever
harmonics. Note the greenish parts at the sample surface that represent the patchy adsorption of KBX
molecules to the CCP.
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In the present work, the reaction product of KBX molecules in different concentrations and CCP
(samples CCPX-2b, CCPX-3b, and CCPX-4b) were studied in the mid-IR wavelength regime from 740
to 1260 cm ™!, in accordance with our ATR FT-IR measurements. The study of CCPX-2b was performed
with the FEL, revealing maximum sensitivity around 880 cm~!. Moreover, the samples prepared with
a lower KBX concentration (i.e., CCPX-3b and CCPX-4b) were studied as well, using the table-top
CO; laser at the same maximum spectral position around 880 cm ™!
for CCPX-2b.

s-SNIM imaging was performed by raster scanning the sample under the tip over a typical

10 pm x 10 pm surface area with a pixel resolution of ~80 nm (128 x 128 pixels per frame). In order to

as was employed by the FEL

suppress laser noise, the image acquisition time was adjusted to line-scan times of 6.3 s and 5 s when
using the FEL and CO; laser, respectively, with the pixel averaging time was then set to 130 ms and
50 ms. Note that true near-field contrast can be retrieved in s-SNIM when demodulating (and plotting)
higher harmonics of the evanescent near-field signal [27,42,47]. Unwanted background scattering
that reduces the signal-to-noise ration (SNR) can be further reduced when using a cross-polarized
illumination/detection scheme [48]. In the work reported here, we consistently used s-polarized
incident light with p-polarized detection and plotted the second-harmonic near-field information.

3. Results

3.1. ATR FT-IR Measurements

CCP and KBX raw materials as well as CCPX-2a, CCPX-3a, and CCPX-4a products were
firstly investigated by macroscopic mid-IR spectroscopy with the goal of retrieving their relevant IR
fingerprint regions and absorption bands for our s-SNIM investigation to follow. Figure 1a presents the
IR spectrum of the bare KBX for the mid-IR wavelength regime of 650 cm ! to 1300 cm~!. Here, broad
overlapping bands are observed, with two major features showing up at 993 cm~! and 1103 cm .
The latter is assigned to modes of the -CS2- functional group. The spectrum shows slight differences
in comparison to previously published data [49]. In particular, the absorption band around 1000 cm~*
can hardly be related to KBX. With respect to the given KBX purity of about 95%, this band is obviously
due to unknown impurities of KBX. As a consequence, we selected those wavenumbers for our
KBX near-field investigations that are published in the literature and that are not strongly affected
by impurities.

Figure 1b shows the IR spectra of CCP as well as the reaction products after conditioning with
1072 M and 10~3 M aqueous KBX solutions, namely samples CCPX-2a and CCPX-3a. The spectrum of
untreated CCP shows a characteristic broad absorption band around 1100 cm~!. After conditioning
with 1072 M KBX the spectrum changes significantly, showing a much higher absolute value as well as
significant bands that may partly be attributed to the spectrum of bare KBX (Figure 1a). The spectral
differences between KBX (Figure 1a) and the CCP-KBX reaction products (Figure 1b) are based on
the new chemical structure of the compounds obtained after KBX conditioning on the CCP surface,
an effect that is known for flotation reactions [50-52] as the composition of the reaction products varies
strongly on the conditioning parameters. The reaction products have been investigated by several
groups with FT-IR [7], XPS [53], and other X-ray techniques [54], leading to the conclusion that the
reaction product is dominated by cuprous xanthate and dixanthogen.

When the CCP was conditioned at a lower 103 M KBX concentration, the IR spectrum of the
product obtained changed drastically. In particular, bands with lower intensities and at different
frequencies were observed, suggesting the presence of new CCP-KBX products with a changed
chemical structure. Note that these spectra might partly contain absorption peaks of reaction products
as reported for the 1072 M KBX case. Nevertheless, their concentration was too low to be detected by
the ATR FT-IR technique.
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3.2. s-SNIM of the CCPX-2b Sample Applying the Free-Electron Laser

FEL near-field examinations were carried out on the CCPX-2b sample (102 M concentration) over
the spectral range of 760-1260 cm ™. In Figure 3 we present selected results of these measurements
at specific wavelengths, as indicated in Figure 1b. Note that the full set of scan data is displayed
in the supplementary information in Figure S1. The topography of the investigated area with a
14 pm x 14 pm size is illustrated in Figure 3a. The surface roughness is less than 2 nm. Besides a crack
in the upper part of the scan (see Figure 3a) and some debris particles, the surface appears flat and
does not show larger clusters of KBX reaction products, as was reported by Mikhlin et al. [55] in their
liquid-cell AFM investigations. The corresponding near-field images are displayed in Figure 3b—f.
Since both the spectral power density, the detector responsivity, and the effective focal size might
slightly vary for different wavenumbers, the vertical z-scale bars were normalized for better comparison
(contrast ranges from 0 to 1).

(a) Topograph

z [nm]

o

(c) FEL(2),840cm™t?

NF [A.U.] -

o

NF [A.U.]

Figure 3. Scan area (14 um x 14 um) of a CCPX-2a sample examined with the free-electron laser (FEL).
Displayed are (a) the sample topography and (b-f) the corresponding near-field (NF) images recorded
at (b) 760 cm ™!, (c) 840 cm~1, (d) 880 cm ™!, (e) 960 cm~!, and (f) 1100 cm~!. The sample surface
exhibits an RMS roughness of <2 nm, and thus allows for associating the near-field contrast in pictures
(b—f) with effective molecular signatures. No contrast is observed in images (b,e), while elongated
patches at 840 cm~!, 880 cm~!, and 1110 cm~! show an increased /reduced near-field signal in images
(c,d,£), respectively, that can be associated with the presence of KBX reaction products.

The frequencies for the nanoscopic near-field examination (Figure 3b—f) were chosen from the
macroscopic ATR FT-IR data as indicated in Figure 1b. Figure 3b shows the near-field response at
760 cm~!, where no absorption after KBX treatment was observed in the mid-IR data. This near-field
image shows a very homogeneous continuous response over the whole sample area. The small dots
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and area of low signal stem from topographic artifacts and irregularities (e.g., the crater in the top
of the image), or result from impurities (dust particles, etc.) at the sample surface. At a frequency
of 965 cm ! (see Figure 3e), the sample containing 10~2 M KBX showed a quite similar absorption
behavior to the untreated CCP sample apart from a remarkable near-field signal offset (background).
Hence, no material contrast of the KBX was expected and the near-field image looks very similar to
Figure 3b.

The s-SNIM examinations displayed in Figure 3b,e show a very low material contrast between
the KBX reaction products and the CCP substrate. At 840 ecm ! and 880 cm™! (Figure 3c,d), however,
an elongated, clustered area with a clearly enhanced near-field signature appears, indicating the
resonant condition of adsorbed KBX reaction products at this wavelength. The observed elongated
area consists of a few larger patches that are interconnected by a few thin channels with a lateral size
as small as 700 nm. The contrast is largest for the 880 cm~! measurement. At 840 cm™1, the area
is circumscribed by a thin line of low signal, which originates from a phase-jump in the near-field
measurement when the tip moves from one material to the other. This characteristic response indicates
the resonant behavior of the KBX reaction products compared to the non-resonantly excited CCP
substrate. Note that at exactly this wavenumber, the mid-IR spectrum also shows an enhanced signal,
leading to the conclusion that this material is indeed the KBX reaction product.

The same structure is also visible in Figure 3f for a frequency of 1110 cm~!, where an inverted
contrast is found. This contrast reversal is again characteristic for resonant excitation in near-field
microscopy when tuning the wavelength over the resonance [34,36]. At this wavelength, the structure
is not as clear as in Figure 3¢, which is consistent with the mid-IR data, where the difference between
the untreated CCP and the 10~2 M KBX sample is much lower. Note also the weak interference
pattern (horizontal stripes) seen in Figure 3f, which is a typical artifact in near-field microscopy due
to multiple reflections from the sample surface and cantilever. In conclusion, this spectral behavior
is very typical for a nano-spectroscopic measurement and links the macroscopic mid-IR data to the
nanoscale structures of the KBX reaction product.

3.3. s-SNIM of CCPX-3b and CCPX-4b Samples with the CO,-Laser

The adsorption of KBX on CCP may generate quite irregular and even three-dimensional
aggregates, as reported by Mikhlin et al. [55]. This is certainly due to the higher KBX
concentration of >10~2 M used in all of the previous works, including the paper by Mikhlin et al.
Nevertheless, the mining industry prefers much lower KBX concentrations, which result in a subtler
adsorption at the CCP surface. We address these demands by preparing adequate samples, i.e.,
CCPX-3b and CCPX-4b. In fact, as shown below, our s-SNIM technique is readily capable to monitor
the KBX presence at these low concentrations as well as when tracking the 880 cm~! peak. Note that
we switch from the application of the FEL to a table-top CO, laser system.

Figure 4 illustrates a detailed study of the 10~3-M-treated sample, with Figure 4a,b displaying the
topography and s-SNIM response of a 40 pm x 40 pm overview scan, respectively. As seen, the sample
provides a relatively flat surface topography, but exhibits a several micrometers-wide and a 100-nm
deep canyon in the bottom left corner of the image. The near-field response shows an enhanced signal
of microstructures in two distinct areas, namely close to the canyon and in the top middle of the scan.
Figure 4c—f display magnifications of those areas, respectively, as indicated in Figure 4a. Figure 4c
shows a close-up view of the sample topographic around the canyon area, while the corresponding
s-SNIM plot exhibits an enhanced signal on the top plateau next to the canyon, where the KBX reaction
products seems to favorably agglomerate. In contrast, the surface of the second zoom area as displayed
in Figure 4e appears flat except for some smaller features. An enhanced near-field signal can be found
on a completely flat area with a size of roughly 2 um x 8 um in the top right area of Figure 4f.

Additional near-field results of the 10~* M sample recorded at a laser frequency of 880 cm ™! are
displayed in Figure 5. The topography information in Figure 5a displays a relatively smooth and
flat surface with very little contamination by particles or adsorbates. The near field as displayed in
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Figure 5b shows twines that form a web-like structure. The largest signal is exhibited in the lower
right part of the image, where the twines have the strongest density and the contrast to the substrate
is obvious. However, in the upper left part of the image, the concentration is much smaller and the
twines seem to be less broad, namely as small as 500 nm. Here, the contrast is close to the detection
limit until it completely vanishes.

The measurements with the CO; laser demonstrate that our approach is readily able to identify
KBX reaction products at the CCP sample surface at a very low concentration, comparable to industry
standards. We found different shapes for agglomerates of KBX reaction products on the CCP surface
that are in most cases located close to defects of the CCP surface. The application of the s-SNIM
technique allows for the resolution of structures as small as 500 nm in lateral size at 880 cm ! (i.e., at a
wavelength of 11.4 pm) corresponding to a resolution of A/22.

(b) CO, laser, 880 cm!

a
( )TOpogphv 50 .
= )
£ <
~ n
0 0
(c) Topography )30 (d) CO, laser, 880 cm*
4 um 4 pm
—_ )
£ <
~ &
0 _ 0
Topograph 1
(e) Topography 150 (f) CO, laser, 880 cm .
2 pm
= =
£ <
M .
=2
0 0

Figure 4. Investigations of KBX reaction products distribution on the 1073 M KBX-treated sample
(CCPX-3b) at 880 cm ! using the CO; laser. (a) A 40 um x 40 pm overview topography scan of the
examined area. Red squares mark the areas of magnified scans in c,d and e f, respectively. (b) shows
the near-field signal on the same area as the overview scan in (a). In particular, two areas (bottom left
and top middle) show enhanced near-field response. The topography of the 10 pm x 10 um magnified
scan with a 3-um wide and 100-nm deep curved canyon is depicted in (c). (d) shows the corresponding
near-field response with a strongly enhanced signal at the cliffs of the scan. An 8 um x 8 um scan of a
rather flat area can be found in (e). Here, an enhanced near-field signal (f) is found in an area with a

size of roughly 8 pum x 2 pm.



Minerals 2018, 8,118 90f12

(a) Topography
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Figure 5. Investigations of KBX reaction products distribution on a 107* M KBX-treated sample,
CCCPX-4b. (a) The topography of a 10 um x 20 um area is depicted. (b) Near-field response of the
same area at 880 cm ! probed with the COj laser, revealing an enhanced signal in a web-like structure.

4. Conclusions

We demonstrated that scattering-type scanning near-field infrared optical nanospectroscopy
(s-SNIM) operated with the FELBE free-electron laser at the Helmholtz-Zentrum Dresden-Rossendorf
facility, Germany, or a table-top CO; laser, provides a molecular identification of n-butyl xanthate (KBX)
molecules adsorbed to chalcopyrite (CCP) sample surfaces, both spectroscopically and microscopically.
We tracked the major vibrational band of KBX reaction products around 880 cm~! by s-SNIM, which
showed good agreement with the macroscopic, integral measurements obtained by attenuated total
internal reflection Fourier-transform infrared spectroscopy (ATR FI-IR). Moreover, the s-SNIM imaging
capability identified islands of KBX reaction products with <500 nm in diameter that aggregate in
patches at the CCP surface, underlining the sub-wavelength optical resolution in s-SNIM of better than
A/22. Surprisingly, the presented s-SNIM method allows for fingerprinting the KBX reaction products
even under the chosen harsh but industrially relevant conditions, e.g., using 95% pure KBX solution
only, and operating at very high dilutions of 10~* M concentrations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/3/118/s1,
Figure S1: Complementary near-field data on CCPX-2b.
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