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Abstract: The engineered artificial mineral (EnAM) lithium aluminate (LiAlO2) is a promising
candidate for the recycling of lithium from slags, which can originate from the reprocessing of
batteries, for example. Derivatives of the natural product Punicine (1-(2′,5′-dihydroxyphenyl)-
pyridinium) from Punica granatum have been proven to be effective switchable collectors for the
flotation of this mineral as they react to light. In the present study, three Punicines were added to
a planetary ball mill before grinding LiAlO2 to particle sizes suitable for flotation. We investigated
the influence of Punicine and two derivatives with C10 and C17 side chains on the grinding results
at different grinding times and conditions as well as on the yields in flotations. SEM images of the
particles, IR and ICP–OES measurements provided insights into the Punicine–particle interactions.
They showed that Punicines not only prevent the formation of hydrophilic and thus undesirable
lithium aluminate hydroxide hydrate (LiAl2(OH)7 ■ x H2O) surfaces in this process, as is unavoidable
in aqueous flotation without this pretreatment, they also prevent the undesired release of lithium
cations into the aqueous phase. Due to considerable hydrophobization of the particle surface of
LiAlO2, nearly quantitative recovery rates of this engineered artificial mineral are achieved using the
process described here.

Keywords: lithium; recycling; planetary ball mill; comminution; engineered artificial mineral; EnAM;
collector; flotation; recovery

1. Introduction

In order to achieve the climate targets and the planned progress in the area of dig-
italization, considerable efforts are required in Europe in the extraction, processing and
recovery of critical raw materials. For this reason, the European Raw Materials Act was
passed [1], in which special importance was attached to lithium, among other elements.
The demand for lithium carbonate equivalents will be over 2.4 million tons in 2030 and is
expected to be twice as high as in 2025 [2]. In addition to battery production, particularly
for the development of e-mobility, lithium is also used in the ceramics industry [3–5], glass
production [6,7], lubricants [8,9] and coolants [10,11] as well as in the nuclear industry [12]
and optoelectronics [13]. Today, pyrometallurgical treatment is an important process for
the recycling of lithium-ion batteries. The elements copper, cobalt and nickel form alloys,
while lithium is mainly contained in the slag [14,15], which has suddenly become the
focus of interest. Processing technology projects are currently intensively investigating
which processes can be used to specifically produce lithium-rich artificial minerals in the
slag, how these can be effectively separated and finally how lithium-rich concentrates
that are suitable for subsequent hydrometallurgical processing can be produced. Lithium
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aluminate (LiAlO2) is a so-called engineered artificial mineral (EnAM) that forms from
mixtures consisting of lithium oxide, aluminum oxide, silicon dioxide and calcium oxide.
Its formation can be triggered by the addition of aluminum during the pyrometallurgical
process. The influence of other compounds, including those containing manganese or
magnesium, is also currently being carefully investigated [16]. Once the desired engineered
artificial minerals such as LiAlO2 have been formed, another challenge is the mechanical
separation of the target minerals from gangue materials, which often form interlocking
particles with them, by crushing and grinding the slag. Ideally, this results in particles that
are available for further processing, e.g., a flotation step for separating the gangue material
from the valuable components.

The comminution steps can be divided into coarse and fine comminution as well as
wet and dry processes, depending on the size of the input particles and the comminution
environment. Chelgani et al. make a comparison between dry and wet grinding as
preparation of ores for flotation [17]. Dry comminution is less efficient in terms of energy
efficiency but is gaining interest as water is a rare constituent in some regions of the world.
Wet comminution can produce finer particles, while dry comminution can lead to the
agglomeration of powders with increasing fineness, resulting in caking, transportation
and handling problems. However, dry comminution is reported to be more reactive and
allows for amorphization, phase transformations or chemical reactions [18,19]. Another
factor to consider when choosing the comminution method is the interaction between
liquids and solids. The creation of new surfaces can lead to increased solubility effects in
wet processes, which can be counterproductive for flotation [20,21]. This aspect occurs
when grinding lithium aluminate in an aqueous phase. In addition, wear is lower with
dry comminution, which is advantageous for many types of raw materials [22–24]. There
are numerous publications on the interactions between comminution conditions using the
example of copper or sulphate raw materials [25–28]. With regard to the element lithium,
Zhu et al. investigated the flotation of the Li-bearing mineral spodumene and found
that the selectivity of binding flotation additives was impaired by dry comminution [29].
Xu et al. investigated the influence of particle size on spodumene flotation and showed
that decreasing particle size has a slightly negative effect, while pH has a significantly
stronger influence on yield [30]. This result was confirmed by Zhu et al. [31]. Thanua
et al. added collector additives during the comminution of spodumene and observed a
significant increase in yield during dry comminution with additives, although the selectivity
decreased [32]. This was attributed to the chemical activation of silicate phases, such as
aluminates, during dry processing. Thus, a dry process will be used here for the lithium
aluminate, as the reactivity of the newly built surface should be used while avoiding any
solubility effects of lithium already during grinding.

Flotation, which is based on the different surface hydrophobicity of the dispersed
particles, is a very effective method for separating particles of the desired minerals from
gangue materials [33–36]. After the formation of an aqueous suspension and conditioning
with a selection of suitable reagents such as collectors, foaming agents, depressants, activa-
tors and regulators, the air is introduced into the dispersion, causing the hydrophobized
particles to collide with and attach to the rising air bubbles. The hydrophilic particles, on
the other hand, remain suspended in the pulp. The reagents mentioned thus influence the
interfacial properties of particles and air bubbles, which, in addition to the hydrodynamic
parameters, are decisive for the success of the flotation [37]. In view of the new challenges
in the field of recycling, new flotation conditions are being intensively investigated. The
aim is to maximize the adsorption of the particles on the surfaces in order to selectively
increase the hydrophobicity of the particles and thus improve the attractive interactions
between particles and air bubbles [38–41] and optimize selectivity. Sodium oleate is often
used as a surface-active collector for the flotation of lithium-bearing minerals [42], but other
collectors have also been investigated [43].

From the fact that aqueous suspensions of lithium aluminate have a pH value of
11, it can be concluded that the mineral is not completely insoluble in water, contrary to
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what is stated in the literature [44] and that hydroxide ions are formed through a reaction
with water [45]. This conversion can be described by the reaction equations listed below;
they lead to lithium hydroxide and lithium aluminum hydroxide hydrate LiAl2(OH)7 ■ x
H2O on the surface [46–49]. On the one hand, this reaction with water is unfavorable for
flotation because it hydrophilizes the particle surfaces. On the other hand, it enables the
development of collectors that can exchange the hydroxide groups of the lithium aluminum
hydroxide hydrate by nucleophilic substitution and thus form chemical bonds with the
surface. In fact, the Schmidt group was able to carry out very effective flotations using
Punicines as novel switchable collectors [45,50] as explained in more detail below. Carbon
dioxide from the air eventually leads to the formation of carbonates.

2 LiAlO2 + (4 + x) H2O → LiAl2(OH)7 ■ x H2O + LiOH (1)

LiAl2(OH)7 ■ 2 H2O + OH− → Li+ + 2 Al(OH)4
− + 2 H2O (2)

Punicine was isolated from the leaves of the pomegranate tree (Punica granatum) and
is thus a natural product in its unsubstituted form (Scheme 1) [51]. It was later investigated
in more detail with regard to its properties by the Schmidt group, especially its structure as
a function of pH [52]. It is easily, cost-effectively and abundantly accessible through simple
syntheses [53–55]. Punicine combines an electron-poor (pyridinium) and an electron-rich
aromatic compound (hydroquinone) in its cationic, i.e., completely protonated, form. This
stabilizes olates, such as those formed by deprotonation of one of the two hydroxide
groups in the hydroquinone moiety, by the adjacent cation [52]. For the above-mentioned
application in the surface modification of undesirably hydrated lithium aluminate, the
nucleophilic power of a stabilized olate can therefore be used for the reaction. In fact,
Punicine is present as a cation in the acidic state and as a tautomeric equilibrium of two
mesomeric betaines A and B in the neutral state [52]. By further increasing the pH value,
Punicine changes into a tripolar anionic molecule in order to undergo ring opening to a
dianion by further addition of hydroxide ions. All these steps are reversible. The special
feature of Punicine, however, is its ability to form radicals when exposed to light. Scheme 1
shows one of several mesomeric structures of the possible radical cations and radical anions
that were the basis for the development of photoresponsive materials [56,57] and systems
for photoinduced electron transfer [58]. All states of the natural product Punicine and its
derivatives have different physical properties and intermolecular interactions [59].
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Scheme 1. The natural product Punicine can exist in different states depending on pH and light.

These properties of Punicines can be utilized to develop switchable collectors and the
first results of selective flotations of lithium aluminate, galaxite and spodumene under
suppression of the gangue material gehlenite are already available [45,50]. Thus, flotations
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in daylight provide different results to those in the dark or when irradiated with UV
light. The same applies when the pH value is changed. In addition to photoswitchability,
it is primarily the nucleophilic olate functions that have been shown to react with the
particle surfaces of lithium aluminate hydroxide hydrates, to which, at least in part, the
hydrophobization essential for flotation can be attributed (Scheme 2).
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Data on the toxicity of Punicine are not yet available. However, its partial structure
hydroquinone is found in many plant-based foods such as wheat, pears, coffee, onions,
tea and red wine and is absorbed by the gastrointestinal tract. It is described as toxic to
aquatic organisms and has low toxicity to fungi and bacteria and, despite its occurrence,
is considered a haematotoxic and carcinogenic agent [60,61]. Pyridine, the second partial
structure of Punicine, is readily degraded in soil [62].

In continuation of this project on the recycling of lithium as an engineered artificial
mineral, the aim of the present study was to hydrophobize the lithium aluminate particles
in situ, i.e., during comminution and grinding by Punicines, before a reaction between the
lithium aluminate and water can take place under the aqueous conditions of flotation. This
should suppress the formation of lithium aluminate hydroxide hydrates and thus the loss
of lithium ions into the aqueous phase. We were encouraged by the fact that water only has
a nucleophilicity index N+ of 5.16 (measured as H2O:MeCN = 91:9) [63] while phenolates
such as 4-methoxyphenolate as a model for the Punicines, whose nucleophilicity indices
are not yet known, are far better nucleophiles with an index of 20.62 (in MeCN) [64]. All
in all, it is to a certain extent a comparison of the dry and aqueous effects of Punicines on
lithium aluminate for the benefit of flotation.

2. Materials and Methods
2.1. General

All chemicals for this project were purchased from commercial suppliers and used
without further purification. 1H and 13C NMR spectra were measured on the BRUKER

Avance (400 MHz) and an Avance III (600 MHz) NMR spectrometer (Billerica, MA, USA)
at the Clausthal University of Technology. The multiplicities are indicated below with the
following abbreviations: s = singlet, bs = broad singlet, d = doublet, dd = doublet of a
doublet, t = triplet, tt = triplet of a triplet, q = quartet, quint = quintet, m = multiplet. For the
13C/DEPT-spectra, (+) is added for carbons bonded to one or three hydrogen atoms and (−)
for carbon atoms bonded to two hydrogens. Quaternary carbon atoms are denoted with the
symbol (o). An Alpha-T FT-IR spectrometer from BRUKER with a platinum ATR module
was used to produce the IR spectra. The spectra cover a range from 400 to 4000 cm−1. The
high-resolution mass spectra were measured with an Impact II mass spectrometer from
BRUKER. The unsubstituted Punicine was prepared as previously described [52].

2.2. Syntheses

Three Punicine derivatives were investigated as additives in the lithium aluminate
comminution process and their effects on the froth flotation process. In order to modulate
the hydrophobizing effect, these additives contained different alkyl chain lengths in the
4-position of the pyridinium moiety. The target Punicines were synthesized by reacting
1,4-benzoquinone with the corresponding functionalized pyridine compounds according to
the methods described in the literature. Precipitation of the chloride salt with hydrochloric
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acid gave good to excellent yields of the target molecules [52]. The corresponding pyridines
as starting material were synthesized by deprotonation of 4-methylpyridine via lithium
diisopropylamine and subsequent alkylation (Scheme 3).
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Scheme 3. Synthesis of the Punicine derivatives (not alkylated, R = H, the natural product Punicine
from Punica granatum), C10-Punicine possessing a decyl-chain, and C17-Punicine possessing a
heptadecyl-chain.

2.2.1. Synthesis of 1-(2′,5′-Dihydroxyphenyl)-4-Decanylpyridinium Chloride, C10-Punicine

A 0.490 g sample of p-benzoquinone (4.56 mmol) was suspended in 10 mL of glacial
acetic acid. Then, 1.000 g of 4-heptadecanylpyridine (4.56 mmol) was added. The reaction
mixture was stirred at room temperature overnight. After completion, 1 mL of conc.
aqueous HCl and 10 mL of pure water were added, whereupon the product precipitated
and was filtered off. Yield: 0.88 g (53%), yellow solid.

2.2.2. Synthesis of 1-(2′,5′-Dihydroxyphenyl)-4-Heptadecanylpyridinium Chloride,
C17-Punicine)

A 2.671 g sample of p-benzoquinone (24.7 mmol) was suspended in 40 mL of glacial
acetic acid. Then, 7.846 g of 4-heptadecanylpyridine (27.7 mmol) was added. The reaction
mixture was stirred at room temperature overnight. After completion, 4 mL of conc. HCl
and 20 mL of pure water were added, whereupon the product precipitated and was filtered
off. Yield: 10.238 g (90%), yellow solid.

2.3. Comminution

Comminution was conducted using the planetary ball mill PULVERISETTE 7 premium
line (FRITSCH GmbH, Idar-Oberstein, Germany). Two 8o ml zirconium oxide-coated
grinding chambers were employed, each filled with 250 zirconium oxide grinding balls
measuring 5 mm in diameter, branded as SiliBeads type ZY 6.0 (SIGMUND LINDNER GmbH,
Warmensteinach, Germany) resulting in a grinding media filling ratio φGM of 0.36. Various
grinding parameters, including the rotational speed of the sun disk and grinding time,
were adjusted to achieve three sets of conditions: 400 rpm for 3 min, 400 rpm for 6 min
and 600 rpm for 6 min. The feed material comprised 15 g of lithium aluminate (THERMO

FISHER SCIENTIFIC, Waltham, Massachusetts, Us, CAS: 12003-67-7). The material was
ground either in its pure form or with the addition of one of the Punicine additives (natural
C0-, C10- and C17-Punicine), each of which was varied by weight, i.e., 0.5%, 1% and 5%
of the lithium aluminate mass. Ground material samples were vacuum-sealed in plastic
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bags and shielded from light for subsequent froth flotation experiments or stored in plastic
containers for further particle size and specific surface area analysis.

2.4. Froth Flotation

To evaluate the effect of Punicines as hydrophobizing agents in the mineral com-
minution process, microflotation experiments were conducted in 250 mL HALLIMOND

tubes made of Pyrex glass. They possess a medium-pore-fritted glass through which air is
dispersed into the apparatus. The airflow was adjusted to 32 cm3/min. A magnet stirrer
with a continuous stirring speed of 500 rpm kept the dispersion thoroughly mixed. In each
experiment, 1.00 g of previously prepared LiAlO2 was subject to flotation, and samples
varied in terms of the added Punicine as well as grinding parameters. As a frother, 30 µL of
1% pine oil emulsion in water was added. As no further pH adjustments were performed,
flotation took place at pH = 11, which is the natural pH of lithium aluminate dispersion
in water. The samples were left to condition for 2 min (1 min in the mineral and 25 mL
water; 1 min after adding frother). After conditioning, the HALLIMOND tube was filled
with pure water to reach 250 mL and flotation was carried out for three minutes. The
floated mineral fraction (concentrate) was then separated via the funnel trap. Tailings
remained in the fritted tube and were collected. Concentrate and tailings were then filtered
off and dried for 24 h at 80 ◦C. Recovery yields were calculated from the mass ratios of
concentrate and the residing tailings. Experiments were repeated at least three times, and
the confidence interval (95%) was calculated. Light scenarios of flotation were also varied,
as previous research has confirmed an effect of the light scenario on the recovery rates of
LiAlO2 using Punicine solutions as collectors for froth flotation [50]. We varied between
daylight flotation (>5000 lux) and irradiation with UV light (390–400 nm, 4500 lux). The UV
experiments were conducted in a closed box (60 × 60 × 60 cm) in which the HALLIMOND

tube was installed. From each wall, four LEDs from AVONEC (Wesel, Germany) (Premium
3W LED, 390–400 nm, color: UV-A, max. power: 750 mA, operating voltage: 3.5 V–4.5 V)
operated via a power supply unit (APC-16-700, input: 100–240 V, output: +24 V, max.
700 mA, class 2 power supply) irradiated the tube. The wavelength 390–400 nm was chosen
since Punicines at pH 11 possess an absorption maximum at this wavelength range (c.f.
Supplementary Materials for UV-Vis spectra).

2.5. Analytics
2.5.1. Laser Diffraction

To characterize the comminution outcome, the particle size distribution was deter-
mined using laser diffraction analysis. This analysis was carried out using a HELOS KR

(SYMPATEC GmbH, Clausthal-Zellerfeld, Germany) particle size analyzer equipped with
R1, R3 and R5 lenses, enabling measurement within the range of 0.18–875 µm. The wet
dispersion unit QUIXEL (SYMPATEC GmbH) was utilized with de-ionized water as the
dispersion medium. Samples that posed dispersion challenges were subjected to 60 s of
ultrasonication and treated with the wetting agent Tween 80 (CARL ROTH GmbH, Karl-
sruhe, Germany, polysorbate 80). Samples were introduced into the dispersion unit until a
sufficient optical concentration was attained.

2.5.2. BET Adsorption

Further characterization of the comminution results was carried out by measuring
the specific surface area of the samples using BET (Brunauer–Emmet–Teller) adsorption.
This measurement was conducted on a NOVA 2000e Surface Area and Pore Size Analyzer
(QUANTACHROME INSTRUMENTS, Odelzhausen, Germany) employing nitrogen gas as the
adsorbate. After the removal of water at 50 ◦C under vacuum conditions, measurements
were performed at a temperature of −196 ◦C using liquid nitrogen.
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2.5.3. ICP–OES

Inductive Coupled Plasma–Optical Electron Spectroscopy measurements were per-
formed on the VARIAN ICP–OES Vista MPX (now AGILENT, Santa Clara, CA, USA) and
assessed with the VARIAN ICP-Expert 7.6.2 software. Samples were subjected to a second
filtration prior to measurement.

2.5.4. SEM Imaging

SEM images were taken on the ZEISS Gemini DSM 982 (Oberkochen, Germany).
Samples were sputtered with gold to introduce conductivity. Resolution and voltage are
given with their respective images.

3. Results and Discussion
3.1. Effect of Punicine Additives on the Comminution Process and Grinding Results

The comminution of lithium aluminates with and without Punicines was carried out
in the planetary ball mill for various comminution times and speeds. Since planetary
ball mills do not typically have power consumption measurements, the stress model by
Kwade et al. [65,66], which was adapted by Burmeister et al. for dry comminution in
planetary ball mills to determine an energy-equivalent value Em,eq for varying operating
parameters [67], was used. The specific energy represents, in combination with the particle
size or the specific surface, the so-called signature plots for grinding experiments. These
are used to compare the influence of parameter variations as well as for scaling and mill
transfer reasons.

This calculation is based on the assumption that the stress energy SE is proportional
to the kinetic energy of the grinding media transferred per collision, and when summed
over the collision frequency CF, it results in a term proportional to the power consumption
of a planetary ball mill jar Peq. According to Burmeister et al., the stress energy for dry
comminution in planetary ball mills is calculated according to Equation (3), with the sun
wheel rotational speed nsun, the grinding media diameter dGM and the grinding media
filling ratio φGM:

SE = c1·n2.67
sun ·d3.85

GM·φ0.5
GM (3)

where the constant c1 takes into account factors such as friction and damping behavior
resulting from the product. The collision frequency CF can also be estimated according to
Burmeister et al., and essentially contains the same parameters as the stress energy.

CF = c2·n0.42
sun ·d−3.93

GM ·φ1.18
GM (4)

The power input is simplified as the sum of the stress energy and collision frequency.
The constants c1 and c2 are unknown in this case and are therefore neglected. It follows:

Peq ∼ CF·SE (5)

Accordingly, by multiplying with the comminution time t and dividing by the product
mass (mass of lithium aluminate mLi−Aluminate and mass of Punicine mPunicine), a specific
energy equivalent Em,eq is obtained, which is used to assess the comminution results.

Em,eq ∼
Peq

mLi−Aluminate + mPunicine
·t (6)

For the co-comminution of lithium aluminate with the Punicines, they are weighed
together with the grinding balls in the jars of the planetary ball mill and comminuted for
3 or 6 min. The starting materials have the particle size distributions shown in Figure 1.
While the lithium aluminate has a median value of approximately 30 µm, C0-Punicine and
C17-Punicine have a median value of about 230 µm, and C10-Punicine is slightly smaller, at
160 µm.
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Figure 1. Particle size distributions of lithium aluminate and the different Punicines before the
grinding process.

For the experiments, the types of Punicines and their concentrations were varied.
Concentrations of 0.5%, 1%, and 5% were chosen. Punicine types vary in carbon chain
lengths from 0 to 10 to 17 carbon atoms. This makes the Punicine molecule increasingly
hydrophobic. The results for 0.5% and 1% are shown in Figure 2 and Figure 4, where either
the volume-weighted mean particle size or the specific surface area is plotted against the
equivalent specific energy Em,eq. With 5%, which is multiple times the amount of additive
required for flotation, only individual experiments were conducted.
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aluminate in pure form and with Punicines of different types and concentrations.

The particle size was measured in an aqueous environment, meaning that upon trans-
fer of the ground particles, the Punicines can partially dissolve, and existing agglomerates
can be dispersed through ultrasound treatment. For the comminution, it can be observed
that without the addition of Punicines, a slightly less efficient comminution is initially
observed compared to Punicine addition. For higher energy inputs, Punicines with de-
creasing chain lengths seem to inhibit the comminution kinetics compared to comminution
without additives. Particularly noteworthy is C10-Punicine at 1%, which appears to ensure
significantly faster comminution for low energy inputs. For instance, after approximately
1000 J/g, mean particle sizes of 9 µm were achieved, while the pure material for the
same energy input was still at 13 µm. Thus, Punicines seem to act as a grinding aid at
the beginning.

Figure 3 shows the grinding result for 1100 kJ/kg with an increasing amount of C17-
Punicine dosed to the lithium aluminate. For the low concentration, nearly no influence on
the amount of Punicine can be detected, only a slightly coarser particle size for the particle
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size range above 10 µm is seen. If the Punicine amount is increased further, the whole
distribution shifts to the right, meaning more ineffective grinding with 5% of C17-Punicine.
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Figure 4 shows the specific surface areas over the equivalent specific energy. These
were measured on dry powders and, for 0.5% Punicines, essentially no or nonsignificant
influence of Punicine type on the increase in specific surface area was observed. For the
1% values, C10-Punicine stands out as a more efficient comminution compared to the other
Punicines. The natural product Punicine (“C0-Punicine”) seems to inhibit comminution as
well as the more hydrophobic C17-Punicine.
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Punicines of different types and concentrations.

Punicines are soft solid organic particles with relatively coarse particle sizes at the
beginning of the grinding process in comparison to lithium aluminate. Its breaking and
deformation behavior is expected to be more plastic than brittle. With up to 5 wt.% of
maximum material, the Puncine particle number is low when starting the experiment.
Thus, it is expected that the Punicines are ground rather quickly at the beginning, without
influencing the bulk behavior of the lithium aluminate much. With the decreasing particle
size of the Punicines, the interactions with the surfaces of the lithium aluminate will increase.
Moreover, temperature peaks of more than 100 ◦C can occur during dry grinding. At low
concentrations, the Punicine additives cover the surfaces of lithium aluminate particles
plastically forming thin layers. This results in reduced particle–particle interactions and
thus reduced particle agglomeration, improving the comminution result. In contrast,
excessive amounts of the Punicine additive, as in the 5% samples, could form thick layers
on the particles dampening the impact stress and thus reducing the energy transferred onto
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the lithium aluminate particles themselves, which would explain the negative impact on
particle size reduction seen in Figure 3. The number of caught particles during one stress
event will increase with increasing adhesion behavior, thus the stress intensity decreases,
leading to a more inefficient grinding kinetic, because the agglomerates consume energy
for their dispersion and less energy is divided to a higher number of particles during
each stress event. Besides the physical behavior of the organic material, its molecular
structure will influence the interaction with the aluminate surface and the agglomeration
tendency [68].

For dry comminution in batch mills, Prizwara et al. showed that, in principle, an
improvement in dry comminution of the mineral limestone can be achieved with organic
additives, and their effect is related to the molecular structure or the proportions of polar
and non-polar functional groups [69]. For instance, for alcohols, improved comminution
was observed with increasing carbon chain length up to decanol, while for acids, very
efficient comminution was observed with heptanoic acid, which decreased again with
undecanoic acid. The mechanism of how these additives interact with the particle surface is
still unclear, although the effect due to flowability could be shown. Here, it may be assumed
that, especially, the C10-Punicine has good proportions of hydrophobic to hydrophilic
properties to keep grinding as efficiently as without additive.

3.2. Froth Flotation of Punicine-Functionalized Minerals

First, flotation experiments were performed on pure LiAlO2 samples that were subject
to different grinding parameters (Table 1). These serve as references to evaluate the effect
of the functionalizing additives. No significant differences between the blank flotations are
observed. These blank tests are consistent with the results of earlier experiments [45,50].
They can be attributed to the particle size in connection with a certain hydrophobicity of
the surfaces.

Table 1. Flotation yields of blank tests. Flotation conditions were as follows: 1.00 g LiAlO2,
32 cm3/min air flow, 500 rpm stirring speed, 3 min, pH 11, brackets: 95% confidence intervals.

Flotation Yield [%] with 95% Confidence Interval

Em,eq = 1100 J g−1 Em,eq = 8000 J g−1 Em,eq = 2000 J g−1

Daylight 25.22 (8.39) 27.13 (2.70) 24.01 (9.76)
UV-C 19.98 (6.47) 25.98 (11.63) 23.44 (10.65)

Next, we investigated the flotation of minerals functionalized with Punicine, C10-
Punicine and C17-Punicine, respectively (Figure 5). LiAlO2 was milled with the addition
of 0.5% and 1% of the aforementioned Punicines, respectively, at otherwise constant com-
minution parameters. As expected, C0-Punicine without a hydrophobizing side chain had
only a minor influence on the floatability of the mineral particles, as the flotation yields
only increased from 25.22% (±8.39%) to around 30%, regardless of the amount of Punicine
added. Under the influence of C10- and C17-Punicines, however, the flotation yield was
significantly increased (Figure 5). Grinding with C10-Punicine more than doubled the yields
to 59.04% (±4.79%) and C17-Punicine even gave nearly quantitative flotation results, which
corresponds to an increase of about 70% compared to the blank samples. As expected, a
larger hydrophobic moiety in the Punicine additive leads to a stronger hydrophobization
of the mineral particle. As mentioned in the introduction, studies by Schmidt et al. have
shown that the recovery rates of LiAlO2 are light-dependent when Punicine derivatives
are used as collectors in solution during the flotation experiment. This is due to altered
nucleophilicity and thus altered mineral-collector interaction upon excitation to the radical
state. As can be seen from Figure 5, light has less influence in the experiments described
here, at least as far as 0.5% C17-Punicine is concerned. However, there were clear differences
for C10-Punicine, depending on whether the flotation was carried out in daylight or under
the influence of UV light. For example, the recovery rate increases by 36% (i.e., from 40.18%
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to 54.70%) when 1% C10-Punicine was added if the flotation was carried out in daylight
instead of UV light. This is consistent with the formation of radical species, as shown in
Scheme 1, under the influence of UV light. This is because these are radical cations and
radical anions, i.e., charged, more hydrophilic species on the particle surfaces than the
Punicines in the ground state. The influence of light on Punicines, which are only added as
collectors during flotation, is different, as the adsorption process on the surface must first
take place under these conditions.
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were as follows: 1.00 g LiAlO2, 30 µL frother, 32 cm3/min air flow, 500 rpm stirring speed, 3 min,
pH 11. The 95% confidence intervals are in brackets.

Increasing the amount of Punicine from 0.5% to 1% does not seem to have a positive
effect on the yield, as the flotation yield decreased by 8% for C10-Punicine and by 3% for
C17-Punicine. To gain further insight, we also conducted flotation experiments with min-
erals loaded with 5% of C10- and C17-Punicines during comminution. These experiments
confirmed that higher loadings than 0.5% of the additives do not improve the flotability of
the minerals.

Changing the grinding parameters led to smaller particle sizes, as discussed in
Section 3.1. This effect is also visible in the flotation results. Regardless of the additive,
mineral samples that were comminuted with higher specific energy equivalents show lower
yields in the microflotation experiments, e.g., under daylight conditions with C10-Punicine
(Figure 6). Since particle sizes around 20–100 µm show optimal results in flotation [69,70],
the smaller particle sizes are the reason for the decrease in flotation efficiency. In order to
exclude partial degradation of the Punicines during the grinding process, which would
probably also lead to lower flotation yields, stability tests were carried out. For this purpose,
we loaded the planetary ball mill with 4 g of pure C17-Punicine and milled it for 10 min
at 600 rpm. We then performed NMR and IR spectroscopic as well as mass spectrometric
analyses of the organic components and were able to confirm that C17-Punicine did not
decompose even under these very rigorous conditions (c.f. Supplementary Materials for
spectra). In summary, Punicines are stable compounds that can withstand even rigorous
processing conditions without decomposing and retain their properties. While the higher
concentrations of especially 1% of C10-Punicine lead to increased photosensitivity of the
flotation, the addition of only 0.5% C17-Punicine prior to dry grinding in a planetary ball
mill results in excellent recovery of lithium aluminate during flotation.
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3.3. Investigations of the Mechanism of In Situ Hydrophobization: Variation of the Addition
Methods, IR-Spectroscopy, SEM Imaging and ICP–OES Measurements

To gain insight into the nature of the interaction between lithium aluminate and the
Punicines that leads to the hydrophobization during the dry grinding, we investigated
the effect of two other methods of Punicine addition to the mineral on flotation results.
In addition to Punicine addition before the grinding process in the planetary ball mill
described above (A), the effect of adding a solution of C17-Punicine into the HALLIMOND

tube (B) on the flotation results was investigated. Furthermore, C17-Punicine was added
to a planetary ball mill together with the lithium aluminate and mixed without grinding
media for 3 min at 250 rpm (C). The yields of the respective microflotation experiments,
including the blank sample without the addition of Punicine, are shown in Figure 7.
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Figure 7 clearly shows that the dry grinding of lithium aluminate in the presence of
C17-Punicine gives the best recovery yields. The addition of Punicine solutions to ground
lithium aluminate in the HALLIMOND tube gave significantly lower yields, while the sub-
sequent mixing of both gave the poorest recovery rates. While we were able to prove in
previous work that Punicine in an aqueous solution can react with the lithium aluminate
hydroxide hydrate, which is undesirable for flotation, further parameters must be consid-
ered for the dry process to explain the hydrophobization. One possible explanation is the
above-mentioned reaction of the Punicine in competition with water with the fresh surfaces
of the lithium aluminate, whereby the nucleophilicity indices mentioned in the introduction
support this hypothesis. In fact, the new surfaces are considered reactive towards their
environment [17]. On the other hand, the creation of new surfaces through fractures can
generate local temperature peaks ranging from several hundred to a thousand degrees
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Celsius [71–73]. The originally particulate Punicines are not only ground and broken by the
mechanical energy applied, but also plastically deformed and possibly even melted. Their
melting temperatures are between 110 ◦C and 230 ◦C, i.e., temperatures that can be reached
locally, especially under higher mechanical stress. It can be assumed that they are deposited
on fresh surfaces [74,75] so that the hydrophobization can be attributed to chemisorption
and physisorption. C17-Punicine has the longest hydrophobic chain and can therefore
protect the lithium aluminate surface most effectively from the surrounding moisture and
suppress the formation of lithium aluminum hydroxide hydrate and carbonate hydrate of
the three Punicine derivatives investigated. In fact, IR spectroscopic investigations of the
LiAlO2 sample milled in situ with Punicines showed a mere superposition of the individual
IR spectra without band shifts or new absorption bands. They prove the coating of the
LiAlO2 particles with the undecomposed Punicines, as the characteristic absorptions of
C17-Punicine are visible as prominent bands at 2914.1 (νalkyl chain), 1641.4, 1509.0, 1470.9 and
1546.4 cm−1, among others. It is striking that the characteristic band at 529.7 cm−1, which
is due to the ν4(δO-Al) vibration of LiAl2(OH)6

+ [76], is missing. The bands at 674.0, 725.5,
1352.1 and 1368.5 cm−1, which are typical for water-treated lithium aluminate and thus
lithium aluminate hydroxide hydrates [50], are also missing (c.f. Supplementary Materials).
The hydrophobization by C17-Punicine apparently protects the lithium aluminate particles
from attack by water and from the formation of hydrophilic surfaces of LiAl2(OH)7 ■ xH2O
and other compounds derived thereof such as carbonates that are undesirable for flotation.

To gather further evidence, we took SEM images and analyzed the flotates using
ICP–OES. Figure 8 shows SEM images of the milled products with increasing C17-Punicine
content from left to right (left: 0%, middle: 0.5%, right: 5%). The SEM images show a clear
change in the resulting structures. When grinding without the addition of C17-Punicine,
an agglomerated structure is formed, partly with the characteristic platelet structures of
lithium aluminum hydroxide hydrate or carbonate hydrate, as described by Beckermann
et al. [48]. The particles are compact and angular in shape, with particle sizes ranging
from a few micrometers to several tenths of a micrometer. Many fine structures can be
seen on the coarser particles, some of which are platelet-shaped. The addition of Punicine
reduces the fine structures on the coarser particles and the surfaces appear smoother. The
structures remain aggregated but lose their platelet structure. The reason for this is the
ambient moisture with which the lithium aluminate reacts. The formation of these platelet-
like structures decreases with increasing C17-Punicine content until they are finally barely
recognizable in the image on the right. These visual impressions thus support the results of
the IR-spectroscopic investigations.
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For flotation, this hydrophobization and the prevention of the formation of hydrophilic
particle surfaces from hydroxides, carbonates and hydrates is not only a prerequisite, but it
should also prevent the leaching of lithium ions mentioned in the introduction, which are
lost for flotation. To verify this, we carried out ICP–OES measurements to determine the
concentration of lithium ions in the filtrate of the flotation concentrate (Table 2). Untreated
lithium aluminate, which was flotated for 3 min, served as a reference. Both samples were
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subjected to the same comminution process prior to flotation. In line with the results of
the SEM images and IR investigations, the lithium concentration in the flotation effluents
was reduced by almost 40%. To further confirm this observation, we stirred 0.50 g of
unfunctionalized LiAlO2 in addition to LiAlO2 ground with 5% C17-Punicine in 100 mL
of pure water and measured the pH change over time for each (Figure 9). Pure lithium
aluminate reacts quickly with water according to Equations (1) and (2) (c.f. Section 1)
so that a pH value of 10.5 is reached within 30 s. The mineral functionalized with C17-
Punicine-functionalized mineral, however, only reaches a pH of 10 after three minutes. It is
clear that the hydrophobization of the mineral surface hinders the reaction with water to
form basic LiAl2(OH)x species as well as the leaching of lithium ions into the solution.

Table 2. Li and Al concentrations in the flotation filtrate after flotating untreated LiAlO2 and LiAlO2

ground with C17-Punicine.

Concentration Al in mg/L Concentration Li in mg/L

LiAlO2 pure 47.70 17.16
LiAlO2 + 5% C17-Punicine 16.82 10.40
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4. Conclusions

Derivatives of the natural product Punicine from Punica granatum (pomegranates)
are effective switchable collectors for the flotation of lithium aluminate and react with
light and the pH of the medium. Adding two previously unreported derivatives to the
product before the grinding process leads to well-ground particles, where the Punicines
interact with the newly created surface and hydropobize the particles, depending on their
structure. This hydrophobization of the particle surfaces during the grinding, which in turn
leads to excellent recovery rates during flotation if the Punicines are provided with long
hydrophobic alkyl chains such as C17, is better than other methods for combining particles
and Punicines. According to investigations using SEM microscopy, IR spectroscopy and
pH measurements, Punicines protect the particles from attack by water in the method
described here and thus from the formation of hydrophilic LiAl2(OH)7 ■ x H2O layers
that are undesirable for flotation. These cannot be detected after the dry grinding method
described here and subsequent aqueous flotation. This also prevents the undesired bleeding
of lithium cations from the lithium aluminate particles, which would be lost for lithium
recycling by flotation of the engineered artificial mineral (EnAM) lithium aluminate. Higher
concentrations of 1% lead to more pronounced photosensitivity of, for example, the C10-
Punicine on the particle surface of LiAlO2. On the other hand, the addition of only 0.5% of
C17-Punicine before grinding leads to almost quantitative flotation results.
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