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Abstract: The present study employed sodium hexametaphosphate (SHMP) as a depressant for quartz
to achieve selective flotation separation of lepidolite. Micro-flotation and artificial mixed-mineral tests
confirmed that the introduction of SHMP successfully facilitated the separation of lepidolite and quartz
under weak acid conditions. The MD simulations revealed that hydroxylation of non-bridging oxygen
atoms on the quartz surface influenced the adsorption of dodecylamine (DDA), while it had no impact
on the adsorption of sodium hexametaphosphate (SHMP). Additionally, SHMP was found to form
hydrogen bonds with hydroxyl groups present on the quartz surface, thereby enhancing its adsorption
capacity and indirectly promoting a higher degree of surface hydroxylation to impede DDA adsorption,
thus preserving the hydrophilic nature of the quartz surface. Conversely, the dissolution of K* in the
[Sis-nAINOs] (n=0, 1, 2) rings on the lepidolite surface in an aqueous environment leads to a negative
charge on lepidolite. This negatively charged state presents obstacles for SHMP adsorption onto the
lepidolite surface; however, it facilitates strong attraction and firm adsorption of positively charged
DDA within the ring cavities of lepidolite, resembling an "anchor". The adsorption test revealed that,
following treatment with SHMP, a substantial amount of DDA remained adsorbed onto the lepidolite,
while only a negligible quantity was observed on the quartz surface. Consequently, the introduction of
SHMP enables effective inhibition of quartz under conditions characterized by low hydroxylation levels
on its surface (weak acid or neutral), thereby facilitating the production of high-quality lepidolite
products.
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1. Introduction

Lithium is a critical component in the production of lithium-ion batteries, which serve as the primary
means of energy storage in the emerging new energy industry (Xiao et al., 2023). To mitigate global
greenhouse gas emissions and expedite the achievement of "carbon neutrality and peak carbon"
strategic goals, there is an active global promotion of the lithium-based new energy industry (Guo et
al.,, 2021). Consequently, there has been a steady increase in demand for lithium resources. In order to
ensure a consistent market supply of lithium raw materials, extracting lithium from lepidolite has
become an indispensable method of resource extraction (Liu., 2023; Zhang et al., 2023). Lepidolite
naturally occurs closely associated with other silicate minerals in deposits, with quartz being a common
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example (Choi et al., 2012; Wang et al., 2014). Currently, a significant portion of lepidolite products are
obtained from such deposits.

Froth flotation is a widely employed and cost-effective process for extracting lepidolite products
from granite deposits due to its high separation efficiency (Korbel et al., 2021; Tadesse et al., 2019).
Research efforts have primarily focused on the development of innovative collectors, such as Gemini
amine-based collectors and amidoxime collectors, for lepidolite flotation (Huang et al., 2022; Huang et
al., 2022). Although these collectors have demonstrated promising performance in laboratory tests,
further validation in industrial settings is imperative to ascertain their suitability for large-scale
production. In the field of flotation industry, cationic amine collectors like dodecylamine and
octadecylamine are commonly utilized to enhance the floatability of lepidolite (Liu et al., 2015; Liu et
al., 2022). The adherence of these collectors to the lepidolite surface results in the formation of
hydrophobic layers, thereby enhancing the floatability of lepidolite. However, separating lepidolite
from quartz has long posed a significant challenge due to their comparable adsorption capacity for
collectors (Wei et al., 2021). Consequently, the effectiveness of lepidolite separation from quartz is
considered a crucial indicator for evaluating the efficiency and success of the overall flotation process
in lepidolite recovery (Vieceli et al., 2016). This parameter holds substantial significance in assessing the
efficacy of the lepidolite recovery process.

In order to enhance the separation of lepidolite from quartz during flotation processes, the addition
of depressants is essential. Sodium silicate and starch are two commonly utilized depressants (Ai et al.,
2014; Peng et al.,, 2016). However, it has been demonstrated that the use of sodium silicate as a
depressant lead to indiscriminate flotation of silicate minerals and vein minerals (Irannajad et al., 2009).
Moreover, one major drawback associated with the utilization of sodium silicate is its substantial dosage
requirement (Wang et al., 2016; Meng et al., 2019), which inevitably poses significant challenges in
treating wastewater with high COD and very slow settling rates due to a large number of siliceous
colloids (Tian et al.,, 2018). Another study indicated that muscovite can be obtained by employing
calcium lignosulphonate as a depressant for quartz and feldspar, along with conventional amines as
muscovite collectors (Korbel et al., 2023). Flotation tests conducted on pure minerals and actual ore
samples revealed that the concentration of the agent significantly influences flotation. Generally,
compared to lepidolite collectors, progress in developing depressants for effective flotation separation
between lepidolite and other silicate ore veins has been relatively sluggish. Consequently, further
research is warranted in this field.

Sodium hexametaphosphate (SHMP), with the chemical formula (NaPOs)e, is highly soluble in
water and possesses strong metal complexing properties. As a result, it finds extensive application as
an inorganic depressant in mineral processing operations (Yang et al.,, 2023; Zhang et al.,, 2021).
Numerous studies have demonstrated its significant depressant effect on specific minerals. For instance,
during flotation of molybdenum oxide and fluorapatite systems, SHMP exhibits a more pronounced
suppressive impact on fluorapatite compared to molybdenum oxide (Liu et al., 2021). These findings
clearly indicate the excellent selectivity of SHMP in the flotation process involving pure minerals of
molybdenum oxide and fluorapatite. In a study investigating scheelite and calcite flotation, selective
chemisorption of Ca?* by SHMP was observed specifically on calcite due to its higher calcium activity
and density relative to scheelite surfaces (Guan et al., 2024). Furthermore, research into the dispersion
properties of serpentine revealed that sodium hexametaphosphate can modify the zeta potential of
serpentine while selectively dispersing valuable minerals such as nickel pyrite (Lu et al., 2019). In recent
years, several studies have explored the effectiveness of SHMP as a dispersant/ depressant with positive
outcomes (Liao et al., 2022; Wang et al., 2022).

However, despite the existence of these studies, there is limited information available regarding the
action of sodium hexametaphosphate (SHMP) in silicate flotation systems. For instance, the underlying
mechanism behind the depressant effect of SHMP in lepidolite and quartz flotation systems has not
been systematically elucidated. Therefore, this study aims to investigate the flotation behavior of
lepidolite and quartz through micro-flotation tests utilizing single minerals as well as artificially mixed
minerals with SHMP acting as a depressant and dodecylamine (DDA) serving as a collector.
Additionally, molecular dynamics simulation and adsorption measurement will be employed to
analyze the adsorption phenomenon and mechanism of SHMP on the surface of these two minerals.
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2. Experimental
2.1. Materials and reagents

The lepidolite and quartz utilized in this experiment were sourced from Peshawar, Pakistan and Yichun,
China, respectively. The lepidolite was obtained as purple-red lamellae, while the quartz was acquired
as white (translucent) lumps. Both minerals were pulverized using an agate mortar and subsequently
sieved into three size fractions (+74pm, -74+38pm, and -38pum) utilizing a top-impact vibrating sieve.
The +74pm fraction was reground to achieve a particle size of -74+38um. The resulting -75+38pm
samples underwent ultrasonic washing with deionized water for 5 minutes each, followed by drying in
a vacuum oven at 40°C to obtain the final products of lepidolite and quartz. To confirm the purity of
these minerals, XRD analysis and chemical composition analyses were conducted on both samples. The
results demonstrated that the purity of both minerals exceeded 95% and met the requirements of the
test. These analytical findings are presented in Fig. 1 and Table 1.
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Fig. 1. X-ray diffraction patterns of (a) lepidolite and (b) quartz

Table 1. Results of mineral chemical fraction analysis (%)

component LiO SiO, AlLOs FexO; KO Other
lepidolite 5.47 53.5 27.16 0.82 10.02 3.03
quartz — 98.47 1.06 0.19 0.12 0.16

Sodium hexametaphosphate (SHMP, purity: 99%) purchased from Shanghai Macklin Biochemical
Co., Ltd. was used as depressant. Dodecylamine (DDA, purity: 99%), HCl and NaOH (purity: 99%)
purchased from Xilong Scientific Co., Ltd. were as collector and regulators. Deionized water was used
in the entire test and measurements.

2.2. Micro-flotation tests

The pure mineral micro-flotation tests were conducted using a suspended flotation machine (XFGII5,
Jilin Exploration Machinery Factory) equipped with a flotation cell (volume: 40 ml) and an impeller
speed set at a constant 1900 rpm throughout the flotation process. For single mineral micro-flotation, a
homogeneous slurry was formed by adding 2 g of mineral sample and 35 ml of deionized water to the
cell. The pH of the slurry was adjusted to the desired value using HCl and NaOH solutions (0.1 mol/L).
After stirring for 3 minutes, specified doses of depressant (SHMP) and collector (DDA) were
successively added at intervals of 3 minutes each. Following an additional minute of stirring, aerated
flotation was performed, and the resulting floating froth product was manually collected for 3 minutes.
The froth product and tailings were then filtered, dried, and weighed to calculate recovery based on
their weight distribution. In the case of mixed binary minerals micro-flotation test involving lepidolite
and quartz in a mass ratio of 1:1, the same flotation process as that used for single mineral flotation test
was followed. At the end of this process, chemical determination of Li>O content in the froth product
was carried out to calculate its recovery based on both froth product's Li>O grade as well as raw ore's
Li20 grade. All micro-flotation tests were repeated three times and the mean was taken as the final
value. Error bars represent one standard deviation from the mean.
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2.3. Molecular dynamics simulation
2.3.1. Mineral and agent models

The lepidolite and quartz crystal structures were taken from the American Mineralogist Crystal
Structure Database and used as the initial input structures for the MD experiments (Liu et al., 2015).
Lepidolite is a prototypical layered silicate mineral composed of two layers of [SiO4] tetrahedral sheets
and one layer of [AlOs] octahedral sheets, with lithium typically occupying the octahedral position.
Within the [SiOy] tetrahedral structure, approximately one-eighth of the silicon atoms are substituted
by aluminum atoms, while potassium ions are employed in the interlayer to balance the charge loss
resulting from this substitution. The unit cell parameters of the monoclinic C2/c 2M; lepidolite are: a =
900, p =99.48¢°, y =90°, a = 9.023 A, b=5.197 A, c = 20.171 A. Based on chemical analysis, we provide a
structural formula applicable to lepidolite simulation: K{Li>—xAl1+x[Al2xSiu-2:O010](O,F)2} (x=0-0.5). To
facilitate the establishment of the adsorption substrate, the quartz unit cell was orthogonalized resulting
in a = p=y=90°, a=4.913 A, b=8.510 A, c=5.4052A. The two mineral structures are illustrated in Fig. 2.

Fig. 2. The mineral structures of (a) lepidolite and (b) quartz

The structures of the two agents were optimized using the DMol3 module of Materials Studio 8.0
software, employing the GGA/PBE method within density functional theory. For simulating water
molecules, an extended version of the simple point charge model (SPC/E) was utilized. The molecular
structures of the two agents are illustrated in Fig. 3.
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Fig. 3. The molecular structures of (a)DDA and (b) SHMP

2.3.2. Solid/liquid interface model

Firstly, the (001) crystal plane was selected as the primary dissociation surface for lepidolite due to its
predominant dissociation behavior. Similarly, for quartz crystals, the (001) crystal plane was predicted
to be relatively stable (Liu et al., 2019). To create reconstructed reactive solid-phase substrates, supercells
of 5x 3 x1and 5 x 3 x 3 were employed for lepidolite and quartz, respectively. In the natural
environment, hydroxylation of the quartz (001) surface occurs due to the susceptibility of non-bridging
oxygen bonds formed during quartz fragmentation to undergo hydroxylation in an aqueous
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environment (Zhang et al., 2023). Moreover, this study did not account for the dissolution of potassium
ions on the lepidolite (001) surface as they would be solubilized in water during the actual flotation
process. Secondly, the liquid phase system was established using the Amorphous Cell module in MS
8.0, following the guidelines provided in Tables 2 and 3. This system comprised water molecules,
pharmaceuticals, as well as Na* and Cl- ions. The concentration of water molecules has been established
at 1g/cm3. The inclusion of Na* and Cl- ions aimed to ensure charge balance within the reaction system.
In order to study the adsorption process of the agent on the mineral surface, the agent molecules were
placed closer to the mineral surface. Finally, a solid/liquid (S/L) reaction system was constructed using
the Build Layer tool with a 120 A vacuum layer introduced to prevent periodic interactions between
upper and lower mineral surfaces as illustrated in Fig. 4.

Table 2. The number of water molecules, inorganic ions and agents in lepidolite systems

Systems DDA SHMP Na+* Cl- H>O
Al 5 - 15 5 1000
A2 10 - 15 10 1000
A3 15 - 15 15 1000
Bl - 5 20 5 1000
B2 - 10 20 5 1000
B3 - 15 20 5 1000
AB 15 10 15 15 1500

Table 3. The number of water molecules, inorganic ions and agents in quartz systems

Systems DDA SHMP Na+* Cl- H>O
C1 5 - 15 20 1000
C2 10 - 10 20 1000
C3 15 - 5 20 1000
D1 - 5 10 10 1000
D2 - 10 10 10 1000
D3 - 15 10 10 1000
CD 15 10 15 15 1500
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Fig. 4 The diagram illustrates a solid/liquid phase (S/L) reaction system

2.3.3. Simulation methods

All simulations were performed using Accelrys software (Materials Studio 8.0). In this work we used
PCFF-interface as a force field as it has been shown to be suitable for calculations of silicate minerals
(Heinz et al.,, 2013; Bai et al., 2023). An energy-minimizing optimization of these models is first
performed once through in the PCFF-interface force field, ensuring that the initial model has the lowest
energy and reduces abnormal intermolecular contacts (especially between the agent molecules and the
mineral surface). Immediately after ensuring that all atoms were free to move, the MD simulations were
carried out for 2 ns using an NHL thermostat set to a temperature of 298 K and a simulation step size
of 1.0 fs under a canonical systematic system (NVT). The structures after these optimizations mentioned
above were used as initial configurations for the final MD simulations. The final molecular dynamics
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simulations were carried out for all systems for 0.5 ns, and the equilibrium dynamic trajectories of each
model were recorded at 10 fs intervals for statistical analyses, the electrostatic forces were solved using
the Ewald method, and the van der Waals forces were solved using the Atom based method, and the
truncation energy was set to be 12.5 A. The interactions of the agent molecules with the lepidolite (001)
and the quartz (001) energy were calculated according to equation (1):

Ecomplex—Ereagent—Eminerals
AE = Feomptex”Ereas 1)

The variables Ecomplex, Ereagent and Eminerals represent the energy of the agent-mineral system,
mineral molecules, and agent molecules respectively. N denotes the number of agents. When the
adsorption energy AE > 0, it indicates a low affinity of the molecules for surface adsorption. A higher
value of AE corresponds to a more challenging adsorption process. Conversely, when AE < 0, it signifies
a decrease in total system energy upon molecule-surface adsorption. A more negative AE implies a
stronger interaction between agent molecules and mineral surfaces.

2.4. Adsorption measurement

Adsorption quantification employed the residual concentration method utilizing a Multi N/C 3100
Total Organic Carbon analyzer (Jena Analytical Instruments GmbH, Germany). A pristine beaker
containing 2g of mineral served as the vessel while reagents were incrementally introduced to attain
target concentrations. Following agitation, separation of mixtures occurred via high-speed
centrifugation. Subsequently, measurement of TOC concentration in supernatants facilitated calculation
of collector's remaining concentration employing equation (2), thereby determining its adsorption
capacity across various conditions. Fig. 5 depicts an illustrative adsorption curve for a standardized
dodecylamine solution.
(Co—Cy)XV
r=-——— )
where r is the adsorbed volume. Cy is the initial concentration of dodecylamine in the pulp, and Cx is
the residual concentration of dodecylamine in the supernatant after interaction with the mineral and
after centrifugation. V is the volume of the solution, and m is the mass of the mineral, 2 g.
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Fig. 5. The adsorption curve for the standard concentration of DDA solution

3. Results and discussion
3.1. Micro-flotation results

Micro-flotation tests were carried out to evaluate the effect of SHMP on flotation behavior of lepidolite
and quartz.

The recovery of lepidolite consistently outperformed that of quartz in the absence of SHMP, as
illustrated in Fig. 6, indicating the superior collection efficiency of DDA for lepidolite. Furthermore, the
recovery of lepidolite decreased with increasing pH, while the recovery of quartz exhibited an upward
trend and surpassed a declining point beyond pH 7.0. At pH 3, the recovery rate for lepidolite could
exceed 90%, whereas only 21.34% recovery was achieved for quartz, demonstrating the feasibility of
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separating lepidolite and quartz under highly acidic conditions. Upon addition of SHMP within the pH
range from 3.0 to 6.0, the recovery rate for quartz dropped below 5%, while that for lepidolite
experienced only a slight decrease (still above 80%), thereby amplifying the disparity in floatability
between these two minerals and highlighting SHMP's inhibitory effect on quartz floatability. As pH
further increased, there was a marginal increase in quartz recovery but a continued decline in lepidolite
recovery; ultimately reaching maximum disparity between them at pH 5.0.

The results presented in Fig. 7 demonstrate a significant decrease in quartz recovery with increasing
SHMP dosage, while the recovery of lepidolite exhibits only a slight decline but remains at a high level.
Furthermore, as the concentration of SHMP increases, this discrepancy in recovery becomes more
pronounced. In other words, the addition of SHMP impedes the flotation recovery of quartz by DDA
due to its inhibitory effect on the quartz surface. However, DDA still displays considerable adsorption
on the surface of lepidolite, enabling it to be entrained into the froth layer. At an SHMP dosage of
0.8x104 mol/L, complete suppression of quartz is achieved while lepidolite maintains over 85%
recovery.
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Fig. 6. Effect of SHMP on flotation recovery of lepidolite and quartz under different pH conditions
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Fig. 7. Effect of SHMP dosage on flotation recovery of lepidolite and quartz
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The experimental investigation into the flotation behavior of single minerals revealed that sodium
hexametaphosphate (SHMP) exhibits a pronounced inhibitory effect on quartz and a weaker inhibitory
effect on lepidolite minerals, providing favorable conditions for effectively separating these two
minerals. To achieve this, lepidolite was mixed with quartz in a 1:1 ratio, resulting in an ore with a LiO
grade of 2.74%. As shown in Fig. 8, in the binary system of lepidolite and quartz, the concentrate
obtained without SHMP closely resembles the original ore grade. This indicates that under weak acid
conditions, DDA alone is insufficient to separate these two minerals. However, as the concentration of
SHMP increases, numerous SHMP molecules are adsorbed onto the surface of quartz particles leading
to continuous improvement in Li,O grade within the concentrate while only slightly reducing recovery
rate. At an SHMP dosage of 0.8x10+4 mol/L, the highest Li>O grade achieved within the grade was
4.83%, with a recovery rate of 86.34%. These parameters represent optimal conditions for achieving
effective separation between lepidolite and quartz through flotation processes. Therefore, the effective
separation of lepidolite and quartz can be achieved by utilizing the appropriate dosage of sodium
hexametaphosphate (SHMP), thereby addressing safety, environmental, and corrosion concerns
associated with exclusive utilization of dodecylamine (DDA) flotation under strong acid conditions for
this purpose.

3.2. Molecular dynamics simulation results
3.2.1. DDA adsorption on lepidolite and quartz surfaces

Through molecular dynamics simulation, the macroscopic phenomena can be elaborated from a
microscopic point of view, and the forms of interactions and adsorption strengths between agents and
mineral surfaces in aqueous environments can be observed and analyzed intuitively (Chen et al., 2023).
This method is an important means to study the interaction between agents and minerals at the
solid/liquid interface. In order to further analyze why DDA has stronger collecting properties for
lepidolite than quartz under the same conditions, we chose the same agent concentration for MD
simulation to study the adsorption process of DDA on the surfaces of lepidolite (001) and quartz (001),
and in order to characterize the adsorption of DDA at the solid/liquid interface, we took the mineral
surfaces as the origin of the coordinates, and calculated the N-atom in the head group of the DDA
molecule density distribution as well as the adsorption energy, and these results are shown in Figs. 9 to
11, and Table 4.

Fig. 9. Equilibrium configurations (a), (b), (c) after DDA adsorption at the solid/liquid interface on the surface
of lepidolite (001) with 5, 10, and 15 DDA molecules, respectively

After the final molecular dynamics simulation, as illustrated in Fig. 9, the systems exhibit a relatively
disordered state compared to their initial simulation state. In the aqueous environment, K+ dissolution
on the lepidolite surface results in surface electronegativity, leading to electrostatic attraction with the
positively charged head group (amine group) in DDA. The hydrogen atom within the amine group
forms a hydrogen bond with the oxygen atom located within the circular cavity of [Sis-nAInOs] (n=0, 1,
2) on the lepidolite (001) surface, thereby enhancing adsorption and causing DDA to distribute like an
"anchor" on this surface. Consequently, a monomolecular layer is formed at the solid/liquid interface.
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Additionally, hydrogen bonds are established between oxygen atoms within circular cavities, further
strengthening adsorption and promoting DDA distribution akin to an "anchor" on lepidolite's surface.
Due to the amphiphilic nature of DDA, solidophilic groups adsorb onto mineral surfaces while
hydrophobic carbon chains orient towards the water column. This type of adsorption can render
minerals hydrophobic through collisional adhesion with air bubbles. At the DDA number of 10, an
ordered arrangement of carbon chains is observed, resulting in aggregation and formation of a circular
hydrophobic region. However, at higher concentrations (as shown in Fig. 9c), excessive DDA
adsorption on lepidolite (001) leads to compensation for surface electrical differences caused by K*
deficiency and unstable DDA adsorption tendencies with some desorption occurring; this does not
imply decreased strength or saturation levels for DDA adsorption on lepidolite surfaces. Table 4 shows
that the difference between the adsorption energies for 10/15 DDA systems on lepidolite surfaces was
small (-147.70/-156.85 kcal / mol).

Fig. 10. Equilibrium configurations (a), (b), (c) after DDA adsorption at the solid/liquid interface on the quartz
(001) surface with 5, 10, and 15 DDA molecules, respectively

Table 4. Adsorption energy of DDA on mineral surface

Lepidolite Quartz
Number of DDA 5 10 15 5 10 15
Energy (kcal/mol) -131.13 -147.70 -156.85 -58.40 -56.22 -61.31

Regarding the quartz surface, the adsorption behavior of DDA under aqueous conditions differs
significantly from that on lepidolite surfaces. Fig. 10 depicts the equilibrium configurations of aqueous
solutions containing 5, 10, and 15 DDAs after their adsorption onto the quartz surface respectively. It
can be observed from Figs. 10a, 10b, and 10c that although DDA does adsorb onto the quartz surface,
its interaction is distinct compared to its adsorption on lepidolite. Specifically, due to electrostatic
repulsion between hydrogen atoms in hydroxyl groups present on the quartz surface and those in
DDA's head group, direct interaction between them is hindered. Consequently, forming hydrogen
bonds with oxygen atoms on the quartz surface becomes challenging for DDA. Instead, DDA primarily
undergoes adsorption through hydrogen bonding facilitated by water molecules bonded to the quartz
surface. This mode of adsorption results in lower stability compared to its counterpart on lepidolite
surfaces and thus impedes effective DDA adsorption onto quartz surfaces. Furthermore, it is evident
that different concentrations of DDA exhibit decreased values of adsorption energy when interacting
with a quartz surface as opposed to a lepidolite one.

As shown in Fig. 11a, the adsorption of varying concentrations of DDA on the surface of lepidolite
resulted in the formation of two distinct adsorption layers: a first layer primarily concentrated at 0.8 A
and a second layer occurring between 1.5 and 2.2 A. These findings suggest a strong affinity between
DDA and the surface of lepidolite. Additionally, as depicted in Fig. 11b, the distribution pattern of
different DDA concentrations on quartz exhibited greater dispersion; when five DDAs were present, a
minor characteristic peak appeared at 1.6 A, although this peak was relatively small compared to a more
prominent peak observed at 4 A on quartz's surface although it is worth noting that this distance from
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the quartz's surface has minimal impact. With increasing concentration levels, although DDA continued
to adsorb onto the quartz's surface, concentration distribution analysis revealed peaks distributed
within an interval ranging from 2 to 20 A with varying degrees of intensity a clear indication that DDA
exhibits lower adsorption strength on quartz's surface. In summary, these results demonstrate that DDA
exhibits more stable adsorption behavior on lepidolite's surface compared to quartz rendering lepidolite
more hydrophobic which aligns with flotation test outcomes, where using DDA as the sole collector
leads to higher recovery rates for lepidolite than for quartz.
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Fig. 11. Concentration distribution of different levels of DDA on the surface of two minerals (a) lepidolite (b)
quartz

3.2.2. SHMP adsorption on lepidolite and quartz surfaces

To further investigate the enhanced inhibition of quartz by SHMP compared to lepidolite, we employed
identical agent concentrations for MD simulation in order to analyze the adsorption process of SHMP
on the (001) surfaces of both lepidolite and quartz. Moreover, to characterize the solid/liquid interface
adsorption of SHMP, we computed both the density distribution of P atoms within the SHMP molecule
and its corresponding adsorption energy. The obtained results are presented in Figs. 12-14 and Table 5.

After the final MD simulation, significant changes are observed in the aqueous solutions containing
varying amounts of SHMP upon adsorption onto the surface of lepidolite, as depicted in Fig. 12. The
lepidolite surface acquires a negative charge as a result of the deficiency of K* ions, as illustrated in Fig.
12a. Consequently, this electrostatic attraction selectively captures free Na* ions present in the aqueous
solution and impedes the adsorption process of SHMP. Consequently, no adsorption of SHMP occurs

Fig. 12. Equilibrium configurations (a), (b), (c) after SHMP adsorption at the solid/liquid interface on the surface
of lepidolite (001) with 5, 10, and 15 SHMP molecules, respectively (Na* is a light purple, and K* is a deep purple)
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Table 5. Adsorption energy of SHMP on mineral surface

Lepidolite Quartz
Number of SHMP 5 10 15 5 10 15
Energy (kcal/mol) 21.5 -21.13 -52.31 -101.32 -128.45 -135.11

on the lepidolite surface. However, with increasing concentrations of SHMP (as shown in Fig. 12b), an
increment in Na* concentration gradually compensates for potential deficiency at the lepidolite surface,
resulting in weak electrostatic adsorption between a small amount of SHMP and lepidolite through Na*.
Furthermore, when further increasing SHMP concentration (as demonstrated in Fig. 12c), a limited
quantity of SHMP is absorbed via bound water molecules onto the lepidolite surface. It should be noted
that this type of absorption is highly unstable, as evident from its relatively low adsorption energy (-
52.31 kcal/mol) compared to DDA's adsorption energy on lepidolite's surface. These findings indicate
that under aqueous conditions, as SHMP concentration increases, it does indeed get absorbed onto the
surface of lepidolite; however, only a relatively small amount is actually adsorbed.

A w

W T N Tt
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Fig. 13. Equilibrium configurations (a), (b), (c) after SHMP adsorption at the solid/liquid interface on the quartz
(001) surface with 5, 10, and 15 SHMP molecules, respectively

The adsorption behavior of sodium hexametaphosphate (SHMP) on the quartz surface exhibited
significant differences compared to that on the lepidolite surface under aqueous conditions, as
illustrated in Fig. 13. Irrespective of the SHMP concentration, a robust adsorption phenomenon was
observed on the quartz surface. This can be attributed to the formation of an adsorption layer with
thicknesses ranging from 11 to 16 A, wherein hydrogen bonding occurred between the oxygen atoms
in SHMP and hydrogen atoms in hydroxyl groups present on the quartz surface. Furthermore, this
interaction facilitated additional hydrogen bonding with water molecules, thereby enhancing both its
adsorption capacity and hydrophilicity on the quartz surface. Notably, when compared to its
adsorption onto lepidolite surfaces, SHMP exhibited lower adsorption energies onto quartz surfaces,
indicating a stronger binding affinity towards quartz.

Based on Fig. 14a, it is evident that the distribution of SHMP on the surface of lepidolite in all three
systems is relatively sparse, exhibiting varying degrees of dispersion ranging from approximately 5 to
40 A away from the surface. Notably, two distinct peaks are observed at around 31 A and 37 A in the
aqueous solution containing 10 and 15 SHMP molecules respectively; however, both peaks are
significantly distant from the surface of lepidolite. This observation suggests a relatively low adsorption
capacity of SHMP on the surface of lepidolite, with a majority being distributed within the aqueous
solution itself. Furthermore, as depicted in Fig.12b, there exists a disparity between the distribution
pattern of SHMP on quartz surfaces compared to that on lepidolite surfaces. The initial characteristic
peaks for all three systems appear closer to the quartz surface at distances approximately equal to 1.4
A, 16 A, and 1.7 A respectively; indicating direct interaction between SHMP and quartz mineral
surfaces. The remaining peaks exhibit a more concentrated distribution within an interval ranging from
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about 1 to15 A distance from the surface suggesting high adsorption capability onto quartz surfaces

where even just ten molecules can completely cover its entire area.
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Fig. 14. Concentration distribution of different contents of SHMP on the surface of two minerals (a) lepidolite
(b) quartz

3.2.3 SHMP and DDA co-adsorption on lepidolite and quartz surfaces

To enhance the comprehensibility of DDA adsorption on lepidolite and quartz surfaces after SHMP
treatment, a simulation study was conducted to investigate DDA adsorption on the (001) surfaces of
lepidolite and quartz in an aqueous environment following SHMP treatment, as illustrated in Fig. 15.

Apiqoydoaply —

Float

Fig. 15. Structure of 15 DDA adsorbed on lepidolite (001) and quartz (001) surfaces after being acted upon by 10
SHMP (Nat+ is a light purple, and K* is a deep purple)

According to the preceding text, the adsorption of SHMP on lepidolite is minimal. However, there
are still available circular hole sites [Sis.nAINOs] (n=0,1,2) for dodecylamine (DDA) adsorption on the
surface of lepidolite after SHMP treatment. The final results from molecular dynamics simulations
demonstrate that DDA can still effectively adsorb onto the surface of lepidolite even after being treated
with SHMP. Due to its strong adsorption capability, the previously adsorbed SHMP can be desorbed.
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This further confirms that the adsorption strength of DDA on the surface of lepidolite surpasses that of
SHMP, which is advantageous for enhancing flotation recovery of lepidolite. On the contrary, since
SHMP exhibits a robust affinity towards quartz surfaces, it completely covers and occupies these
surfaces. Simultaneously, DDA has weaker adsorption compared to SHMP on quartz surfaces. As a
result, DDA cannot displace or desorb already-adsorbed SHMP from quartz surfaces due to lack of
suitable binding sites. Consequently, it fails to act upon or interact with quartz minerals during flotation
processes and thus hampers their recovery in flotation operations.

3.3. Results of DDA adsorption on mineral surfaces after SHMP action

The MD simulation results reveal a significant disparity in the adsorption strength and quantity of
sodium hexametaphosphate (SHMP) and dodecylamine (DDA) on lepidolite and quartz surfaces when
they coexist. To investigate the influence of SHMP on DDA's adsorption ability on mineral surfaces,
adsorption amount tests were conducted, with the corresponding results depicted in Fig. 16.
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Fig. 16. DDA adsorption on mineral surface after SHMP action

The presence of SHMP in Fig. 16 demonstrates that with increasing amounts of dodecylamine
(DDA), the adsorption of DDA on the lepidolite surface exhibits a rapid increase, while on the quartz
surface it gradually reaches a plateau. Furthermore, within the measured range, the adsorption of DDA
on the lepidolite surface consistently surpasses that on the quartz surface. These findings suggest that
SHMP has a relatively minor impact on DDA's adsorption onto lepidolite; thus, significant quantities
of DDA can still be absorbed by this surface, thereby enhancing flotation recovery rates for lepidolite.
Conversely, SHMP strongly adheres to quartz surfaces resulting in minimal adsorption of DDA. This
disparity in adsorption enables effective flotation separation. These results are consistent with
molecular dynamics (MD) simulation outcomes.

3.5. Depression mechanism of SHMP

Upon dissolution in water, SHMP undergoes varying degrees of protonation, resulting in the
hydroxylation of certain P atoms within the molecular chain to form the —HPO3- unit. Additionally,
different levels of polymerization of SHMP experience hydrolysis, leading to fragmentation of the chain
molecules (Hu et al., 2003), as illustrated in Equation (3).
H — [PO4],, — OH + H,0 - H — [PO,],, — OH + H — [PO5],_,, — OH €)
According to equation (3), it is evident that [POs] serves as the primary component of sodium
hexametaphosphate (SHMP) in an aqueous solution and plays a significant role in inhibiting quartz.
The results from single mineral flotation experiments demonstrate that under strong acidic conditions,
quartz exhibits extremely poor floatability when dodecylamine (DDA) is used as a trapping agent. This
can be attributed to the facile hydroxylation of non-bridging oxygen atoms on the surface of quartz,
resulting in electrostatic repulsion between hydrogen atoms in the hydroxyl group and hydrogen atoms
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in DDA's headgroups. Consequently, achieving stable DDA adsorption on the surface of quartz
becomes challenging, as confirmed by molecular dynamics (MD) simulation. As pH increases, the
concentration of hydroxide ions (OH-) rises and combines with hydrogen atoms on the hydroxyl group
of quartz surface, exposing oxygen atoms and rendering the surface negatively charged (as shown in
Fig. 17). This allows positively charged DDA to interact with oxygen atoms, thereby enhancing quartz
floatability. In other words, the degree of hydroxylation on the quartz surface plays a crucial role in
separating lepidolite from quartz. Meanwhile, the added SHMP contains a valuable component [PO3]
that can adsorb onto the surface of quartz with lower hydroxylation degree under weak acid and neutral
conditions through hydrogen bonding, where the O atoms in [PO3] can be hydrophilic. Conversely,
lepidolite's bridging oxygen atoms make it difficult for them to undergo hydroxylation while potassium
ion solubilization within circular cavities on its surface [Sie.nAINOg] (n=0, 1, 2) leads to a negatively
charged lepidolite surface which excludes SHMP adsorption. However, DDA's headgroup containing
positive charges can firmly anchor onto these circular cavities' surfaces.
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Fig. 17. Degree of hydroxylation on the surface of quartz (001) under different acid-base conditions (Na* is used

to label possible adsorption sites for DDA)
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Fig. 18. Dominant components of SHMP hydrolysis under different pH

In addition to this, SHMP undergoes a small amount of hydrolysis, which is shown in equations
(4 to 8).

(NaP03)¢ + 6H,0 = 6(NaOH) + 6HPO, (6)
HPO; + H,0 = H;PO, )

H PO, = H* + H,PO; (6)

H,PO; = H* + HPO;~ (7)

HPOZ~ = H* + PO;~ 8)

The ®-pH relationship for each hydrolyzed component of (NaPOs)s can be depicted in Fig. 18 based
on the aforementioned equilibrium. It is evident that HsPO; dominates at pH < 2.0, H,POy prevails
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within the pH range of 2.0 < pH < 7.0, HPO4? becomes dominant at 7.0 < pH < 12.0, and PO4* takes
over at pH > 12.0, indicating a transition towards PO4>- dominance beyond a pH value of 12.0. These
findings imply that apart from the primary dissolution products with varying degrees of protonation,
there are also minor hydrolysis components present in the SHMP solution; however, these dissociation
and hydrolysis components exhibit limited selectivity and interact with mineral surfaces through
electrostatic and hydrogen bonding interactions to influence their surface properties and flotation
behaviors accordingly. This phenomenon is primarily manifested by a slight decrease in lepidolite
recoveries observed after introducing SHMP into the system. Therefore, the action time of SHMP should
not be too long to avoid too many hydrolysis products inhibiting lepidolite flotation. According to the
aforementioned analysis, Fig. 19 illustrates the inhibitory mechanism of SHMP on quartz surfaces.
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Fig. 19. Mechanism of quartz depression by SHMP

4. Conclusions

In this study, sodium hexametaphosphate (SHMP) was employed to achieve the flotation separation of
lepidolite and quartz under weak acidic conditions. Molecular dynamics (MD) simulation revealed that
the hydroxylation of non-bridge oxygen atoms on the surface of quartz influenced the adsorption
behavior of dodecylamine (DDA), while it had no impact on SHMP adsorption. SHMP could indirectly
enhance adsorption by forming hydrogen bonds with surface hydroxyl groups, thereby amplifying the
hydroxylation of the quartz surface and preventing DDA adsorption, resulting in a more hydrophilic
surface. On the other hand, due to K* dissolution in [Sis-nAInOs] (n=0,1,2) rings on the lepidolite surface
in an aqueous environment, it became negatively charged and attracted positively charged DDA
molecules. The head group H atoms of DDA formed hydrogen bonds with O atoms on the lepidolite
surface and further established a strong anchoring-like adsorption pattern within circular voids present
in these ring structures. Moreover, all O atoms on the lepidolite surface were bridge O atoms; thus, no
hydroxylation occurred making it difficult for SHMP to form hydrogen bonds and be absorbed onto
this negatively charged lepidolite surface. Adsorption tests demonstrated that even after treatment with
SHMP, significant amounts of DDA still adhered to lepidolite while only minimal DDA adsorbed onto
quartz surfaces. In summary, in systems involving DDA as a collector, the degree of hydroxylation
exhibited by quartz surfaces significantly impacts lepidolite resource recovery quality. Introducing
SHMP can effectively enhance this degree under weak acid or neutral conditions which impedes DDA
absorption leading to successful suppression of quartz impurities ultimately yielding high-quality
lepidolite products.
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