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Effects of grinding environment and lattice impurities on spodumene flotation
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Abstract: The effect of grinding on the spodumene flotation was investigated. The flotation response of spodumene ground by
different mills was different, due to the variation of metal ions on spodumene surfaces caused by grinding environments and/or
impurities. The samples were subjected to acid pickling treatment to remove most of the metal ions from the surfaces, and then all
samples showed the same poor flotation response, which confirmed the significance of surface metal ions. Metal ion impurities may
come from both grinding environments and lattice substitutions in spodumene. Density functional theory (DFT) calculation revealed
that Fe and Ca could exist as lattice substitutions on the spodumene surface while Mg substitution is unlikely to occur. Furthermore,
Fe is considered to be active site for the absorption of sodium oleate on the spodumene surface. Morphology analysis showed
differences in particle size and shape for samples ground by different mills, resulting in different amounts of exposed surfaces. The
particle size, cleavage characteristics caused by grinding environments, and metal ion impurities originated from grinding and
isomorphous substitutions, play significant roles in the chemisorption of collector on the spodumene surface.
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1 Introduction

Lithium and several of its compounds, as critical
and strategic materials, have been widely used in a
variety of applications such as the battery and fuel cell
industry, due to their excellent attributes [1,2]. Global
demand for lithium is expected to increase, due to
growing application for electric vehicles, portable
electronics, and grid storage systems [3,4]. Therefore, the
recovery of lithium from available economic resources
including brines and ore deposits which contain varied
silicate minerals, such as spodumene, has drawn wide
attention. In particular, spodumene (LiAl[SiOs],), the
richest lithium-bearing minerals in nature, is one of the
most widely exploited minerals from lithium-rich
pegmatite ores.

Froth flotation is a widely applied industrial method
for the beneficiation of spodumene using traditional fatty
acid collectors, such as oleate and soaps, or mixed
reagents [5—7]. The surface chemistry of aluminosilicate

minerals is found to account for the selective separation
in the industrial flotation of spodumene ores using oleate
as collector. Oleate is chemically adsorbed on
spodumene surface, involving the association of the
carboxylate group of oleate and Al sites on the surface.
Therefore, the nature of atomic sites on spodumene
surfaces, which bring about anisotropic surface
hydrophobicity, is responsible for adsorption states of
oleate collector on the spodumene surfaces [6,8—11].
Researchers proposed that the (110) surface of
spodumene is more in favor of the chemisorption of
oleate collector than the (001) surface, since there are
two and one Al—O broken bonds per Al site on the (110)
and (001) surfaces, respectively. Thus, MOON [8]
recommended that the impact comminution mechanism
that preferentially produces the (110) cleavage surface of
spodumene should be employed. That is, various
crushing and grinding methods should be performed to
produce different cleavage and fracture characteristics of
minerals so the wettability and hydrophobicity of
spodumene may be modified.
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In practice, however, it should be noted that
spodumene is difficult to float in the presence of NaOL
alone, while adsorption of NaOL is enhanced greatly
when multivalent metallic cations such as Fe'*, Ca*", and
Mg”" are used as activators. Studies involving effects of
multivalent metallic cations on flotation were carried out
by many researchers [12—15]. YU et al [13] studied the
mechanism of spodumene activation by Ca®" using
quantum chemical calculations, and proposed that the
precipitation of Ca(OH)" and Ca(OH), on spodumene
surface contributed to the activation of spodumene
flotation. In alkaline solutions, Ca’" and Mg®" ions
readily form hydroxy complexes and precipitates, which
were adsorbed on the spodumene surface and formed
oleate complexes. Therefore, the collector adsorption is
enhanced [16]. Also, spodumene surface was found to
transform from polar to non-polar in the presence and
absence of Fe’* activator using NaOL as a collector [17].
MOON [8] suggested to use steel grinding as opposed to
autogenous grinding as Fe is rich in steel mills.

Apart from operating water, iron mills, and addition
of cations during the flotation process, multivalent
metallic cations may inherently exist in spodumene as
lattice impurities. Spodumene is a typical monoclinic
pyroxene mineral with single-chain structure. These
chains of silicate tetrahedra are laterally bound together
through bonding with Al (M1 site) and Li (M2 site) in
octahedral coordination. It is common to find that in the
crystal structure of spodumene, some Li' ions are
substituted by Na* and K" ions, and some Al’" ions are
replaced by other impurities including Fe*', Cr*', Mn*"
ions etc [18—21]. Hence, natural spodumene crystals vary
in color from colorless, pink (kunzite) to green
(hiddenite), depending on impurity types and
concentrations. Lattice impurities have important effects
on electronic structures and flotability of minerals. For
example, flotability of spodumene with different colors
is different due to Fe impurity concentrations [22]. In
sulphide minerals, for instance, sphalerite with 14 kinds
of lattice impurities studied by the DFT calculation
showed that impurities had various effects on the
oxidization of sphalerite and the reactivity of xanthate
with sphalerite [23]. Therefore, the study on effects of
impurities in the mineral lattice is necessary to obtain a
better understanding of mineral performance in flotation.

In the present study, the effect of grinding using
different mills on spodumene flotation was investigated,

Table 2 Chemical composition of mills and balls (wt.%)

Guang-li ZHU, et al/Trans. Nonferrous Met. Soc. China 29(2019) 1527-1537

and the ground samples characterized by
micro-flotation, particle size distribution, XPS, and SEM
measurements. The perfect cleavage (110) surface with
or without substitutions was studied using DFT
calculation to see if the surface metal ion impurities were
possible from lattice substitutions. These results are
significant in understanding the effects of grinding
and metallic element impurities on
spodumene flotation using sodium oleate as a collector.

were

environment

2 Experimental

2.1 Sample preparation and reagents

The pure samples of spodumene were hand-picked
from Koktokay Rare Metallic Mine, Xinjiang, China,
and crushed to be less than 3 mm. A high intensity dry
magnetic separator was used to eliminate metal
impurities. The chemical composition of samples is
shown in Table 1. The collector sodium oleate
(>97.0 wt.%, TCI) was used in the micro-flotation
experiments. pH modifiers for the flotation system were
HCIl and NaOH solution. Deionized (DI) water from a
Millennium water purification system with a minimum
resistivity of 18.2 MQ-cm was used in all experiments.

Table 1 Chemical composition of spodumene samples (wt.%)

Li,O AlLO; SiO, Fe,05 Na,O
7.76 27.96 62.12 0.98 0.212
K,0 CaO MnO MgO Others
0.125 0.013 0.15 0.0115 0.11

2.2 Grinding experiments

The grinding experiments were carried out in a
105 mm x 140 mm nylon ball mill (small nylon mill), a
105 mm x 140 mm corundum ball mill (small corundum
mill), and a 165 mm x 203 mm corundum ball mill (large
corundum mill). The rotation speed of the mills was
fixed at 30 r/min. The grinding media were zirconia balls
with various diameters (10, 15, 20, and 25 mm). The
chemical compositions of ball mills and zirconia balls
are presented in Table 2. 80 g spodumene samples were
mixed with 40 mL DI water, and ground for 5 min for
each run. Then, the ground products were sieved to get a
size range of less than 105 um. Finally, the screen
residue was returned for further grinding. This process
was repeated until the samples with a size less than

Item Nylon1010 AlLO; 71O, R,O+RO+R,0;(Fe,03/Mg0O/Ca0/Mn, 03, etc.)
Nylon ball mill 100 - - -
Corundum ball mill - >99 - <1
Zirconia balls - - 100 -
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105 um were sufficient for the following experiments.
Afterwards, ground samples were further sieved to
23—-105 pm. A fraction of the 23—105 pm samples was
wet screened to obtain the products in 75—105 pm,
45-75 pm, and 23—45 pm size ranges. The samples in
different size ranges were rinsed using DI water, dried,
and weighed to determine the particle size distribution.

2.3 Acid pickling method

The acid pickling treatment for the ground samples
was carried out to “clean” the surface of the samples.
Spodumene samples were placed in a beaker filled with
3% HCI solution. The system was stirred using a
magnetic stirrer for 40 min, and then stood for 1 min,
after which the upper liquid was decanted. Subsequently,
DI water was added to the system, and the system was
stirred for 40 min again and then stood for 1 min again,
and the supernatant was decanted. This procedure was
repeated until the pulp pH was neutral. After the
supernatant was decanted, the sediments were filtered
and dried for micro-flotation experiments and XPS
measurements.

2.4 Micro-flotation experiments

Micro-flotation experiments were conducted on a
laboratory self aspirating flotation machine at 1700 r/min.
For each test, 2 g samples with or without acid pickling
were placed separately in a 20 mL plexiglass cell, and
then the cell was filled with DI water. The pH of the
system was adjusted by HCl or NaOH solutions, and
then the system was conditioned for 2 min, followed by
the addition of the 6x10™* mol/L sodium oleate. After the
system was conditioned for 2 min, the froth products
were collected for 3 min. All the flotation experiments
were performed at room temperature of (25+1) °C.

2.5 XPS measurement

The XPS analysis was performed using a Thermo
Scientific ESCALAB 250Xi with monochromatic Al K,
radiation, a wide spectrum collected from 1350 to 0 eV
with a passing energy of 100 eV and a step size of 1 eV.
The spectra were recorded at a 1 eV resolution. For
high-resolution analysis, the passing energy was 30 eV
with a 50 meV step, performed for carbon (C 1s),
oxygen (O Is), silicon (Si 2p), aluminum (Al 2p), lithium
(Li 1s), iron (Fe 2p), calcium (Ca 2p), and magnesium
Mg 1s).

2.6 Scanning electron microscope (SEM) analysis

The spodumene samples were subjected to SEM
(JSM—6490LV) analysis for the characterization of
morphology. Samples were coated with Pt to make the
samples conductive.

2.7 DFT calculation

Crystal structure of spodumene was built using
lattice parameters from the American Mineralogist
Crystal Structure Database. Geometry optimizations of
the crystal structure were calculated using the Cambridge
Serial Total Energy Package (CASTEP) that employs the
density functional theory plane-wave pseudopotential
method to perform first-principles quantum mechanics
calculations, which enables the exploration of the
properties of crystals and surfaces in materials [24]. The
exchange-correlation functional local density
approximation (LDA) was employed and the Ceperley—
Alder and Perdew—Zunger (CA-PZ) was used as
exchange-correlation potentials for the LDA [25-27].
The BFGS method using line search was used for the
geometry optimization. The Pulay Density Mixing
method was applied as the self-consistent electronic
minimizer with a convergence tolerance of
1.5x10 ® eV/atom. The parameters of the optimized
crystal structure are a=9.486922 A, b=8237576 A,
¢=5.181515 A, p=110.7417°, which are consistent with
those reported experimentally [28].

The (110) surface was created from the bulk
spodumene crystal and optimized. After the geometry
optimization of the crystal surface, a 2x2x1 perfect
spodumene (110) surface with 20 A vacuum slab was
modeled. The perfect spodumene (110) surface is chosen
and optimized on the basis that the one which has the
lowest surface energy is taken as the cleavage (110)
surface. The surface energy (Eq,r) Was computed based
on the Eq. (1):

N,
[Eslab - ( Nslab J Ebulk ]
E bulk

surf = 24

M

Where Eg.,and Eyy are the energies of the surface slab
and the bulk crystal, respectively; Ny, and Ny are the
atom number of the surface slab and the bulk crystal,
respectively; 4 is the surface area.

The (110) surfaces with lattice substitutions were
built by substituting one impurity atom (Fe, Ca, and Mg)
for one Al atom on the surface, or by substituting one
impurity atom (Ca and Mg) for one Li atom and
simultaneously one Al atom substituting one Si on the
surface, or deleting Al or Li atoms. The atoms of the top
four layers were relaxed, and the other layers were fixed.
The model of the spodumene (110) surface is depicted in
Fig. 1. The energy of an impurity atom X (Fe, Ca,
and Mg) for one Y atom of spodumene is defined as
follows [29]:

AE':E'substitution—’—l;Y_E‘_E‘X (2)

where Egpstiution and E represent the total energies
of the (110) surface with and without X substitution,
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Fig. 1 Models of spodumene (110) surface with different substitutions and vacancies

respectively; Ey, Ex are the total energy of Y atoms and
X atoms, respectively.

The vacancy formation energy of spodumene (110)
surface is

AE:Evacancy"’_EX_E (3)

where Eyacancy and E are the total energies of the (110)

surface with and without vacancy, respectively; Ex is
energies of Al or Li atoms.

3 Results and discussion

3.1 Particle size distribution

The particle size distribution of the samples ground
by different mills is illustrated in Fig. 2. The proportion
of samples ground by the large corundum mill in the size
range of 75-105 um is 20.83%, which is the lowest
compared to that of the other two samples ground by the
small corundum (37.13%) and nylon mills (40.71%) in
the same size range. The proportions of the samples
ground by the large corundum mill, the small corundum
mill, and the small nylon mill in the size range of
45=75 um are 28.52%, 32.55%, and 30.36%,
respectively. The sample ground by the large corundum
mill has the highest distribution (50.65%) in the size
range of 23—45 pum, and in terms of the samples ground
by the small mills, the proportions in this size range are

60
E [ arge corundum ball mill
[ Small corundum ball mill
50 - = Small nylon ball mill

X
= 40
=
5
=2 30t
Z
g 20
=

10 +

0

75-105 45-75 23-45
Size/um

Fig. 2 Particle size distribution of spodumene samples ground
by different mills

30.32% and 28.93%, respectively. It is obvious that on
the whole, the particle size of samples ground by the
large corundum mill is finer than that of samples ground
by the small corundum and nylon mills.

3.2 Micro-flotation

Micro-flotation experiments were done to compare
the flotation response of spodumene ground by various
mills as well as with different size ranges. Figure 3
shows the flotation recovery of spodumene samples
ground by the large corundum ball mill, the small
corundum ball mill, and the small nylon ball mill with
different size ranges. Figure 4 displays the flotation
results for spodumene in the size range of 23—105 pm
with or without acid pickling treatment. In general, the
change of flotation recovery follows the same trends as
pH changes for all of the spodumene samples. The
recovery increases as the pH values increase, and reaches
a peak around pH 8-9, before declining as the pulp pH
increases further. As can be seen from Fig. 3, the
flotation response of spodumene follows the order,
75—105 pm > 45—75 um > 23—45 um for all the samples
ground by the different mills. The flotation recovery of
spodumene ground by the large corundum ball mill in the
size range of 75—-105 pum is slightly lower than that of
samples ground by the small nylon mill and small
corundum mill. In terms of the whole size range of
23—-105 pm, the recovery of spodumene ground by the
small corundum mill and small nylon mill is similar, both
of which are higher than that of spodumene ground by
the large corundum mill. However, the flotation recovery
of all samples decreases to be almost the same within the
pH ranges after the acid pickling treatment,
demonstrating that all the ground samples with acid
pickling treatment have poor flotation response (Fig. 4).

The micro-flotation results show that the flotability
of the samples declines along with the decrease of the
particle size, similar results have been reported
previously [30]. Spodumene is a monoclinic crystal that
is primarily composed of the cleavage (110) side surface
and the (001) basal surface. The (110) surface has
been confirmed to be more favored than the basal (001)
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Fig. 3 Flotation of spodumene ground by different ball mills with different size ranges as function of pH, using 6x10~* mol/L sodium

oleate as collector
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Fig. 4 Flotation of spodumene ground by different mills in size
range of 23—105 pm before and after acid pickling as function
of pH, using 6x10~* mol/L sodium oleate as collector

surface for the chemisorption of oleate because of its
higher unsaturated Al sites. With the decrease of the
particle size, the relative content of (110) surfaces
decreases, resulting in the decline of the flotability. In
addition, the flotation recovery of the sample ground by
the large corundum mill is the lowest among the three

samples in the whole size range of 23—105 um. As
indicated by particle size distribution results, sample
ground by the large corundum mill has the lowest
content of the coarser 75—105 pm size fraction which has
relative better flotability compared with the other two
size ranges. Thus, the lower proportion of the coarser
75-105 pm size fraction of samples of the whole size
fraction ground by the large corundum mill may be one
of the reasons for its poor flotation response compared
with the other two samples.

However, it should be noted that even for the same
narrow particle size fraction, the flotation recovery of the
samples ground by the large corundum mill is slightly
lower than that of samples ground by the small
corundum and nylon mills, as shown in Fig. 3(d). All
samples possess similar poor flotation response within
the studied pH ranges after acid pickling, as shown in
Fig. 4. To understand the reason for this, the surface
properties of samples were analyzed in the following
sections.

3.3 XPS and SEM analysis
It is widely accepted that sodium oleate
mainly interacts with Al sites on the spodumene
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surfaces [6,9—11,31-34]. To characterize the chemical
composition of the surfaces of spodumene ground by
different mills, the X-ray photoelectron spectroscopy
(XPS) measurement of samples was carried out, and the
results are shown in Fig. 5. Except for the elements
pertaining to spodumene and the so-called advantageous
or rubbish carbon, the presence of Fe, Ca, and Mg
elements, however, was identified. The relative mole
concentration of elements on the different spodumene
surfaces was calculated according to the spectra as
presented in Tables 3 and 4.

Without the acid pickling, both surfaces of
spodumene samples ground by the large and small
corundum mills contain Fe, Ca, and Mg impurities,
whereas samples ground by the small nylon mill do not

Ols

1400 1200 1000 800 600 400 200 0

Binding energy/eV

Fig. 5 XPS spectra of spodumene samples ground by different
mills: (1) Large corundum mill without acid pickling; (2) Small
corundum mill without acid pickling; (3) Small nylon mill
without acid pickling; (4) Large corundum mill after acid
pickling; (5) Small corundum mill after acid pickling; (6) Small
nylon mill after acid pickling

contain Mg impurities. The surface of spodumene
ground by the large corundum mill has less total metal
ions of Al, Ca, Mg, and Fe, which might be an essential
factor contributing to its poor flotation response. Besides,
spodumene ground by the nylon mill, which has less
metal ion impurities of Ca, Mg, and Fe, floats better than
that by the large corundum mill with more metal ion
impurities, and this might be due to its higher relative
concentration of Al and Ca. The difference in chemical
composition of the surface might be mainly due to
particle shape and anisotropic surface property apart
from foreign impurities introduced by the barrel and balls
of mills. By comparing the three SEM images in Fig. 6,
it can be found that in general, the particle size of the
samples ground by the large corundum mill is smaller
than that of spodumene ground by the small corundum
and nylon mills, which is consistent with the particle size
distribution results. Furthermore, the particle shapes of
spodumene ground by the large corundum mill are long,
flat and prismatic, some of which are bladed. However,
particle shapes of spodumene ground by the small
corundum and nylon mills are similar: flaky, wider than
that of samples ground by large corundum mill. The
main exposed perfect cleavage (110) surface, along with
the basal surface (001) and the fracture surface (010)
have different atomic site distributions, and therefore
these surfaces have different properties. We have studied
that the (110) and (010) surfaces are more in favor of the
adsorption of sodium oleate than (010) and (001)
surfaces because of their higher density of Al sites and
Al—O broken bonds [11]. The difference in the shape of
samples could lead to difference in the relative content of
exposed crystal surfaces, which results in the small
difference in flotation recovery of samples in the size
fraction of 75—105 pm.

Table 3 Chemical composition determined by XPS measurements for spodumene ground by different mills without acid pickling

Relative content/%

Sample
P si Al Li Ca Mg  Fe o Y Yo NZ‘i_ ¢
Large corundum mill 2054 1044 748 055 047 027 6024 1922 129 1173
Small nylon mill 1978 1115 853 068 - 028 5855 2065 097 1212
Small corundum mill 1934 1114 829 060 079 031 5953 2113 170  12.84

ZC is the total relative mole concentration of metal ions; Z:CMe is the total relative mole concentration of metal ion impurities; Z C is the total

relative mole concentration of metal ions after the deduction of Li

NoLi

Table 4 Chemical composition determined by XPS measurements for spodumene ground by different mills after acid pickling

Relative content/%

Sample
Si Al Li Ca Mg  Fe o 2C >Cu NOZUC
Large corundum mill 2073 971 956 - - 021 5979 1948 021  9.92
Small nylon mill 2085 949 942 - - 0.19  60.06 1909 019  9.67

Small corundum mill 20.94 9.47 9.35

- - 0.17 60.07  18.99 0.17 9.64
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Fig. 6 SEM images of spodumene ground by different mills: (a) Large corundum mill; (b) Small corundum mill; (c) Small nylon mill

After the acid pickling, for all samples, the relative
concentrations of Al and metal ion impurity elements all
decreased, while the relative concentration of Li
increased. Meanwhile, flotation response of all the
samples became poor after acid pickling, which may be
due to that Li sites are not capable of interacting with the
carboxylate group of oleate, since the main interacting
sites on the spodumene surfaces with sodium oleate are
multivalent metal ion sites. Comparing the samples
ground by different mills, although the samples ground
by the large and small corundum mills have more metal
ion impurities than that by the nylon mill, samples
ground by the small corundum and nylon mills floated
better than that by the large corundum mill, because of
higher total metal ion content on the surface resulting
from shape factors. After the acid pickling, the reduced
metal ion impurities on the sample surfaces gave rise to
poor flotation response for all samples. Therefore, it can
be concluded that the root cause of the difference in
flotation response is the metal ion content on sample
surfaces, which depends on both metal ion impurities,
the particle size distribution, and the cleavage
characteristics of spodumene under different grinding
conditions.

Besides, it can be inferred that metal ion impurities
come from spodumene, which exist as lattice substitution,
or grinding environments. Mg element was not found on
the surfaces of samples ground by the nylon mill which
contains no metal ions. All the metal ion impurities were
found on the surfaces of samples ground by the
corundum mills. These results suggest that Fe and Ca
impurities may be partially from lattice impurities, while
the majority of Mg may come from mills. Quantum
chemistry calculation needs to be further done to confirm
this inference.

3.4 Computational analysis

Though many studies reported that metal ions such
as Fe, Mn, and Cr are common lattice impurities
substituting Al sites in spodumene [18—21], few studies
are reported on lattice substitution of spodumene by DFT
calculations. In order to evaluate whether the metal ion
impurities could be lattice impurities in spodumene

crystal, as well as the influence of lattice substitution on
electronic properties and flotation response of
spodumene, the (110) surfaces of spodumene bearing Fe,
Ca, Mg substitutions, and Li, Al vacancies, are modeled
using computer simulation techniques. The energies of
the spodumene (110) surface with substitutions and
vacancies are shown in Table 5. The more negative
values of energies are, the lattice substitutions or
vacancies occur more readily. The substitution energies
of Fe, Ca and Mg were negative, suggesting that these
atoms exist on the (110) spodumene surface.
Nevertheless, the substitution energies for Mg impurity
were higher, suggesting that the incorporation of Mg
may need higher temperature and/or higher pressure
during crystallization. Formation energies of Li and Al
vacancy on the spodumene (110) surface were negative
values, manifesting that Li and Al are readily dissolved
in solutions. In addition, the substitution of Fe for Al
atom was the most energetically favorable,
corresponding well with the fact that Fe-bearing
spodumene is very common in nature.

Table 5 Energies of spodumene (110) surface with different
substitutions and vacancies

Substitution type En:\r;g y/ Vi;?;cy Enee{/gy/
Fe substituting for Al ~ —14.9128 | Al vacancy —0.347
Ca substituting for Al —12.5611 | Li vacancy —1.5789
Mg substituting for Al ~ —2.1523
Ca substituting for Li ~ —12.6871
Mg substituting for Li —2.3146

The partial density of states (PDOS) of the
spodumene (110) surface with substitutions and
vacancies calculated by the CASTEP module are
presented in Fig. 7. The Fermi energy was set as 0 eV
(E=0). As seen in Figs. 7(a—c), the surface state can be
observed at the Fermi level for the Fe substitution
surface, which is composed of Fe 4s and Fe 3p orbitals,
and Ca has little contribution, with Ca 3d orbital, while
Mg has no contribution to the DOS around the Fermi
level, indicating that the activity of Fe is stronger than Ca
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and Mg, and Fe is apt to act as active sites for the
adsorption of anionic collectors (sodium oleate) on the
spodumene surface. With respect to Ca and Mg
substituting for Li, as shown in Figs. 7(d) and (e), both
Ca and Mg have no contribution to the DOS around the
Fermi level, indicative of weak activity. With respect to
(110) surface with vacancies, Al and Li contribute little
to the DOS around the Fermi level, showing that
reactivity of Al and Li on the (110) surface is poor, which
is consistent with the poor flotation response after acid
pickling.

As shown in Table 6, the bond populations of
Fe—02, Ca—O02, and Mg—O02 are 0.39, 0.12, and
—1.54, respectively, indicating that the covalent
proportion in the bond of Fe—O2 is very strong but
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weak for Ca—02, manifesting a stronger bond of Fe—02
formed. However, the bond population of Mg—O02 is
negative, indicating that Mg and O2 atoms are in an
anti-bonded state [35—-37]. Also, in the case of Ca and
Mg substituting for Li, bond populations of Ca—O are
positive while bond populations of Mg—O are negative,
suggesting that Ca and O could be bonded while Mg and
O atoms are in anti-bonded states. In other words, Mg
impurity is less likely to substitute the Al or Li sites in
spodumene crystal, while Fe and Ca are possible lattice
impurities, combining the analysis of PDOS results.

The electron density differences between the O
atom and Fe, Ca, and Mg confirmed the inference. As
shown in Fig. 8, there is large electronic density between
Fe and O atoms, and the overlap of the electron cloud

Table 6 Mulliken atomic populations of metal ion impurities and Mulliken bond population analysis

Mulliken atom population

Bond population analysis

Atom S P d Total Charge/e Bond Bond population Bond length/A
Fe (Al) 0.25 0.29 6.40 6.93 1.07 Fe—02 0.39 1.80769
Ca (AD 2.12 5.99 0.61 8.72 1.28 Ca—02 0.12 2.21748
Mg (Al) 0.28 6.06 0 6.34 1.66 Mg—02 -1.54 1.93820

Ca—0Ol1 0.06 2.26857
Ca (Li) 2.01 5.99 0.71 8.72 1.28 Ca—02 0.13 2.02086
Ca—03 0.09 2.26857
Mg—O1 -1.13 2.02086
Mg (L) 028 592 0 6.20 1.80 Mg—02 -0.51 2.20626
Mg—O03 —0.65 2.20626
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Fig. 8 Electron density difference of spodumene (110) surface with substitutions: (a) Fe substituting for Al; (b) Ca substituting for Al,
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between Fe—O2 is greater than Ca—O, revealing that
the interaction between Fe and O is relatively strong.
However, the electronic density difference between Mg
and O is almost negative, indicating that the interaction
of Mg with O is very weak.

Based on the calculation, it can be concluded that it
is highly likely that Fe is an impurity of spodumene
crystal, and Ca might be an impurity of spodumene
crystal as well, whereas Mg is the least likely to be the
lattice impurity. This conclusion is consistent with the
XPS results that there is no Mg on the surface of samples
ground by nylon mill which contains no metallic
elements. In addition, the activity of Fe is stronger than
Ca and Mg, and thus Fe is more apt to act as active sites
for the absorption of sodium oleate on the spodumene
surface. The reactivity of Al and Li on the (110) surface
is poorer, compared to that of Fe. The (110) surface with
Al or Li vacancy is readily to be formed according to the
calculation. Thus, the metallic elements may partially
dissolve into the solution after acid pickling, resulting in
poor flotation response of spodumene samples.

4 Conclusions

1) The flotation response of spodumene becomes
better in the sequence of 75—105 pm > 45-75 um >
23—45 pm size range for the samples ground by different
mills. The flotation recovery of samples ground by the
large corundum mill is lower than that of the samples
ground by the small corundum and nylon mills for the
same particle size range. All the samples possess poor
flotation response after acid pickling.

2) The difference in flotation response was majorly
due to the variation of metal ions on the spodumene
surface as revealed by XPS results. The less total metal
ions on the surfaces of spodumene ground by the large
corundum mill may be the main reason for its poor
flotation response as compared to samples ground by the
other two mills. After acid pickling, the relative
concentrations of Al and metal ion impurities all
decreased, which seems to contribute to the poor
flotation response of all the samples.

3) The particle size distribution indicates that
samples ground by the large corundum mill have a
higher percentage of fine size. SEM images show that
spodumene ground by the large corundum has a finer
particle size and the particles are in a long, flat and
prismatic shape. Therefore, the particle size distribution
and particle shape account for the distinct relative
contents of exposed surfaces in the samples, and the
variation of metal ions on the surfaces.

4) Computational results demonstrate that Fe and
Ca could be lattice substitutions in spodumene while Mg
substitution is unlikely to occur. In addition, Fe is

considered to act as active sites for the absorption of
sodium oleate on the spodumene surface. The (110)
surface with Al or Li vacancy is readily to be formed
according to the calculation. Therefore, the metallic
elements on the spodumene surfaces may partially
dissolve into solution after acid pickling, resulting in
poor flotation response of spodumene samples.
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