kz separations

Article

Low-Temperature Flotation Separation of Spodumene from
Albite Using Sodium Oleate and Fatty Alcohol Ethoxylate:
Solution-Phase Dispersion and Differential Interfacial Response

Guangpeng Chen !, Jian Liu *(0), Chengxiu Li 2, Shan Huang !, Jiamei Hao !, Da Li ! and Rong Huang !

W) Check for updates

Academic Editor: Shuling Gao

Received: 7 October 2026
Revised: 3 November 2026
Accepted: 13 November 2026
Published: 15 November 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

State Key Laboratory of Complex Nonferrous Metal Resources Clean Utilization, Yunnan Key Laboratory of
Green Separation and Enrichment of Strategic Mineral Resources, Faculty of Land Resources Engineering,
Kunming University of Science and Technology, Kunming 650093, China; 15912515756@163.com (G.C.);
15862192627@163.com (S.H.); haojiamei8716@163.com (J.H.); 18468204295@163.com (D.L.);
aoliao3066mg@163.com (R.H.)

Institute of Multipurpose Utilization of Mineral Resources, Chinese Academy of Geological Sciences (CAGS),
Chengdu 610041, China; Ichx_gjkc@sina.com

*  Correspondence: jianliu@kust.edu.cn

Abstract

The flotation separation of spodumene from albite becomes more difficult at low tempera-
tures because the dispersion and interfacial activity of sodium oleate (NaOL) are reduced.
In this study, a NaOL/fatty alcohol ethoxylate (AEO-3) mixed collector was investigated at
25 and 10 °C. At pH 8 and 25 °C, a 1:1 NaOL/AEO-3 molar ratio at 6 x 10~* mol/L achieved
recoveries of 85.88% for spodumene and 8.15% for albite. At 10 °C, the corresponding
recoveries were 73.81% and 14.43%, whereas NaOL alone achieved only 30.31% spodumene
recovery at the same total collector concentration. The surface-tension measurements
showed a lower CMC for the mixed collector, while a Rubingh analysis suggested favorable
non-ideal interactions at both temperatures within the model, although the calculated
interaction was weaker at 10 °C. Dynamic light scattering showed lower Z-average and PDI
values for the mixed collector than for NaOL alone. The contact-angle, TOC, {-potential,
and XPS analyses revealed a more pronounced interfacial response on spodumene, with
higher hydrophobicity, greater apparent organic carbon uptake, and stronger oleate-related
surface signals, while the oleate-related response on albite was less pronounced. A bench-
scale flotation at 10 °C produced a concentrate containing 3.40% Li,O at 76.73% recovery,
compared with 2.97% Li,O and 61.03% recovery for NaOL alone at the same total dosage
of 1000 g/t. These results indicate that the low-temperature advantage of NaOL/AEO-3
is associated with better solution-phase dispersion and a more pronounced interfacial
response on spodumene than on albite.

Keywords: low-temperature flotation; spodumene; mixed collector; sodium oleate; fatty
alcohol ethoxylate; solution-phase dispersion; interfacial response

1. Introduction

Lithium is an important strategic metal widely used in rechargeable batteries and large-
scale energy-storage systems [1,2]. The rapid growth of the lithium-ion battery industry
has led to increasing demand for efficient and sustainable utilization of lithium resources.
Among the major lithium resources, hard-rock spodumene deposits are characterized by
stable occurrence and relatively mature mining and beneficiation technologies, making
spodumene an important source of lithium in addition to salt-lake brines [2,3]. Spodumene
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(LiAlSi,O4) commonly occurs in association with albite and other feldspar minerals, and
flotation is widely used for their separation during spodumene beneficiation [4]. However,
spodumene and albite are both aluminosilicate minerals with similar surface chemical
properties, which can lead to co-flotation under conventional collector conditions and make
it difficult to simultaneously obtain high spodumene recovery and concentrate grade [5].

Fatty-acid collectors, such as oleic acid and sodium oleate (NaOL), have been widely
used in spodumene flotation because of their low cost, good collecting performance, and
broad applicability. Previous studies have shown that these collectors enhance the sur-
face hydrophobicity of spodumene through interactions with exposed metal sites on the
mineral surface [5-7]. However, under practical operating conditions, particularly in cold
regions and during winter, a decrease in temperature can markedly reduce the solubility,
dispersibility, and interfacial activity of fatty-acid collectors, resulting in poorer flotation
performance. In addition, reactive sites on albite can also interact with fatty-acid species,
which further reduces the selectivity of spodumene-albite separation [5,8-12]. Therefore,
maintaining both high spodumene recovery and sufficient selectivity at low temperatures
remains an important challenge in spodumene flotation.

To address these limitations, recent studies have mainly followed two approaches: the
use of mixed collectors and the molecular design of new collectors. For mixed-collector
systems, Shao et al. employed an N-oleoyl sarcosine (N-OSS)/dodecylamine (DDA) mix-
ture and achieved effective separation of spodumene from albite at 11-13 °C, showing that
interactions between different collector components can help maintain flotation selectivity at
low temperatures [13,14]. In parallel, molecular modification has been explored to improve
the low-temperature performance of collectors. Ren et al. developed novel amphoteric
collectors that enabled effective separation of spodumene from albite and quartz under
low-temperature conditions. Their results showed that the introduction of multiple func-
tional groups and a suitable hydrophilic-hydrophobic balance can reduce the temperature
sensitivity of conventional collectors [15,16]. Overall, these studies indicate that the adverse
effect of low temperatures on spodumene flotation can be alleviated either by combin-
ing collectors with complementary properties or by optimizing the collector molecular
structure [17,18].

Despite these advances, the mechanism by which mixed collectors improve low-
temperature flotation remains unclear. Improved flotation performance is often attributed
to stronger surfactant interactions, better dispersion, or enhanced adsorption. However,
changes in these properties do not necessarily occur to the same extent. At low tempera-
tures, molecular association, aggregate size, diffusion of the collector species, and collector—
mineral interactions may all be affected differently [9,19]. Therefore, it is necessary to
distinguish the solution-phase behavior of the collector from its interfacial response on
spodumene and albite and to clarify how these two aspects are related. On this basis, AEO-3
was introduced as a nonionic surfactant to modify the aggregation and dispersion behavior
of NaOL at low temperature [20].

AEO-3 is a fatty alcohol ethoxylate with the general structure R-O-(CH,CH,0),-H,
where R represents a hydrophobic alkyl chain and the average ethoxylation degree # is
approximately 3 (Figure 1). The molecule therefore contains both a hydrophobic alkyl chain
and a hydrophilic poly(ethylene oxide) segment, giving AEO-3 the typical amphiphilic
character of a nonionic surfactant. In aqueous solution, AEO-3 can associate with ionic sur-
factants and thereby affect their aggregation and dispersion behavior. Previous studies have
demonstrated beneficial effects of anionic/nonionic mixed collectors in low-temperature
scheelite flotation, while NaOL/alcohol-ethoxylate mixtures have also been investigated
in quartz reverse flotation [21,22]. These studies suggest that AEO-3 may modify the so-
lution behavior of NaOL, particularly its aggregation and dispersion at low temperatures.
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However, the role of AEO-3 in the low-temperature flotation separation of spodumene from
albite remains unclear.

'

General structure: R-O-(CH,CH,0),,-H, n = 3 Qo0

Figure 1. General molecular structure of AEO-3.

In this study, high-purity spodumene and albite were used to investigate the NaOL/AEO-
3 mixed collector system, focusing on its solution-phase dispersion behavior at 10 °C and
its interfacial responses on spodumene and albite. Surface-tension measurements, Rubingh
analysis, and dynamic light scattering (DLS) were used to characterize surface activity,
non-ideal interactions, and aggregate-size distributions in solution. Contact-angle mea-
surements, total organic carbon (TOC) analysis, {-potential measurements, and X-ray
photoelectron spectroscopy (XPS) were employed to evaluate surface hydrophobicity, ap-
parent organic carbon uptake, interfacial electrical response, and surface chemical changes,
respectively. These results were combined with flotation tests to clarify how the solution-
phase behavior of the mixed collector is related to the selective flotation of spodumene
from albite.

2. Materials and Methods
2.1. Materials and Reagents

High-purity spodumene and albite samples were used in this study. After crushing,
hand sorting, grinding, and sieving, the —74 + 38 pm fraction was used for microflotation
and TOC measurements, whereas the <38 pm fraction was used for {-potential and XPS
measurements. Hand-cut and polished block samples were prepared for contact-angle and
SEM-EDS analyses. As shown in Figure 2, no detectable impurity peaks were observed
in the XRD patterns of either mineral, confirming that the sample purity was sufficient
for the subsequent experiments. Sodium oleate (NaOL, analytical grade) was purchased
from Macklin (Shanghai, China). AEO-3 (fatty alcohol ethoxylate, CAS 68131-39-5, average
molar mass ~ 315 g/mol, general formula R-O-(CH,CH,0),-H, n = 3) was purchased
from Aladdin (Shanghai, China). Methyl isobutyl carbinol (MIBC, 4-methyl-2-pentanol,
CAS 108-11-2, purity > 95%) was obtained from Aladdin (Shanghai, China) and used as a
conventional frother in the bench-scale flotation tests. The pH of the solutions was adjusted
using 0.1 mol/L HCl or 0.1 mol/L NaOH.

2.2. Microflotation Tests

Single-mineral and artificial mixed-ore flotation tests were conducted using a labora-
tory XFG-II flotation machine (Jilin Exploration Machinery Factory, Changchun, China)
equipped with a 40 mL cell at a spindle speed of 1992 rpm. In each test, 2 g of mineral sample
was added to 35 mL of deionized water and preconditioned for 1 min. The pulp pH was
then adjusted to the desired value using HCl or NaOH, followed by 2 min of conditioning.
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The collector was subsequently added, and the pulp was conditioned for an additional
3 min before flotation. Froth products were collected for 3 min. The microflotation proce-
dure is shown in Figure 3. The effects of pulp pH, NaOL/AEO-3 molar ratio, and collector
concentration were investigated separately. The pH tests were conducted using NaOL or
AEQ-3 at a concentration of 1 x 1073 mol/L. The molar-ratio tests were performed at pH 8
and a total collector concentration of 1 x 10~2 mol/L. The collector-concentration tests were
conducted at pH 8, with a NaOL/AEO-3 molar ratio of 1:1 for the mixed system. Subsequent
comparative flotation tests were conducted at pH 8 and a total collector concentration of
6 x 10~* mol/L.
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Figure 2. XRD patterns of spodumene (a) and albite (b).
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Figure 3. Flowsheet of the microflotation test.

For flotation tests at 10 £ 0.5 °C, the flotation cell was placed in a temperature-controlled
water bath, and the pulp temperature was continuously monitored throughout the experi-
ment. The concentrate and tailings were collected separately, filtered, dried, and weighed.
For single-mineral flotation, the recovery was calculated from the masses of the concentrate
and tailings using Equation (1). For the artificial mixed-mineral flotation tests, 1.0 g of
spodumene and 1.0 g of albite were mixed at a mass ratio of 1:1. Different collector systems
were tested under the same total collector concentration. Li,O recovery was calculated from
the concentrate yield and the Li,O grades of the feed and concentrate using Equation (2).

m
:—C 1 0O 1
v n t>< 00% (1)
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e = % x 100% (2)
where m,. and m; are the masses of the concentrate and tailings, respectively; -y is the
concentrate yield; « and § are the Li,O grades of the feed and concentrate, respectively; and

¢ is the Li,O recovery.

2.3. Contact-Angle Measurements

Smooth block samples of spodumene and albite were prepared by cutting and polishing.
The samples were immersed in 50 mL of deionized water, and the solution pH was adjusted
to 8 using HCl or NaOH. NaOL, AEO-3, and NaOL/AEO-3 were separately used at a total
collector concentration of 6 x 10~* mol/L, with a NaOL/AEO-3 molar ratio of 1:1 in the mixed
system. The suspension was stirred for 3 min, consistent with the collector conditioning time
used in the flotation tests. For measurements at 10 £ 0.5 °C, the samples were conditioned at
this temperature before contact-angle measurement. Contact angles were measured using a
J¥Y-82C contact-angle analyzer (Chengde Dingsheng Testing Equipment Co., Ltd., Chengde,
China) equipped with an automatic imaging and data-processing system. Measurements
were performed at three different positions on each sample under each condition, and the
average value was reported.

2.4. Solution-Phase Interaction Analysis

Surface-tension measurements were performed using a KRUSS K100 automatic surface
tension analyzer (KRUSS GmbH, Hamburg, Germany) by the Wilhelmy plate method.
NaOL, AEO-3, and NaOL/AEO-3 solutions with the required concentrations were freshly
prepared. Before measurement, the solution pH was adjusted to 8, and 75 mL of each
solution was transferred into a flat-bottom glass vessel for measurement. Before each test,
the platinum plate was thoroughly cleaned and dried to minimize surface contamination.
Surface tension was recorded after the reading became stable. Measurements were con-
ducted at 25 + 0.5 and 10 * 0.5 °C. For measurements at 10 + 0.5 °C, the test solutions
were equilibrated at the target temperature for 10 min before analysis. Each measurement
was repeated at least three times, and the average value was used to construct the surface
tension—concentration curves and determine the critical micelle concentration (CMC). The
Rubingh model was subsequently applied to the NaOL/AEO-3 mixed system to evaluate
the non-ideal interactions between the two surfactants at the two tested temperatures.

Dynamic light scattering (DLS) measurements were performed using a Malvern Ze-
tasizer Nano ZS90 (Malvern Instruments Ltd., Malvern, UK) with a laser wavelength of
633 nm to determine the size distribution of apparent aggregates in solution. For each
measurement, 35 mL of deionized water was added to a 40 mL flotation cell, the pH was ad-
justed to 8, NaOL, AEO-3, and NaOL/AEQO-3 were tested at a total collector concentration of
6 x 107* mol/L, with a NaOL/AEQO-3 molar ratio of 1:1 in the mixed system. The solution
was then stirred for 3 min, consistent with the collector conditioning time used in the flota-
tion tests. For measurements at 10 + 0.5 °C, the solution, flotation cell, and DLS cuvette
were pre-equilibrated at this temperature before analysis. After collector addition and
stirring, the solution was immediately transferred to a pre-cooled cuvette and maintained
at 10 £ 0.5 °C for 10 min before measurement. The temperature was monitored through-
out sample preparation to minimize temperature fluctuations. Each measurement was
performed in triplicate, and the average value was reported.

2.5.TOC

The total organic carbon (TOC) concentration of the solution was measured using
a vario TOC analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany) to
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estimate the apparent organic carbon uptake on the mineral surface. In each test, 2 g of
mineral sample was dispersed in 40 mL of deionized water in a 50 mL flotation cell. The pulp
pH was adjusted to 8 using HCl or NaOH. NaOL, AEO-3, and NaOL/AEO-3 were tested
separately at a total collector concentration of 6 x 10—4 mol/L, with a NaOL/AEO-3 molar
ratio of 1:1 in the mixed system. The slurry was then magnetically stirred for 3 min, consistent
with the collector conditioning time used in the flotation tests. After conditioning, the
suspension was centrifuged, and the supernatant was filtered through a 0.45 pm membrane
before TOC analysis. For each collector system, a mineral-free reference solution was
prepared under the same collector concentration, pH, and temperature conditions. Both
the mineral-containing suspension and the mineral-free reference solution were subjected
to the same stirring, centrifugation, and filtration procedures. TOC measurements were
conducted at 25 + 0.5 and 10 £ 0.5 °C. For measurements at 10 £ 0.5 °C, the samples were
maintained at this temperature throughout the conditioning process prior to TOC analysis.
The apparent organic carbon uptake per unit mass of mineral was calculated from the
difference between the TOC concentrations of the processed mineral-free reference solution
and the filtered supernatant after mineral treatment according to Equation (3):

(CO - Ce)v
m

I'= (3)
where I is the apparent organic carbon uptake per unit mass of mineral (mg C/g); Cyand C,
are the TOC concentrations of the processed mineral-free reference solution and the filtered
supernatant after mineral treatment, respectively (mg C/L); V is the solution volume (L);
and m is the mineral mass (g).

2.6. {-Potential Measurements

The C potentials of spodumene and albite before and after collector treatment were
measured using a Malvern Zetasizer Nano Z590 (Malvern Instruments Ltd., Malvern, UK)
by electrophoretic light scattering. In each test, 20 mg of mineral sample was dispersed in
40 mL of 0.01 mol/L KCl electrolyte solution and stirred magnetically to obtain a uniform
suspension. NaOL, AEO-3, and NaOL/AEO-3 were tested at a total collector concentration
of 6 x 10~* mol/L, with a NaOL/AEQO-3 molar ratio of 1:1 in the mixed system. The collector
solution was then added, and the pulp pH was adjusted to the desired value using HCI or
NaOH. Measurements were conducted over a pH range of 2-10. After 5 min of conditioning,
the suspension was allowed to stand for 15 min. For measurements at 10 °C, the samples
were maintained at this temperature throughout the conditioning process. The upper
suspension was then collected for C-potential analysis. Measurements were performed in
triplicate under each condition, and the average value was reported.

2.7. XPS Analysis

For each test, 2 g of spodumene or albite was dispersed in 40 mL of deionized water
and magnetically stirred for 3 min. The pulp pH was then adjusted to 8 using HCl or NaOH,
followed by an additional 3 min of conditioning. NaOL, AEO-3, and NaOL/AEO-3 were
separately used at a total collector concentration of 6 x 10~* mol/L, with a NaOL/AEO-
3 molar ratio of 1:1 in the mixed system. The suspension was then conditioned for a
further 3 min. After treatment, the mineral samples were filtered and dried at 25 + 0.5 °C
prior to analysis. Untreated samples prepared using the same procedure without collector
addition were used as controls. X-ray photoelectron spectroscopy (XPS) measurements were
performed using a K-Alpha+ XPS spectrometer (Thermo Fisher Scientific Inc., Waltham,
MA, USA). The binding energies were charge-corrected using the C 1s peak at 284.8 eV as
the reference.
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2.8. Scanning Electron Microscopy and EDS Analysis

Hand-cut block samples of spodumene and albite were polished to obtain flat and clean
surfaces before analysis. The prepared samples were immersed in 40 mL of deionized water,
and the solution pH was adjusted to 8 using HCI or NaOH. After 3 min of preconditioning,
NaOL or NaOL/AEO-3 was added at a total collector concentration of 6 x 10~ mol/L, with
a NaOL/AEO-3 molar ratio of 1:1 in the mixed system. The samples were then conditioned
for a further 3 min. The treated samples were then removed and dried at 25 £+ 0.5 °C.
Surface morphology was examined using a Thermo Scientific Apreo 2 S scanning electron
microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA), and elemental analysis was
performed using a Bruker XFlash 6|30 energy-dispersive X-ray spectroscopy (EDS) detector
(Bruker Nano GmbH, Berlin, Germany) coupled to the microscope. The relative elemental
compositions of the analyzed surface regions were obtained for comparison among different
collector treatments.

2.9. Bench-Scale Flotation Tests

A spodumene ore sample from Sichuan Province, China, was used for the bench-scale
flotation tests. The chemical composition of the spodumene ore is shown in Table 1, with a
Li,O content of 1.12%. The remaining 4.24 wt.% was calculated by difference and reported
as Others.

Table 1. Chemical composition of the spodumene ore.

Components

Li,O

Al,O, SiO, Na,O K,O Others Total

Content (%)

1.12

15.89 72.62 3.18 2.95 4.24 100

The XRD pattern of the ore is shown in Figure 4. Quartz, albite, K-feldspar, mica-group
minerals, and spodumene were identified in the ore.

7000 . ¢ Quartz
A Albite
6000 V¥ K-feldspar
_ ® Mica-group minerals
2 5000 - * Spodumene
= A
=
é 4000 -
Z
‘z 3000
=
<
= 2000
L]
1000 I
MRS
0k
1 1 1 1 1 1 1 1

10 20 30 40 50 60 70 80 90
20(°)

Figure 4. XRD pattern of the spodumene ore used in the bench-scale flotation tests.

Bench-scale flotation tests were conducted using an XFD-III single-cell flotation ma-
chine equipped with a 1.5 L flotation cell (Jilin Jitan Machinery Co., Ltd., Changchun,
China). For each test, 500 g of spodumene ore was ground in an XMB-200 x 240 rod /ball
mill (Jiangxi Weiming Machinery Equipment Co., Ltd., Ganzhou, China) at 70% solids
to a target fineness of 75% passing 200 mesh. The ground slurry was transferred to the
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flotation cell, and the pulp density was adjusted to 30% solids. The impeller speed was
set at 1994 rpm. Na,CO;, sodium silicate, NaOH, and the collector were added sequen-
tially according to the flowsheet shown in Figure 5, with a conditioning time of 3 min for
each reagent.

Feed
3 min X Na,CO; 500 g/t
3min X Sodium silicate 200 g/t

3 min X NaOH 500 g/t
3 min X Collector

4min30s

v v

Concentrate Tailings

Figure 5. Flowsheet of the bench-scale rougher flotation test.

Four reagent conditions were investigated at 25 and 10 °C: NaOL alone at 500 and
1000 g/t, NaOL (500 g/t) combined with MIBC (60 g/t), and NaOL/AEO-3 at a total dosage
of 1000 g/t. For the mixed-collector tests, NaOL and AEO-3 were used at a molar ratio
of 1:1, and the reported collector dosage refers to the total dosage of the NaOL/AEO-3
mixture. The NaOL dosage of 500 g/t was selected to approximately match the NaOL
content in the mixed collector. For tests at 10 °C, the pulp was precooled and maintained
at 10 £ 0.5 °C throughout conditioning and flotation, with the temperature monitored
continuously. Flotation was then carried out for 4 min 30 s with continuous aeration and
froth collection. Na,CO; was used to increase and buffer the pulp alkalinity, sodium silicate
was used as a dispersant/depressant for silicate gangue, and NaOH was used for final
adjustment of the pulp pH before collector addition. The pulp pH was measured after the
addition of NaOH and before collector addition. The measured pH values were 10-11 at
25 °C and 10-11 at 10 °C. After flotation, the wet concentrate was weighed before filtration
and drying. The concentrate and tailings were collected separately, filtered, dried, and
weighed. The Li,O grades of the products were determined, and the corresponding Li,O
recoveries were calculated. Water recovery was calculated from the difference between the
wet and dry concentrate masses using Equation (4):

Myet,c — mdry,c

R, = P

x 100% (4)

w, total

where R, is the water recovery (%); Myt and mmg, . are the wet and dry concentrate masses
(g), respectively; and 1., is the total mass of water introduced during the flotation

test (g).

3. Results and Discussion
3.1. Microflotation Test Results

Microflotation tests were conducted to evaluate the effects of pH, NaOL/AEO-3 molar
ratio, collector concentration, and temperature on the flotation behavior of spodumene and
albite [8].

https://doi.org/10.3390/separations13110341


https://doi.org/10.3390/separations13110341

Separations 2026, 13, 341

9 of 26

As shown in Figure 6a, when NaOL was used at a concentration of 1 x 103 mol/L,
the recoveries of both minerals increased with increasing pH, consistent with previous
reports [23]. This trend may be related to changes in the availability of Al-containing active
sites on the mineral surfaces under alkaline conditions, which favor the interaction of oleate
species with the mineral surface [7,23]. At pH 8, spodumene recovery reached 52.28%,
whereas albite recovery was 24.65%, corresponding to the largest recovery difference of
27.63%. In contrast, AEO-3 alone produced relatively low recoveries for both minerals
over the investigated pH range, indicating a limited collecting effect. Therefore, pH 8 was

selected for subsequent tests.

| | —*— Spodumene+NaOL () | —e— Spodumene+NaOL/AEO-3 (b)
100 s Albite+NaOL 100
. - TR —A— Albite+NaOL/AEO-3
I e podumene - s s —=S
80 | —*— Albite+AEO-3 80 | o
. Condition: Com;mon:
Q _ Q pH=
! <60 _N30L=1X10:m01/L < el NaOL/AEO-3=1x10 mol/L
| g | AEO-3=1x10° mollL s g
2 40 — 3
L
S —* 2
: 20 — 20 | * - 23
A- A = =3
| s - E S— 3 —
I 0F 0
: 2 4 6 8 10 1:3 1:1 3:1 5:1 7:1
| pH Molar ratios of NaOL:AEO-3
—m— Spodumene+NaOL (C) —ua— Spodumene+NaOL (d)
| 100 -+ Spodumenc/\iOLAEO:3 100 o Spodumene+NaOL/AEO-3
. ite+Na .
—A— Albite+NaOL/AEO-3 © ") AL EIE
| sl = — 80 |-—v— Albite+NaOL/AEO-3 .
" Temperature:25 + 0.5 °C @ I—’..’I/ .
I S & pH=8 S / Condition:
< / NaOL:AEO-3=1:1 > 60 - /I Temperature:10 = 0.5 °C |
- s - NaOL:AEO-3=1:1 .
12 " | §w} pH= l
S a0t x & '
| — ||
. 20 — v
B Ep— .
| 20 | x 2 I/I/ |
. A—
| —= — T |
0 L L 1 L L L 1 L L
. 4 6 8 10 2 4 6 8 10 .
| . _ . _Collector Congentration (<10™*mol/l) __ __ Collector Concentration (<10_‘molL) __ ]

Figure 6. Effects of (a) pH, (b) NaOL/AEO-3 molar ratio, and collector concentration at (c) 25 °C
and (d) 10 °C on the flotation recoveries of spodumene and albite.

Figure 6b shows the effect of the NaOL/AEO-3 molar ratio at pH 8 and a fixed total
collector concentration of 1 x 1072 mol/L. At a NaOL/AEO-3 molar ratio of 1:3, both
minerals exhibited relatively low recoveries, which can be attributed to the low proportion
of NaOL in the mixed collector. When the NaOL proportion was increased, spodumene
recovery remained above 80% at molar ratios of 1:1, 3:1, 5:1, and 7:1, whereas albite recovery
remained below 21%. The largest recovery difference was obtained at a molar ratio of
1:1, with spodumene and albite recoveries of 86.17% and 15.10%, respectively. Further
increasing the NaOL proportion produced only minor changes in spodumene recovery
but gradually increased albite recovery; for example, at a ratio of 7:1, the recoveries of
spodumene and albite were 86.67% and 20.27%, respectively. Accordingly, a NaOL/AEO-3
molar ratio of 1:1 was selected for subsequent experiments.

The effect of the total collector concentration at 25 °C is shown in Figure 6¢c. At pH
8 and a NaOL/AEO-3 molar ratio of 1:1, spodumene recovery increased markedly with
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increasing collector concentration and approached a plateau at 6 x 10~* mol/L, reaching
85.88%. Under the same total collector concentration, NaOL alone achieved a spodumene
recovery of 49.40%. Meanwhile, albite recovery in the mixed system remained relatively
low and increased only slightly over the same concentration range. The maximum recovery
difference between spodumene and albite was 77.73 percentage points at 6 x 10~ mol/L.
Therefore, this concentration was selected for subsequent tests.

The effect of temperature is presented in Figure 6d. At a NaOL concentration of
6 x 10~* mol/L, spodumene recovery was 30.31%, compared with 49.40% at 25 °C. In con-
trast, the NaOL/AEO-3 mixed collector achieved a spodumene recovery of 73.81% at 10 °C,
compared with 85.88% at 25 °C. The corresponding albite recovery was 14.43%, giving
a recovery difference of 59.38 percentage points. These results show that the addition of
AEO-3 improved the low-temperature flotation performance of NaOL while maintaining a
clear recovery difference between spodumene and albite. Based on these results, pH 8, a
NaOL/AEO-3 molar ratio of 1:1, and a total collector concentration of 6 x 10~ mol/L were
selected for subsequent microflotation and surface characterization tests.

Artificial mixed-mineral flotation tests were conducted using spodumene and albite at
a mass ratio of 1:1, with a feed Li,O grade of 3.34%. Both collector systems were tested at
pH 8 and the same total collector concentration of 6 x 107* mol/L. The flotation results are
summarized in Table 2. At 25 °C, NaOL produced a concentrate with a yield of 29.00%, a
Li,O grade of 5.79%, and a Li, O recovery of 50.26%. In comparison, NaOL/AEO-3 increased
the concentrate yield to 45.50% and the Li,O recovery to 79.28%, with a concentrate grade
of 5.82%. At 10 °C, NaOL yielded a concentrate with a yield of 24.55%, a Li,O grade of
5.48%, and a recovery of 40.22%. Under NaOL/AEO-3 treatment, the concentrate yield
increased to 42.00%, with a Li,O grade of 5.93% and a recovery of 74.63%. Compared with
NaOL alone, the mixed collector increased the Li,O recovery by 29.02 and 34.41 percentage
points at 25 and 10 °C, respectively. These results show that NaOL/AEO-3 achieved higher
Li,O recoveries at both temperatures, together with a higher concentrate grade at 10 °C.

Table 2. Flotation results of artificial spodumene-albite mixtures using NaOL and NaOL/AEO-3 at
different temperatures.

Collector/

. o o, 13 o o
Temperature 6 x 104 mol /L Concentrate Yield/%  Concentrate Grade/% Tailing Grade/% Recovery/%
25 oC NaOL 29.00 5.79 2.34 50.26

NaOL/AEO-3 45.50 5.82 1.27 79.28
10°C NaOL 2455 5.48 2.65 40.22
NaOL/AEO-3 42.00 5.93 1.46 74.63

3.2. Contact-Angle Measurements

Surface hydrophobicity is an important factor affecting mineral flotation behavior [24,25].
Contact-angle measurements were therefore performed to compare the wettability of spo-
dumene and albite after different collector treatments at 25 °C and 10 °C.

As shown in Figure 7a,b, untreated spodumene exhibited a contact angle of 28.64°
at 25 °C, confirming its hydrophilic surface [26,27]. NaOL treatment increased the con-
tact angle to 59.08°, whereas AEO-3 alone produced only a modest change to 33.29°. In
contrast, the NaOL/AEO-3 mixed collector yielded a much higher contact angle of 79.22°,
demonstrating a stronger enhancement of spodumene surface hydrophobicity than either
collector used alone. For albite, the contact angle of the untreated surface was 25.84°, and
values of 40.78°, 31.13°, and 34.57° were obtained after treatment with NaOL, AEO-3, and
NaOL/AEO-3, respectively. Thus, although NaOL increased albite hydrophobicity to some
extent, the mixed collector did not produce a corresponding enhancement relative to NaOL
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alone. Consequently, under NaOL/AEO-3 treatment, the contact-angle difference between
spodumene and albite reached 44.65° at 25 °C, reflecting a pronounced wettability contrast
between the two minerals that is favorable for their flotation separation.

I a) Spodumene b) Albite )

- 100 (Cf?ndigon: 100 - (Co?ldition:
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Figure 7. Contact angles of spodumene and albite after different collector treatments at (a,b) 25 °C
and (c) 10 °C.

The effect of temperature is shown in Figure 7c. At 10 °C, NaOL-treated spodumene
exhibited a contact angle of 42.28°, compared with 59.08° at 25 °C, indicating substantially
lower surface hydrophobicity under the low-temperature condition. In contrast, the contact
angle of NaOL/AEO-3-treated spodumene was 70.94° at 10 °C, remaining much higher
than that obtained with NaOL alone at the same temperature, showing that spodumene
remained substantially more hydrophobic after NaOL/AEO-3 treatment than after NaOL
treatment at 10 °C. For albite, the corresponding contact angles after treatment with NaOL
and NaOL/AEO-3 were 32.93° and 30.62°, respectively, and both remained relatively low. As
a result, the contact-angle difference between spodumene and albite in the mixed-collector
system remained as high as 40.32° at 10 °C. These results show that NaOL/AEO-3 main-
tains a pronounced wettability contrast between the two minerals under low-temperature
conditions, which is beneficial to their flotation separation.

3.3. Solution-Phase Interaction and Aggregation Behavior

Surface-tension measurements, Rubingh analysis, and dynamic light scattering (DLS)
were used to characterize the solution-phase behavior of the collector system from different
aspects. Surface tension was used to determine the critical micelle concentration (CMC),
Rubingh analysis to evaluate the non-ideal interactions between NaOL and AEO-3, and
DLS to examine the size distribution of apparent aggregates. Together, these measurements
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provide complementary information on the association and dispersion behavior of the
mixed collector in solution.

3.3.1. Surface Tension Measurements

The surface-tension measurements were conducted to investigate the interfacial be-
havior of NaOL, AEO-3, and their mixed system. The solution pH was adjusted to 8 before
measurements at both 25 and 10 °C. The critical micelle concentrations (CMCs) were esti-
mated from the breakpoints of the surface tension-concentration curves. The CMC values
and corresponding surface tension changes were used to compare the collector systems at
different temperatures.

As shown in Figure 8a, the surface tension of NaOL, AEO-3, and the NaOL/AEO-3
mixed collector changed with increasing concentration and gradually approached a rela-
tively stable level. At 25 + 0.5 °C, the log CMC values of NaOL, AEO-3, and NaOL/AEO-3
were —3.373, —4.072, and —4.313, respectively, corresponding to CMC values of approx-
imately 4.24 x 1074, 8.47 x 107>, and 4.86 x 107> mol/L. At the highest investigated con-
centration (log C = —1), the corresponding surface tension values were 26.37, 25.90, and
25.07 mN/m. The mixed collector exhibited the lowest CMC and a slightly lower surface
tension than the individual reagents.

i_(;l)_._._._._._._._._._._._E_.(b_) ....................... -
- Temperature:25+0.5°C pH=8 X=CMC i Temperature:10 + 0.5 °C pH=8 X=CMC |
I NaOL NaOL I
i - —— AEO-3 —AEO3
_ T X=4313——NaOL/AEO3] | - NaOL/AEO-3| |
| Eaof : E0f

> P4 --o—a I
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| Zaof QF‘\\‘\H_O___« Ea NG |
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Figure 8. Surface tension—concentration curves of NaOL, AEO-3, and NaOL/AEO-3 at (a) 25 °C and
(b) 10 °C.

At 10 £ 0.5 °C, the log CMC values of NaOL, AEO-3, and NaOL/AEO-3 were —2.929,
—3.765, and —3.805, respectively, corresponding to approximately 1.18 x 1073, 1.72 x 1074,
and 1.57 x 10~* mol/L. At the highest investigated concentration, the surface tension values
were 59.46, 37.67, and 36.56 mN/m. Compared with 25 °C, the surface tension of NaOL
increased markedly at 10 °C, whereas the NaOL/AEO-3 system exhibited a smaller increase.
Moreover, the mixed collector maintained a lower CMC and lower surface tension than
NaOL alone at 10 °C.

3.3.2. Rubingh Analysis of Non-Ideal Interactions

The surface tension—concentration curves and corresponding CMC values provide the
basis for evaluating the interactions between NaOL and AEO-3. To quantify the deviation
from ideal mixing, the Rubingh model based on regular solution theory (RST) was applied.
This model assumes the formation of mixed micelles and treats the mixed micelle as a non-
ideal regular solution. Differences between like- and unlike-molecule interactions affect the
free energy of micellization and the distribution of components within the micelle [28,29].
The extent of non-ideality is described by the interaction parameter . Within this model,
a negative " value indicates attractive interactions between the two components, whereas
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a positive value indicates predominantly repulsive interactions. The corresponding activity
coefficients, f/", provide additional information on the degree of non-ideality; values below
unity indicate that the effective activity of a component in the mixed micelle is lower than
that expected for ideal mixing. The relevant relationships are given below:

YnaoLCHL S 2 (1 — XnaoL) Cif©
F(XIop) = (X0 Zln(Lﬁfm) —(1- X7, In( =0 (5)
( N OL) N OL) Xm CC ( N OL) (1 _ XﬁaOL)CCAI%E)_S

NaOL ~NaOL
ln( XnaoL C5I° ) ln< (1—xNa0L) CRES
(

le — XI'\]IIaO:nC?\IrgE)L . — 1_Xrifla0L) Cz"ﬁ%-a ( 6)
( 1- XNaOL ) (XNaOL )
2
Inflior = " (1 - X%oL) (7)
2
Infitos = A" (XIY\IHaOL) (8)

The mole fraction of NaOL in the mixed-collector solution and in the mixed micelles
is denoted by xy,op and X{{,o;- CRnoL, Canos and Cip represent the CMC values of
NaOL alone, AEO-3 alone, and the NaOL/AEO-3 (1:1) mixed system, respectively. B"
is the interaction parameter between NaOL and AEO-3, whereas f{. ,; and fi} 5 are the
corresponding activity coefficients.

The calculated Rubingh parameters are summarized in Table 3. The " values of
the NaOL/AEO-3 system were —5.073 at 25 °C and —3.556 at 10 °C, indicating favorable
non-ideal interactions between the two components at both temperatures [30]. The corre-
sponding activity coefficients of NaOL and AEO-3 were 0.148 and 0.468 at 25 °C, increasing
to 0.202 and 0.680 at 10 °C, respectively. Compared with the results at 25 °C, the less neg-
ative B value and the higher activity coefficients at 10 °C indicate a weaker interaction
between NaOL and AEO-3. Nevertheless, ™ remained negative and the activity coeffi-
cients remained below unity at 10 °C, indicating that favorable non-ideal mixing was still
predicted by the model. Overall, the Rubingh analysis shows that the non-ideal interaction
between NaOL and AEO-3 was weaker at 10 °C than at 25 °C but remained favorable at
both temperatures. However, the formation of mixed micelles has not been independently
confirmed, and the calculated parameters should be interpreted within the assumptions of
the Rubingh model.

Table 3. Rubingh interaction parameters and activity coefficients of the NaOL/AEO-3 mixed system
at different temperatures.

Temperature XNaOL XtoL B" anaOL ﬁ:EO_3
25°C 0.500 0.387 -5.073 0.148 0.468
10 °C 0.500 0.329 —3.556 0.202 0.680

3.3.3. DLS

Given the weaker NaOL/AEO-3 interaction predicted by the Rubingh model at 10 °C,
DLS was further used to compare the size distributions of the collector systems at 25 and
10 °C [31-33].

As shown in Figure 9, the NaOL-only system exhibited a broader size distribution at
10 °C than at 25 °C, with the distribution shifted toward larger particle sizes. This observation
is consistent with the Z-average and PDI values (Table 4). For NaOL, the Z-average values
were 246.8 and 408.7 nm at 25 and 10 °C, respectively, while the corresponding PDI values
were 0.418 and 0.474. AEO-3 also exhibited a larger Z-average at 10 °C (456.8 nm) than at
25 °C (424.2 nm). In contrast, the NaOL/AEO-3 mixed system exhibited lower Z-average
values, with Z-average values of 155.8 nm at 25 °C and 171.9 nm at 10 °C. Compared

https://doi.org/10.3390/separations13110341


https://doi.org/10.3390/separations13110341

Separations 2026, 13, 341

14 of 26

with NaOL alone, the mixed system exhibited lower Z-average and PDI values at both
temperatures, with a smaller increase in Z-average from 25 to 10 °C [26,31]. The relatively
high PDI values indicate broad size distributions; therefore, the Z-average values are mainly

used for comparison between the collector systems.

50
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Figure 9. Size distributions of different collector systems at different temperatures.

Table 4. Z-average and polydispersity index (PDI) of different collector systems at different tempera-

tures.

Conditions Z-Average (nm) PDI
NaOL (25 °C) 246.8 0.418
NaOL (10 °C) 408.7 0.474
AEO-3 (25°C) 4242 0.362
AEO-3 (10 °C) 456.8 0.374

NaOL/AEO-3 (25 °C) 155.8 0.311
171.9 0.363

NaOL/AEO-3 (10 °C)

Taken together, the surface-tension and Rubingh results suggest favorable non-ideal
interactions between NaOL and AEO-3 at both temperatures within the Rubingh model,
although the calculated interaction was weaker at 10 °C than at 25 °C. The DLS results
further showed that the Z-average of the mixed collector increased from 155.8 nm at 25 °C
to 171.9 nm at 10 °C. Compared with NaOL alone, the mixed collector exhibited lower

Z-average and PDI values at both temperatures.

3.4.TOC

Figure 10 shows the apparent organic carbon uptake on spodumene and albite after
different collector treatments (NaOL, AEO-3, and NaOL/AEO-3). The experiments were
conducted at pH 8 and a total collector concentration of 6 x 10~% mol/L, with a NaOL/AEO-3

molar ratio of 1:1 in the mixed system.
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Figure 10. Apparent organic carbon uptake on spodumene and albite after different collector treat-
ments at (a) 25 °C and (b) 10 °C.

As shown in Figure 10a, at 25 £ 0.5 °C and a collector concentration of 6 x 10~* mol/L,
the apparent organic carbon uptake values for NaOL were 1.87 and 1.69 mg C/g on spo-
dumene and albite, respectively. AEO-3 alone exhibited relatively low and comparable
uptake on the two minerals, with values of 1.21 mg C/g for spodumene and 1.06 mg C/g for
albite. Under NaOL/AEO-3 treatment, the apparent total organic carbon uptake increased
to 2.02 mg C/g on spodumene, whereas the corresponding value on albite was 1.58 mg C/g.
At 10 £ 0.5 °C (Figure 10b), the apparent organic carbon uptake values for NaOL were
1.18 and 0.94 mg C/g on spodumene and albite, respectively. The corresponding values
for AEO-3 alone were 0.91 and 0.83 mg C/g. In comparison, the mixed collector showed
uptake values of 1.78 and 1.11 mg C/g, respectively. Compared with NaOL alone, the
mixed collector showed higher apparent organic carbon uptake on spodumene at both
temperatures, with a greater difference at 10 °C.

3.5. {-Potential Measurements

C-potential measurements were used to evaluate changes in the interfacial electrical
properties of spodumene and albite after different collector treatments [27,34]. Figure 11
presents the C-potential profiles of spodumene and albite under different collector treatments.

As shown in Figure 11a,b, the { potentials of untreated spodumene and albite gradually
shifted from positive to negative values with increasing pH and became more negative
thereafter. Their isoelectric points (IEPs) were located at pH 2.85 and 2.15, indicating that
both minerals possess negatively charged surfaces under neutral to weakly alkaline condi-
tions typically used in flotation, in agreement with previous reports [24,35]. After NaOL
addition, the { potentials of both minerals shifted toward more negative values, consistent
with the interaction of anionic oleate species with the mineral surfaces [8]. In contrast, AEO-
3 alone had only a minor effect on { potential, consistent with its nonionic character. After
treatment with the NaOL/AEO-3 mixed collector, the { potential of spodumene became
more negative than that observed with NaOL alone, particularly near pH 8, indicating a
more pronounced change in the interfacial electrical properties of the spodumene surface.
By comparison, the { potential of albite changed only slightly in the mixed system, and the
overall trend remained closer to that of AEO-3 alone, indicating only a limited change in
the interfacial electrical response of albite.
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Figure 11. Zeta-potential profiles of (a) spodumene and (b) albite after different collector treatments
at 25 °C, and comparison of (¢) spodumene and (d) albite treated with NaOL and NaOL/AEO-3 at
25 and 10 °C.

The results obtained at the two tested temperatures are compared in Figure 11c,d. At
pH 8, the {-potential differences between 25 and 10 °C were approximately 7.37 mV for
NaOL-treated spodumene and 8.91 mV for NaOL-treated albite. These values describe
the differences between the two temperature conditions and should not be interpreted as
differences in adsorption strength between the two minerals. For the NaOL/AEO-3 system,
the corresponding differences were smaller, at approximately 3.99 mV for spodumene and
3.48 mV for albite. Thus, the {-potential response of the mixed collector varied less between
25 and 10 °C than that of NaOL alone.

3.6. XPS Analysis
3.6.1. XPS Survey Spectra and Surface Elemental Composition

XPS survey spectra provide semi-quantitative information on the relative elemental
composition of the mineral surface and can be used to examine compositional changes after
collector treatment [36,37]. Figure 12 shows the XPS spectra of spodumene and albite after
different treatments.

Figure 12 presents the XPS survey spectra and relative surface elemental compositions
of spodumene and albite after different collector treatments. For untreated spodumene,
the surface was mainly composed of O, Si, Al, and Li, with relative contents of 50.53%,
17.75%, 9.33%, and 4.73%, respectively, together with 17.66% C. After treatment with NaOL,
AEO-3, and NaOL/AEO-3, the surface C content changed to 23.77%, 22.40%, and 25.93%,
respectively. Compared with the untreated sample, the increase in the C signal indicates that
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the surface elemental composition of spodumene changed after collector treatment [38,39].
For albite, the untreated surface mainly contained O, Si, Al, and Na, with relative contents of
52.00%, 18.99%, 6.65%, and 3.17%, respectively, and the C content was 19.28%. After NaOL
treatment, the C content increased to 30.84%, whereas that of the NaOL/AEO-3-treated
sample was 20.39%. These results also show that collector treatment caused changes in
the relative surface composition of albite. It should be noted that the C atomic percentage
obtained from the survey spectra represents a relative surface composition and may include
contributions from adventitious carbon. Therefore, the total C content alone was not used to
directly compare NaOL adsorption on spodumene and albite. Instead, the O-C=O-related
carbon contents were calculated using the surface carbon contents obtained from the survey
spectra and the corresponding peak-area fractions in the high-resolution C 1s spectra. The
collector-related surface chemical changes were further examined using the high-resolution
C1s, O 1s, and Al 2p spectra of both minerals and the Li 1s spectra of spodumene.
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Figure 12. XPS survey spectra and relative surface elemental compositions of (a) spodumene and
(b) albite after different collector treatments.

3.6.2. High-Resolution XPS Spectra and Surface Chemical States

The high-resolution C 1s, O 1s, and Al 2p spectra of spodumene and albite were fitted
and analyzed, together with the Li 1s spectra of spodumene, with Area% representing the
relative area fraction of each component within a given elemental spectrum.

Figure 13a shows the C 1s spectra of spodumene treated with different collector treat-
ments. The C 1s spectrum of untreated spodumene was mainly composed of C-C and C-O
components centered at 284.80 and 286.67 eV, respectively. The C-C/C-O components were
mainly associated with adventitious carbon on the mineral surface. After NaOL addition,
a new characteristic peak appeared at 288.72 eV, accounting for 6.02% of the total C 1s
peak area, consistent with the presence of oleate-related species on the spodumene sur-
face [40,41]. When AEO-3 was used alone, the C-O component shifted to a lower binding
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energy of 286.29 eV, which is 0.38 eV lower than that of untreated spodumene. Meanwhile,
the relative area of the C-O peak increased markedly to 38.56%, representing an increase of
11.38 percentage points compared with the untreated sample. This increase can likely be as-
cribed to the ethylene oxide (EO) chain of AEO-3, namely, the poly(ethylene oxide) segment
comprising repeating -CH, CH,O- units [-(CH,CH,0),—], which contributes additional
C-O functionalities [42]. In the mixed system, the area fraction of the O-C=0/COO~
peak at 288.74 eV rose further to 8.47%, exceeding the value obtained with NaOL alone
by 2.45 percentage points. Based on the surface carbon contents obtained from the survey
spectra, the corresponding O-C=0/COOQO™-related carbon contents were calculated to be
1.43 and 2.20 at.% for NaOL and NaOL/AEO-3, respectively. Concurrently, a pronounced
C-O component was observed at 286.40 eV. These results indicate a stronger oleate-related
surface signal on spodumene after NaOL/AEO-3 treatment, together with the presence of
C-O groups consistent with the EO chain of AEO-3 [40,41,43].

Spodumene 284.80 ¢V (C-C) —= (a)C 1s Spodumene (b)O 1s I

Area % 532.00 eV (Si-0) | 531.21 eV (AL-O) |
286.67 eV (C-0) 27.18%
- . 0 -
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w
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Figure 13. High-resolution XPS spectra of spodumene after different collector treatments: (a) C 1s,
(b) O1s, (c) Al2p, (d) Lils.

Figure 13b shows the high-resolution O 1s spectra and peak-fitting results for spo-
dumene. The untreated surface is primarily composed of Si-O (532.00 €V) and Al-O
(531.21 V) components. After NaOL treatment, an additional high-binding-energy O
component appeared at 532.45 eV. With AEO-3 alone, a high-binding-energy O compo-
nent was observed at 533.22 eV, consistent with the increased C-O contribution in the
corresponding C 1s spectrum. In the NaOL/AEO-3 system, the high-binding-energy com-
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ponent shifted to 532.65 eV. These components may contain overlapping contributions
from oxygen-containing organic species, surface hydroxyl groups, and mineral-related
oxygen [44]. Overall, the O 1s results show changes in the surface oxygen environment fol-
lowing collector treatment, while the C 1s results indicate a stronger O-C=0/COQO™-related
signal on spodumene in the mixed-collector system.

Figure 13c shows the high-resolution Al 2p spectra of spodumene. The main Al 2p
peak of the untreated sample is located at 74.65 eV. After NaOL treatment, the peak shifted
negatively to 74.43 eV, corresponding to a decrease in binding energy of 0.22 eV. After
AEO-3 treatment alone, the Al 2p peak was located at 74.58 eV, showing a smaller shift
of —0.07 eV. Under mixed-collector conditions, the Al 2p peak shifted further to 74.36 eV,
0.29 eV lower than that of the untreated sample. Among the three collector treatments,
the NaOL/AEO-3 system exhibited the largest Al 2p binding-energy shift. However, these
small binding-energy shifts may be affected by charge-referencing uncertainty and cannot
independently confirm changes in the chemical bonding environment of surface Al sites.

The Li 1s spectra are presented in Figure 13d. The Li 1s peaks were located at 55.93,
55.95, 55.84, and 55.93 €V for untreated spodumene and spodumene treated with NaOL,
AEO-3, and NaOL/AEO-3, respectively. These peaks correspond to Li in the oxygen-
coordinated environment of the spodumene lattice. The Li 1s binding energies remained
nearly unchanged after collector treatment.

As shown in Figure 14, the XPS spectra of albite after treatment with NaOL, AEO-3,
and the mixed system differed markedly from those of spodumene. In the C 1s spectrum,
the untreated albite surface was mainly composed of background carbon components at
284.80 eV (C-C) and 286.17 eV (C-O). After NaOL treatment, an O-C=0/COO~ component
appeared at 288.91 eV, accounting for 3.19% of the total C 1s peak area. In the mixed system,
the corresponding component was observed at 288.92 eV, with a lower area fraction of 2.63%.
Based on the surface carbon contents obtained from the survey spectra, the corresponding
O-C=0/CO0O™-related carbon contents were calculated to be 0.98 and 0.54 at.% for NaOL
and NaOL/AEQ-3, respectively. The O 1s spectrum of untreated albite consisted of Si—
O-related (532.21 eV) and Al-O-related (531.40 eV) components. After treatment with
NaOL, AEO-3, and NaOL/AEO-3, additional high-binding-energy O components were
observed at 533.68, 533.26, and 533.27 eV, respectively. These components may include
overlapping contributions from oxygen-containing organic species, surface hydroxyl groups,
and mineral-related oxygen. Meanwhile, the Al 2p peak shifted only slightly from 74.48 eV
in the untreated sample to 74.50 €V (NaOL), 74.46 eV (AEO-3), and 74.45 eV (NaOL/AEO-
3), showing only minor binding-energy changes. Overall, the XPS results revealed different
surface responses of spodumene and albite to the mixed collector. Compared with NaOL
alone, NaOL/AEO-3 increased the O-C=0/COOQO™-related carbon content on spodumene
from 1.43 to 2.20 at.%, whereas the corresponding value on albite decreased from 0.98 to 0.54
at.%. The Li 1s binding energy of spodumene remained nearly unchanged after collector
treatment. These results indicate different surface chemical responses of the two minerals
to the mixed collector, consistent with their wettability and flotation behavior.

3.7. Surface Morphology and Elemental Composition

SEM was used to compare the surface morphological changes in spodumene and
albite after different collector treatments. EDS was used to examine the relative elemen-
tal composition of the analyzed surface regions. Together, these measurements provide
complementary morphological and elemental information on the mineral surfaces [45,46].
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Figure 14. High-resolution XPS spectra of albite after different collector treatments: (a) C 1s, (b) O
1s, and (c) Al 2p.

3.7.1. SEM: Morphological Changes

Figure 15 compares the surface morphologies of spodumene and albite before and after
treatment with NaOL and NaOL/AEOQO-3. The untreated spodumene surface was relatively
smooth, with only minor surface irregularities and no obvious surface deposits. After NaOL
treatment, distinct flocculent and locally aggregated deposits appeared on the spodumene
surface, showing clear changes in surface morphology after NaOL treatment. In compar-
ison, the NaOL/AEO-3-treated spodumene exhibited a markedly different morphology,
characterized by more extensive, finer, and more uniformly distributed surface deposits.
The localized aggregates observed with NaOL alone were replaced by a comparatively
continuous network- or fold-like coverage over a larger surface area. These observations
show that the surface features after NaOL/AEO-3 treatment were finer and more uniformly
distributed than those after NaOL treatment alone.

A different response was observed for albite. The untreated albite surface was com-
paratively smooth, with only a small number of attached fine particles and local surface
defects. After NaOL treatment, conspicuous flocculent deposits and localized agglomerates
appeared, accompanied by an apparent increase in surface roughness. However, after
treatment with the NaOL/AEO-3 mixed collector, the albite surface remained relatively
smooth, and its overall morphology was closer to that of the untreated sample. In particular,
no corresponding increase in extensive or continuous surface deposits, comparable to that
observed on spodumene, was evident. The SEM observations therefore reveal a mineral-
dependent morphological response to the mixed collector: NaOL/AEO-3 produced more
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Spodumene

Albite

extensive and uniform morphological changes on spodumene, whereas no comparable
change was observed on albite. This contrast is consistent with the different interfacial
responses of spodumene and albite indicated by the other surface-characterization results.

Untreated NaOL/AEO-3

ZH opirin 85 T2 S30W 103 mm 000 | 65om  2Awm : B optvian Sooon 18em | 2w & ; | 85 T2 500w | 10Amm St0x 1Sem | Zepm

Figure 15. SEM micrographs of spodumene (a—c) and albite (d—f) before and after treatment with
different collectors: (a,d) untreated, (b,e) NaOL, and (c,f) NaOL/AEO-3. All micrographs were
acquired at 5000x magnification; scale bars: 5 ym.

3.7.2. EDS: Elemental Composition

Figure 16 presents the EDS spectra and relative elemental compositions of spodumene
and albite after different collector treatments. For untreated spodumene, O, Si, and Al were
the dominant matrix elements, accounting for 42.31%, 35.66%, and 18.60%, respectively.
After NaOL and NaOL/AEO-3 treatment, these matrix-element proportions changed to
varying degrees, with the Si and Al signals becoming relatively lower in the treated samples.
This variation indicates changes in the relative near-surface elemental composition after
collector treatment. A similar trend was observed for albite, whose untreated surface was
mainly composed of O, Si, Al, and Na. Following NaOL and NaOL/AEO-3 treatment, the
relative contributions of these matrix elements changed only moderately, and the changes in
relative elemental composition were less pronounced than those observed for spodumene.

3.8. Proposed Mechanism of the NaOL/AEO-3 Mixed Collector

Asillustrated in Figure 17, the low-temperature flotation performance of the NaOL/AEO-
3 mixed collector is related to its solution-phase behavior and interfacial responses on the
two minerals. At 10 °C, NaOL alone exhibited larger apparent aggregates than the mixed
collector. For the NaOL/AEO-3 system, the Rubingh interaction parameter was —5.073 at
25 °C and —3.556 at 10 °C, indicating a weaker non-ideal interaction at 10 °C within the
model. Meanwhile, the Z-average values of the mixed collector were 155.8 nm at 25 °C and
171.9 nm at 10 °C, remaining substantially lower than those of NaOL alone. These results
show that the mixed collector maintained a lower Z-average at 10 °C despite the weaker
interaction predicted by the Rubingh model.
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Figure 16. EDS spectra and elemental compositions of spodumene and albite under different collector
treatments.
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Figure 17. Proposed mechanism of NaOL/AEO-3 for the selective low-temperature flotation of
spodumene from albite.

The mixed collector also produced different interfacial responses on spodumene and
albite. For spodumene, the NaOL/AEO-3 mixed collector produced a more pronounced
oleate-related interfacial response and higher surface hydrophobicity. In contrast, albite
exhibited a limited oleate-related interfacial response, with only a slight increase in sur-
face hydrophobicity. These differences are consistent with the higher flotation recovery
of spodumene and the lower recovery of albite under NaOL/AEO-3 treatment. There-
fore, the improved flotation separation of spodumene from albite is associated with the
solution-phase behavior of the mixed collector and the different interfacial responses of the
two minerals.

4. Bench-Scale Flotation Performance

Bench-scale rougher flotation tests were conducted using spodumene ore with a feed
Li,O grade of 1.12% to compare the flotation performance of NaOL alone, NaOL/MIBC, and
NaOL/AEO-3 at 25 and 10 °C. The pulp pH ranged from 10 to 11 under the tested conditions,
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differing from the pH of 8 used in the single-mineral flotation tests. The NaOL/MIBC system
was included to evaluate the possible contribution of frothing and water entrainment. The
flotation results and water recoveries are presented in Table 5.

Table 5. Bench-scale flotation results of the spodumene ore under different collector conditions.

Temperature Reagent System Concentrate Li,O Li,O Water
Yield/% Grade/% Recovery/% Recovery/%

NaOL (500 g/t) 18.69 3.10 51.91 14.35

25 oC NaOL (1000 g/t) 27.62 2.87 70.88 17.73

NaOL + MIBC (500 + 60 g/t) 41.24 1.75 64.36 31.22

NaOL/AEO-3 (1000 g/t) 27.67 3.34 82.55 20.13

NaOL (500 g/t) 12.23 3.18 34.81 11.61

10°C NaOL (1000 g/t) 23.11 2.97 61.03 15.48

NaOL + MIBC (500 + 60 g/t) 38.83 1.66 57.78 33.46

NaOL/AEO-3 (1000 g/t) 25.35 3.40 76.73 18.78

Table 5 summarizes the bench-scale flotation results of the spodumene ore under dif-
ferent collector conditions. At 25 °C, NaOL alone at 500 and 1000 g/t produced concentrates
with Li,O grades of 3.10% and 2.87%, and recoveries of 51.91% and 70.88%, respectively.
In comparison, the NaOL/AEOQO-3 mixed collector at a total dosage of 1000 g/t achieved a
concentrate grade of 3.34% and a Li,O recovery of 82.55%. At 10 °C, the corresponding Li,O
recoveries obtained with NaOL alone decreased to 34.81% and 61.03%, with concentrate
grades of 3.18% and 2.97%, respectively. In contrast, the mixed collector maintained a Li,O
recovery of 76.73% and a concentrate grade of 3.40%. Compared with NaOL alone at 1000
g/t, the mixed collector increased the Li,O recovery by 11.67 and 15.70 percentage points
at 25 and 10 °C, respectively. These results show that the NaOL/AEO-3 mixed collector
achieved higher Li,O recovery and concentrate grade than NaOL alone at both temperatures.

The NaOL/MIBC system was further examined to evaluate the possible contribution
of frothing and water entrainment [47]. Water recovery is related to particle entrainment
during flotation but does not directly quantify the entrainment recovery of individual min-
erals [48]. At25 °C, NaOL/MIBC achieved a water recovery of 31.22%, with a Li, O recovery
of 64.36% and a concentrate grade of 1.75%. In comparison, NaOL/AEO-3 achieved a
higher Li,O recovery of 82.55% and a concentrate grade of 3.34%, while its water recov-
ery was lower at 20.13%. At 10 °C, NaOL/MIBC exhibited a water recovery of 33.46%,
compared with 18.78% for NaOL/AEO-3. However, the corresponding Li,O recovery and
concentrate grade were 57.78% and 1.66% for NaOL/MIBC, compared with 76.73% and
3.40% for NaOL/AEO-3. These results show that the mixed collector achieved higher Li,O
recovery and concentrate grade than NaOL/MIBC at both temperatures, despite its lower
water recovery.

5. Conclusions

This study combined flotation experiments with solution-phase and surface character-
ization to evaluate the low-temperature performance of a NaOL/AEO-3 mixed collector
and clarify the relationship between its solution-phase behavior and its interfacial response.
The main conclusions are as follows:

(1) The microflotation tests showed that, at pH 8 and a total collector concentration of
6 x 10~* mol/L, the NaOL/AEO-3 system achieved spodumene recoveries of 85.88%
and 73.81% at 25 and 10 °C, respectively, while the corresponding albite recoveries were
8.15% and 14.43%. Compared with NaOL alone at the same total collector concentration,
the mixed collector achieved higher spodumene recovery at both temperatures, and
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the difference in spodumene recovery between 25 and 10 °C was smaller for the
mixed collector.

(2) The surface-tension measurements showed that the NaOL/AEO-3 system exhibited a
lower CMC than NaOL alone at both temperatures. The Rubingh analysis predicted
favorable non-ideal interactions between NaOL and AEO-3, although the calculated
interaction was weaker at 10 °C. The DLS results showed that the mixed collector
exhibited lower Z-average and PDI values than NaOL alone at both temperatures.
These results suggest that the improved low-temperature performance of NaOL/AEO-
3 is associated with better solution-phase dispersion at 10 °C.

(3) The contact-angle, TOC, (-potential, and XPS results, supported by SEM observations,
indicated a more pronounced interfacial response on spodumene after NaOL/AEO-
3 treatment. The mixed collector produced higher surface hydrophobicity, greater
apparent organic carbon uptake, and stronger oleate-related surface signals on spo-
dumene, whereas albite exhibited a less pronounced oleate-related surface response.
These differences are consistent with the improved flotation separation of spodumene
from albite.

(4) The bench-scale rougher flotation tests using spodumene ore further demonstrated
the performance of the NaOL/AEO-3 mixed collector. At a total dosage of 1000 g/t,
NaOL/AEO-3 achieved Li,O concentrate grades of 3.34% and 3.40%, with correspond-
ing recoveries of 82.55% and 76.73% at 25 and 10 °C, respectively. Under the same total
dosage, NaOL alone achieved concentrate grades of 2.87% and 2.97%, with recover-
ies of 70.88% and 61.03%, respectively. These results show that the mixed collector
achieved higher Li,O concentrate grades and recoveries than NaOL alone under the
tested conditions.
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