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Abstract: A novel hydroxamic acid, N-hydroxy-9,10-epoxy group-octadecanamide (N-OH-9,10-O-ODA), was 
synthesised by modifying the structure of oleic acid. The carboxyl group of oleic acid was converted into an N-hydroxy 
amide group, and an epoxy group was introduced into its structure. N-OH-9,10-O-ODA was used as a novel collector in 
the flotation separation of spodumene from one of its associated gangue minerals, specifically albite. 
N-OH-9,10-O-ODA exhibits remarkable selectivity, with a stronger affinity for collecting spodumene particles 
compared to albite particles. Zeta potential measurements and X-ray photoelectron spectroscopic analysis reveal that the 
adsorption quantity of N-OH-9,10-O-ODA on spodumene surface is comparable to that on albite surface. 
First-principles calculations demonstrate the diverse adsorption configurations of N-OH-9,10-O-ODA on surfaces of 
spodumene and albite, leading to its distinct collecting abilities for spodumene and albite particles. 
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1 Introduction 
 

Lithium (Li) is extensively applied in the 
industrial applications, including ceramics and 
electronics [1]. Li-ion batteries find widespread 
usage in electric appliances and power tools [2−4]. 
Research on Li-ion batteries is rapidly advancing 
due to the increasing demand driven by portable 
electronics and new energy vehicles [5]. 

Spodumene, an important Li-containing 
mineral, often coexists with other silicate minerals 
including albite (NaAlSi3O8) and quartz [6]. The 

prior separation of spodumene and its associated 
gangue minerals is necessary to reduce the cost of 
Li extraction [7−9]. Flotation plays a significant 
role in recovering fine-grained spodumene and 
separating spodumene from gangue minerals 
[10−12]. In spodumene flotation, collectors, such as 
hydroxamic acids, fatty acids, and amines, are used 
to selectively enhance the hydrophobicity of target 
minerals [13−15]. 

Hydroxamic acids exhibit exceptional 
selectivity in oxide mineral flotations due to their 
high electronegativities and reactivities with metal 
ions on mineral surfaces [16−19]. Salicylhydroxamic 
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acid (SHA) is a widely utilised collector for oxide 
minerals, including spodumene [20−22]. While 
SHA exhibits excellent selectivity, its collection 
capacity is limited. Divalent lead ions (Pb2+) are 
commonly used activators to enhance the collecting 
ability of SHA [23]. Pb2+ ions can be adsorbed onto 
mineral surfaces, providing reactive sites for the 
subsequent adsorption of collectors [24−26]. 
Nonetheless, using Pb2+ ions is environmentally 
polluting and expensive [18]. Hydroxamic acids 
frequently serve as auxiliary collectors, facilitating 
the adsorption of fatty acid collectors and enhancing 
the selectivities of the reagent systems [27]. 

In spodumene flotation, oleic acid is the most 
commonly used fatty acid collector due to its strong 
collecting ability and cost-effectiveness [28]. 
However, it lacks selectivity [29]. The separation of 
spodumene from albite necessitates collectors  
with high selectivities. Ca2+ ions are commonly 
employed as an activator to augment the collecting 
abilities of fatty acid collectors. Ca2+ ion adsorption 
exhibits non-selectivity on spodumene and gangue 
mineral surfaces [30]. Reagent systems employing 
fatty acids alone demonstrate better selectivities 
than those incorporating Ca2+ ions as an activator 
and fatty acids as collectors. Sodium carbonate 
(Na2CO3) can be combined with Ca2+ ions in 
spodumene flotation to inhibit the gangue  
minerals [31]. The interaction between CO3

2− and 
Ca2+ leads to the precipitation of calcium carbonate 
(CaCO3), effectively covering reactive sites on the 
gangue mineral surfaces and augmenting their 
hydrophilicities [32−34]. The combination of fatty 
acids, Ca2+ ions, and Na2CO3 enhances the surface 
hydrophobicity of spodumene relative to the gangue 
minerals. 

Amines, as cationic collectors, find common 
usage in the flotation of aluminosilicate minerals 
like spodumene. The breaking of Li—O and Al—O 
bonds on spodumene surfaces exposes unsaturated 
Al3+ and O2− ions. Spodumene surfaces become 
electronegative, allowing amine cations to adsorb 
through electrostatic attraction [35]. Dodecylamine 
(DDA) is a traditional amine collector in 
spodumene flotation, attaching to spodumene 
surfaces through electrostatic attraction, hydrogen 
bonding, and hydrophobic association. However, 
DDA lacks sufficient selectivity, requiring the 
addition of depressants to improve selectivity. 
Inorganic depressants have the disadvantage of 

environmental pollution. Sodium alginate offers an 
environmentally friendly alternative to inorganic 
depressants as an organic depressant [36,37]. It 
adsorbs onto mineral surfaces, hindering the 
subsequent adsorption of DDA on the gangue 
minerals associated with spodumene. 

The authors [38] previously synthesized a 
novel hydroxamic acid collector, N-hydroxy-9- 
octadecenamide, which exhibits favorable 
selectivity in the flotation separation of spodumene 
and albite. However, it exhibits low solubility in 
water. To overcome this limitation, an epoxy  
group was introduced to the molecular structure  
of N-hydroxy-9-octadecenamide, leading to the 
synthesis of a novel hydroxamic acid collector 
known as N-hydroxy-9,10-epoxy group-octadecan- 
amide (N-OH-9,10-O-ODA) [39]. Single mineral 
flotation experiments were performed to investigate 
the selectivity of N-OH-9,10-O-ODA in the 
flotation separation of spodumene and albite. The 
adsorption behaviours of N-OH-9,10-O-ODA on 
the mineral surfaces were examined through zeta 
potential measurements, infrared spectroscopy, 
X-ray photoelectron spectroscopy, and first- 
principles calculations. The selectivity observed in 
the flotation separation of spodumene and albite 
was elucidated based on the disparities in the 
adsorption behaviours of N-OH-9,10-O-ODA on 
the surfaces of the two minerals. 
 
2 Experimental 
 
2.1 Materials 

Initially, bulk samples of spodumene and 
albite were ground, and the resulting mineral 
particles were subsequently screened to obtain 
samples of different sizes. Mineral particles ranging 
from 75 to 38 μm in size were used for flotation 
experiments, while particles smaller than 5 μm were 
employed for zeta potential measurements, infrared 
(IR) spectroscopic tests, and X-ray photoelectron 
spectroscopic (XPS) experiments. 

Dilute solutions of hydrochloric acid (HCl) 
and sodium hydroxide (NaOH) were used as the pH 
regulators in the flotation experiments. Collectors 
employed in the flotation experiments included 
N-hydroxy-9,10-epoxy group-octadecanamide 
(N-OH-9,10-O-ODA) and oleic acid, while 
terpineol was used as the frother. All the reagents, 
except for N-OH-9,10-O-ODA, were supplied by 
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Shanghai Macklin Biochemical Co., Ltd. Sodium 
hydroxide and oleic acid were of analytical grade, 
while terpineol was of technical grade. N-OH-9, 
10-O-ODA was synthesized in our laboratory using 
oleic acid as the substrate, and the supplementary 
materials of this paper provide comprehensive 
information on its synthesis method. 
 
2.2 Flotation experiment 

The flotation experiments were conducted 
using an XFG-Ⅱ flotation device. A mineral particle 
suspension was prepared by mixing 2 g of mineral 
particles with 35 mL of deionised water at a stirring 
speed of 1680 r/min. The pH of the suspension was 
adjusted by using the pH regulators. After the 
addition of Ca2+ ion activator, the suspension was 
stirred for 3 min. Subsequently, it was conditioned 
for 3 min with either N-hydroxy-9,10-epoxy group- 
octadecanamide or oleic acid collector, followed by 
1 min of conditioning with terpineol frother. The 
floating particles were collected over a period of 
3 min, while non-floating particles were obtained 
by filtering the suspension after the flotation 
experiments. The mineral recovery was calculated 
based on the mass distribution between the floating 
and non-floating particles. 
 
2.3 Zeta potential measurement 

The zeta potential measurements were 
performed using a Malvern Zetasizer Nano ZS 
instrument. Mineral particles (35 mg) were added to 
35 mL of deionised water and stirred to create a 
mineral particle suspension. The suspension was 
then conditioned for 12 min with the flotation 
reagents under agitation. After agitation, the 
suspension was left to stand for 10 min. The 
supernatant was collected for the zeta potential 
measurements. Each experiment was repeated three 
times. 
 
2.4 IR spectroscopic experiment 

The IR spectroscopic tests were conducted 
using an IRAffinity-1 spectrometer. Mineral 
particles (2 g) were added to 35 mL of deionised 
water. The resulting mixture was agitated to create 
the mineral particle suspension. After adding the 
flotation reagents, the suspension was stirred for 2 h. 
Subsequently, the reagent-treated mineral particles 
were obtained. The reagent-treated mineral particles 
were rinsed three times with deionised water and 

then dried at 45 °C. The dried product was kept for 
the IR spectroscopic experiments. 
 
2.5 XPS experiment 

The XPS experiments were performed      
by a Thermo Scientific Kα X-ray photoelectron 
spectrometer. The samples for the XPS experiments 
were prepared following the same procedure as for 
the IR experiments. 
 
2.6 First-principles calculations 

First-principles calculations were employed to 
determine the adsorption energies and optimise the 
adsorption configurations of N-OH-9,10-O-ODA  
on surfaces of spodumene and albite. The first- 
principles calculations were performed using VASP 
software. The computational details are provided in 
the supplementary materials. 

According to the literature [40], the (110) 
surface is the predominant exposed surface of 
spodumene, while the (001) surface is the 
predominant exposed surface of albite. Therefore, 
the spodumene (110) surface and the albite (001) 
surface were chosen as the surfaces of interest for 
this study. The supplementary materials provide a 
detailed description of the construction process of 
the surface models of spodumene and albite. 
 
3 Results 
 
3.1 Flotation 

Figure 1(a) illustrates the impacts of CaCl2 
dosage on the recoveries of spodumene and albite. 
The recovery of spodumene exhibits a steep rise 
from approximately 30% to about 60% as the CaCl2 
dosage increases from 0 to 40 mg/L. Subsequently, 
it gradually increases to around 80% with a further 
increase in the CaCl2 dosage to 120 mg/L, while 
using N-OH-9,10-O-ODA and terpineol at dosages 
of 6.0×10−4 mol/L and 7.71 mg/L, respectively, and 
maintaining the pH values of the suspensions of 
spodumene particles at 10. The recovery of 
spodumene remains steady at approximately 80% 
when the CaCl2 dosage exceeds 120 mg/L. 
Conversely, the recovery of albite gradually 
increases from around 10% to about 50% with an 
increase in the CaCl2 dosage from 0 to 200 mg/L. 
The utilization of N-OH-9,10-O-ODA as the 
collector results in higher recoveries of spodumene 
compared to albite, exhibiting a difference of  
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30%−50% within the investigated CaCl2 dosage 
range. 
 

 

Fig. 1 Recoveries of spodumene and albite as function of 
dosages of CaCl2 (a) and collector (b) 
 

The recovery of spodumene exhibits a similar 
trend to that of albite when using oleic acid as the 
collector. The recovery of spodumene decreases 
from approximately 40% to around 30% as the 
CaCl2 dosage increases from 0 to 40 mg/L. 
Subsequently, it gradually increases to about 40% 
with a further increase in the CaCl2 dosage to 
120 mg/L, while maintaining oleic acid and 
terpineol dosages of 6.0×10−4 mol/L and 7.71 mg/L, 
respectively, and the pH values of the suspensions 
of albite particles at 10. The recovery of spodumene 
remains stable at approximately 40% when the 
CaCl2 dosage exceeds 120 mg/L. Conversely, the 
recovery of albite gradually decreases from around 
30% to about 10% as the CaCl2 dosage increases 
from 0 to 40 mg/L, and then slowly increases to 
approximately 40% with a further increase in the 
CaCl2 dosage to 200 mg/L. The use of oleic acid  
as the collector results in higher recoveries of 

spodumene compared to albite, with a maximum 
difference of approximately 10% between the two. 

Figure 1(b) shows the impacts of 
N-OH-9,10-O-ODA and oleic acid dosages on the 
recoveries of spodumene and albite. With an 
increase in the N-OH-9,10-O-ODA dosage from 
2.0×10−4 to 6.0×10−4 mol/L, the recovery of 
spodumene increases from approximately 20% to 
around 80% and subsequently maintains a constant 
value of around 80% as the N-OH-9,10-O-ODA 
dosage continues to increase. Conversely, the 
recovery of albite exhibits a gradual increase from 
approximately 20% to around 30% as the 
N-OH-9,10-O-ODA dosage increases from 2.0×10−4 
to 6.0×10−4 mol/L. It subsequently maintains a 
constant value of around 30% with further increase 
in the N-OH-9,10-O-ODA dosage. Spodumene 
particles treated with N-OH-9,10-O-ODA exhibit 
higher recoveries compared to albite particles 
treated with N-OH-9,10-O-ODA, resulting in a 
difference of 50% between the two within the 
N-OH-9,10-O-ODA dosage range from 6.0×10−4 to 
1.0×10−3 mol/L. 

The recovery of spodumene exhibits a similar 
trend to that of albite when using oleic acid as the 
collector, in terms of the variation with oleic acid 
dosage. The recovery of spodumene gradually 
increases from approximately 20% to around 40% 
when an increase in the oleic acid dosage from 
2.0×10−4 to 6.0×10−4 mol/L. It subsequently 
stabilizes at around 40% with further increase in the 
oleic acid dosage. Conversely, the recovery of albite 
exhibits an increase from about 20% to around 30% 
as the oleic acid dosage increases from 2.0×10−4 to 
6.0×10−4 mol/L. It subsequently stabilizes at 
approximately 30% with further increase in the 
oleic acid dosage. Spodumene particles treated with 
oleic acid exhibit higher recoveries compared to 
albite particles treated with oleic acid, resulting in a 
difference of about 10% between the two within  
the oleic acid dosage range from 6.0×10−4 to 
1.0×10−3 mol/L. 
 
3.2 Zeta potential  

Figure 2 illustrates the zeta potentials of 
spodumene and albite as a function of the pH value 
of the suspensions of the mineral particles. The zeta 
potentials of spodumene and albite surfaces exhibit 
a negative correlation with the pH. The treatments 
of Ca2+ with spodumene and albite surfaces result in 
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higher zeta potentials compared to pure spodumene 
and albite surfaces. The treatment of Ca2+ results in 
comparable increase in the zeta potentials of both 
spodumene and albite, by approximately 40 mV. 
The inclusion of N-OH-9,10-O-ODA leads to a 
decrease of around 20 mV in the zeta potential of 
the Ca2+-treated spodumene surface, a reduction 
comparable to that observed in the zeta potential of 
the Ca2+-treated albite surface upon the inclusion of 
N-OH-9,10-O-ODA within the pH range of 8−11. 
 

 
Fig. 2 Zeta potentials of spodumene (a) and albite (b) 
surfaces as function of pH 
 
3.3 Infrared (IR) spectra 

Figure 3(a) displays the IR spectra of untreated 
and flotation reagent-treated spodumene particles. 
The IR spectrum of spodumene particles treated 
with Ca2+ and N-OH-9,10-O-ODA exhibits six 
distinct peaks, not observed in the spectrum of pure 
spodumene particles. The peaks centered at 2922.3 
and 2853.8 cm−1 are ascribed to the —CH2— and 
—CH3 groups of N-OH-9,10-O-ODA [38]. The   
N—H group of N-OH-9,10-O-ODA contributes to 
the peak at 1601.0 cm−1 [41]. The peak centered at 
1470.0 cm−1 is attributed to the carboxyl group of 

N-OH-9,10-O-ODA [42]. The peak centered at 
1076.4 cm−1 is characteristic of the carbonyl group 
of N-OH-9,10-O-ODA [43]. The peak centered at 
932.0 cm−1 represents the C—N group [44]. 
 

 
Fig. 3 IR spectra of spodumene (a) and albite (b) 
particles untreated and treated with flotation reagents 
 

The IR spectrum of spodumene particles 
treated with Ca2+ and oleic acid exhibits five 
additional peaks compared to the spectrum of pure 
spodumene particles. The peaks at 2922.7 and 
2852.7 cm−1 are attributed to the —CH2—  and  
—CH3 groups of oleic acid. The peaks at 1573.5, 
1541.2 and 1467.0 cm−1 are characteristic of the 
carboxyl group of oleic acid. 

Figure 3(b) displays IR spectra of untreated 
and flotation-reagent-treated albite particles. Albite 
particles treated with Ca2+ and N-OH-9,10-O-ODA 
exhibit two distinct adsorption bands at 2923.8 and 
2855.4 cm−1 in their IR spectrum, which correspond 
to the —CH2— and —CH3 groups of N-OH-9, 
10-O-ODA. Albite particles treated with Ca2+ and 
oleic acid also exhibit characteristic peaks at 2924.8 
and 2854.0 cm−1, corresponding to the —CH2—

and —CH3 groups of oleic acid. 
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3.4 X-ray photoelectron spectra (XPS) 
Table 1 displays atomic contents on surfaces  

of spodumene and albite untreated and treated  
with flotation reagents. The XPS spectra of pure 
spodumene and albite surfaces exhibit no 
characteristic peaks of Ca and N, indicating the 
high purities of the used mineral samples. 
Ca2+-treated spodumene and albite surfaces display 
characteristic peaks of Ca, indicating the adsorption 
of Ca2+ on their respective surfaces. Spodumene 
and albite surfaces treated with Ca2+ and 
N-OH-9,10-O-ODA display characteristic peaks of 
N, indicating the adsorption of N-OH-9,10-O-ODA 
on their respective surfaces. Spodumene surface 
treated with Ca2+ and N-OH-9,10-O-ODA exhibits a 
similar concentration of N as albite surface treated 
with Ca2+ and N-OH-9,10-O-ODA. Spodumene 
surface treated with Ca2+ and N-OH-9,10-O-ODA 
displays an increase of 15.60% in C concentration 
compared to Ca2+-treated spodumene surface. 
Albite surface treated with Ca2+ and 
N-OH-9,10-O-ODA exhibits an increase of 16.65% 
in C concentration compared to Ca2+-treated albite 
surface. These findings indicate that the adsorption 
quantities of N-OH-9,10-O-ODA on the Ca2+- 
activated surfaces of spodumene and albite are 
comparable. 

Figure 4(a) displays the high-resolution XPS 
spectra of Al 2p of spodumene surfaces untreated 
and treated with flotation reagents. The Al 2p peak 
in the XPS spectrum of Ca2+-treated spodumene 
surface exhibits a binding energy similar to that of 
the Al 2p peak in the XPS spectrum of pure 
spodumene surface. This finding indicates that Al3+ 
ions on spodumene surface do not participate in the 
adsorption process of Ca2+ ions on spodumene 
surface. The binding energy of the Al 2p peak in the 
XPS spectrum of spodumene surface treated with 

Ca2+ and N-OH-9,10-O-ODA shows almost no 
change compared to those in the XPS spectra of 
both pure and Ca2+-treated spodumene surfaces. 

Figure 4(b) presents the high-resolution XPS 
spectra of Ca 2p of Ca2+-treated spodumene 
surfaces. The Ca 2p band exhibits two single peaks 
at 348.07 and 351.62 eV in the XPS spectrum of 
Ca2+-treated spodumene surface. In the XPS 
spectrum of spodumene surface treated with Ca2+ 
and N-OH-9,10-O-ODA, the two peaks of Ca 2p 
exhibit negative shifts of 0.45 and 0.43 eV in their 
binding energies compared to those in the spectrum 
of Ca2+-treated spodumene surface. 

Figure 4(c) displays the high-resolution XPS 
spectra of C 1s of both untreated and flotation- 
reagent-treated spodumene surfaces. The broad 
C 1s band consists of two single peaks at 286.56 
and 284.81 eV in the XPS spectrum of pure 
spodumene surface. The two peaks represent carbon 
contamination on this surface. The intensities of the 
two peaks in the XPS spectrum of spodumene 
surface treated with Ca2+ and N-OH-9,10-O-ODA 
are higher than those of the peaks in the spectrum 
of Ca2+-treated spodumene surface. An additional 
peak of C 1s at 288.30 eV is observed. This    
peak corresponds to the carbonyl group of 
N-OH-9,10-O-ODA adsorbed on spodumene 
surface. The increase in the intensities of the C 1s 
peaks and the emergence of the novel C 1s peak 
indicate that N-OH-9,10-O-ODA is adsorbed on 
spodumene surface. 

Figure 4(d) presents the high-resolution XPS 
spectra of Al 2p of both untreated and flotation- 
reagent-treated albite surfaces. The XPS spectrum 
of pure albite surface displays a single peak of 
Al 2p at 74.28 eV. The binding energy of the Al 2p 
peak in the XPS spectrum of Ca2+-treated albite 
surface is shifted negatively by 0.18 eV compared 

 
Table 1 Atomic contents on surfaces of spodumene and albite untreated and treated with flotation reagents 

Sample 
Atomic content/% 

Al 2p C 1s O 1s Si 2p Li 1s Ca 2p N 1s Na 1s 

Spodumene 8.62 21.67 48.00 15.65 6.06 − − − 

Spodumene+Ca2+ 9.05 22.71 42.05 16.64 8.72 0.84 − − 

Spodumene+Ca2++N-OH-9,10-O-ODA 6.87 38.31 33.80 14.19 4.90 0.83 1.09 − 

Albite 8.05 15.67 51.91 23.21 − − − 1.16 

Albite+Ca2+ 7.26 12.86 50.82 21.91 5.36 0.48 − 1.31 

Albite+Ca2++N-OH-9,10-O-ODA 6.23 29.51 42.43 18.94 − 0.44 1.13 1.33 
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Fig. 4 High-resolution XPS spectra of Al 2p (a), Ca 2p (b) and C 1s (c) of spodumene surfaces untreated and treated 
with flotation reagents and those of Al 2p (d), Ca 2p (e) and C 1s (f) of albite surfaces untreated and treated with 
flotation reagents 
 
to that of the peak in the spectrum of pure albite 
surface. The binding energy of the Al 2p peak in the 
XPS spectrum of albite surface treated with Ca2+ 
and N-OH-9,10-O-ODA is comparable to that in the 
spectrum of Ca2+-treated albite surface. 

Figure 4(e) illustrates the high-resolution XPS 
spectra of Ca 2p of both untreated and flotation- 
reagent-treated albite surfaces. The broad Ca 2p 

band in the XPS spectrum of Ca2+-treated albite 
surface consists of two component peaks centered 
at 347.85 and 351.47 eV. The binding energies of 
the two Ca 2p peaks in the XPS spectrum of albite 
surface treated with Ca2+ and N-OH-9,10-O-ODA 
shift to more negative positions compared to those 
of the Ca 2p peaks in the XPS spectrum of 
Ca2+-treated albite surface. The shift values range 
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from 0.27 to 0.29 eV. 
Figure 4(f) shows the high-resolution XPS 

spectra of C 1s of both untreated and flotation- 
reagent-treated albite surfaces. The broad C 1s band 
in the XPS spectrum of pure albite surface is 
characterised by two single peaks at 284.86 and 
286.81 eV. The two peaks are attributed to surface 
carbon contamination. The intensities of the two 
peaks in the XPS spectrum of albite surface treated 
with Ca2+ and N-OH-9,10-O-ODA are higher than 
those of the peaks of C 1s in the spectrum of 
untreated and Ca2+-treated albite surfaces. This 
finding indicates the adsorption of N-OH-9,10-O- 
ODA on pure and Ca2+-treated albite surfaces. 
 
3.5 First-principles calculations  

Figure 5(a) displays the optimised adsorption 
configuration of N-OH-9,10-O-ODA on the (110) 
surface of spodumene. N-OH-9,10-O-ODA forms 
two monodentate bonds with two Al3+ ions on pure 
spodumene surface through its carbonyl and 
N-bonded O atoms, having bond lengths of 2.00 
and 2.08 Å, respectively. It is adsorbed on 
spodumene surface with an adsorption energy of 
−140.16 kJ/mol (Table 2). Figure 5(b) illustrates  
the optimised adsorption configuration of N-OH- 
9,10-O-ODA on Ca2+-activated spodumene surface. 
 

 
Fig. 5 Optimised adsorption configurations of N-OH- 
9,10-O-ODA on pure (a) and Ca2+-activated (110) (b) 
surfaces of spodumene 
 
Table 2 Adsorption energies of N-OH-9,10-O-ODA on 
(110) surface of spodumene and (001) surface of albite 

Mineral surface 
Adsorption energy/ 

(kJ∙mol−1) 
Pure spodumene −140.16 

Ca2+-activated spodumene −453.82 

Pure albite (vertical model) −425.53 

Pure albite (horizontal model) −508.09 

N-OH-9,10-O-ODA forms a five-membered chelate 
ring with a Ca2+ ion adsorbed on spodumene 
surface, exhibiting bond lengths of 2.13 and 2.28 Å. 
It is adsorbed on Ca2+-activated spodumene surface 
with an adsorption energy of −453.82 kJ/mol 
(Table 2). 
 
4 Discussion 

 
The recovery of spodumene is much higher 

compared to that of albite when using 
N-hydroxy-9,10-epoxy group-octadecanamide 
(N-OH-9,10-O-ODA) as the collector (Fig. 1). This 
flotation experimental result demonstrates the 
excellent selectivity of N-OH-9,10-O-ODA in the 
flotation separation of spodumene and albite. Using 
oleic acid as the collector results in the recovery of 
spodumene similar to that of albite and the lower 
recovery of spodumene compared to using N-OH-9, 
10-O-ODA as the collector (Fig. 1). These results 
suggest that N-OH-9,10-O-ODA exhibits super 
selectivity and stronger collecting capacity 
compared to oleic acid. 

The characteristic peaks of N-OH-9,10-O- 
ODA are observed in the IR spectra of spodumene 
and albite surfaces treated with Ca2+ and N-OH-9, 
10-O-ODA, while the peaks of oleic acid are 
present in the spectra of spodumene and albite 
treated with Ca2+ and oleic acid (Fig. 3). These IR 
spectroscopic test results indicate the 
chemisorptions of N-OH-9,10-O-ODA and oleic 
acid on surfaces of spodumene and albite. 

Spodumene and albite surfaces treated with 
Ca2+ ions exhibit higher zeta potentials compared to 
pure spodumene and albite surfaces (Fig. 2). The 
presence of Ca element is observed in the XPS 
spectra of spodumene and albite surfaces treated 
with Ca2+ ions (Table 1). The adsorption of Ca2+ on 
surfaces of spodumene and albite is supported by 
the combination of the zeta potential measurements 
and XPS tests. 

Treatments of N-OH-9,10-O-ODA with Ca2+- 
treated spodumene and albite surfaces lead to a 
comparable decrease of 20 mV in the zeta potentials 
of Ca2+-treated spodumene and albite surfaces 
(Fig. 2). Furthermore, it results in a comparable 
increase of 15.60% in C concentration on 
Ca2+-treated spodumene surface to that of 16.65% in 
C concentration on Ca2+-treated albite surface 
(Table 1). The spodumene surface treated with Ca2+ 
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and N-OH-9,10-O-ODA exhibits a similar N 
concentration of 1.09% to that of 1.13% observed 
on albite surface treated with Ca2+ and N-OH-9, 
10-O-ODA (Table 1). The combination of the zeta 
potential measurements and XPS tests reveals that 
the adsorption amount of N-OH-9,10-O-ODA on 
spodumene surface is comparable to that on albite 
surface. 

Spodumene particles exhibit higher recoveries 
than albite particles when N-OH-9,10-O-ODA is 
used as the collector (Fig. 1). These flotation 
experimental results suggest that N-OH-9,10-O- 
ODA has a higher affinity for collecting spodumene 
particles compared to albite particles. It is expected 
that the adsorption amount of N-OH-9,10-O-ODA 
on spodumene surface would be greater than that on 
albite surface. However, contrary to this expectation, 
the combination of the zeta potential measurements 
and XPS tests does not indicate a noticeable 
difference in the adsorption amount of N-OH-9, 
10-O-ODA between surfaces of spodumene and 
albite. The differing adsorption configurations of 
N-OH-9,10-O-ODA on spodumene and albite 
surfaces can account for the difference in its 
abilities to collect spodumene and albite particles 
[40,45]. The research findings of this paper provide 
insights into three factors contributing to the 
distinct adsorption configurations of N-OH-9,10-O- 
ODA on surfaces of spodumene and albite. Firstly, 
notable variations exist in the surface properties of 
spodumene and albite. In comparison with albite 
surface, spodumene surface exhibits a higher 
quantity of broken bonds involving Al3+ ions, 
leading to an enhanced reactivity of Al3+ ions on 
spodumene surface. Consequently, N-OH-9,10-O- 
ODA displays a greater propensity to interact with 
Al3+ ions on spodumene surface, resulting in an 

adsorption configuration where its carbon chain 
aligns perpendicularly to spodumene surface 
(Fig. 5(a)). Conversely, albite surface possesses a 
higher concentration of reactive O atoms, 
facilitating the formation of hydrogen bonds 
between N-OH-9,10-O-ODA and O atoms on albite 
surface. Consequently, N-OH-9,10-O-ODA adsorbs 
in a configuration where its carbon chain aligns 
parallel to albite surface (Fig. 6(b)). 

N-OH-9,10-O-ODA can bridge two adjacent 
Al3+ ions on pure spodumene surface (Fig. 5(a)). It 
exhibits an adsorption energy of −140.16 kJ/mol on 
spodumene surface (Table 2). N-OH-9,10-O-ODA 
can form a five-membered chelate ring with a Ca2+ 
ion adsorbed on spodumene surface (Fig. 5(b)). It 
exhibits an adsorption energy of −453.82 kJ/mol  
on Ca2+-activated spodumene surface (Table 2). 
Utilising Ca2+ ions as the activator provides 
additional active sites for the adsorption of N-OH-9, 
10-O-ODA on spodumene surface and enhances the 
interaction strength between N-OH-9,10-O-ODA 
and spodumene surface. These optimisation results 
of the adsorption configurations of N-OH-9,10-O- 
ODA demonstrate that N-OH-9,10-O-ODA exhibits 
a preference for the vertical adsorption 
configuration on both pure and Ca2+-activated 
spodumene surfaces, with its carbon chain 
perpendicular to the surfaces. 

N-OH-9,10-O-ODA can form a five-membered 
chelate ring with a Na+ ion on albite surface, with 
Na—O bond lengths of 2.25 and 2.42 Å (Fig. 6(a)). 
It exhibits an adsorption energy of −425.53 kJ/mol 
on pure albite surface (Table 2). Additionally, 
N-OH-9,10-O-ODA can adopt a vertical adsorption 
configuration on pure albite surface due to the 
interaction between its O atoms and a Na+ ion on 
pure albite surface. The Na concentration on pure 

 

 
Fig. 6 Two optimised adsorption configurations of N-OH-9,10-O-ODA on (001) surface of albite 
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albite surface is 1.16%, significantly lower than the 
Al concentration of 8.62% on pure spodumene 
surface (Table 1). Pure albite surface exhibits a low 
concentration of Na+ due to the high solubility of 
Na+ ions on albite surface. Therefore, the vertical 
model is not the primary adsorption model of 
N-OH-9,10-O-ODA on albite surface. 

In spodumene crystal, an Al3+ ion is bonded to 
six O2− ions and is positioned at the center of an O 
octahedron (Fig. 7(a)) [46]. In albite crystal, Al3+ 
and Si occupy the same site [6]. An Al3+ ion in 
albite crystal forms bonds with four O2− ions and is 
situated at the center of an O tetrahedron (Fig. 7(b)). 
The coordination number of Al3+ ions with O2− ions 
in spodumene crystal is greater than that in albite 
crystal [47]. Hence, Al—O bonds in spodumene 
crystal are more susceptible to breakage compared 
to those in albite crystal. Spodumene surface 
exhibits a higher concentration of unsaturated Al3+ 
ions than albite surface. The majority of Al3+ ions 
on albite surface are four-coordinated and fully 
saturated. The number of broken bonds of 
unsaturated Al3+ ions on spodumene surface is 
greater than that of saturated Al3+ ions on albite 
surface, leading to an enhanced reactivity of Al3+ 
ions on spodumene surface. Direct interaction 
between N-OH-9,10-O-ODA and saturated Al3+ 
ions on albite surface is not feasible. Instead, 
N-OH-9,10-O-ODA tends to adsorb on albite 
surface through hydrogen bonds adopting a 
horizontal adsorption configuration where its 
carbon chain aligns parallel to albite surface 
(Fig. 6(b)). N-OH-9,10-O-ODA exhibits a higher 
adsorption energy of −508.09 kJ/mol in this 
horizontal model on albite surface compared to that 
of −453.82 kJ/mol on Ca2+-activated spodumene 
surface, which indicates a strong interaction between 
 

 
Fig. 7 Crystal structures of spodumene (a) and albite (b) 

N-OH-9,10-O-ODA and O atoms on albite surface. 
Albite surface demonstrates a greater density of 
reactive O atoms than spodumene surface. The 
primary adsorption model of N-OH-9,10-O-   
ODA on albite surface is the horizontal model, 
primarily due to the strong interaction between 
N-OH-9,10-O-ODA and O atoms on albite surface, 
as well as the high density of O atoms on albite 
surface. 

A vertical adsorption model of N-OH-9,10-O- 
ODA leads to the formation of patchy aggregates on 
spodumene surface, facilitating the attachment of 
bubble and the surface [40,48]. These patchy 
aggregates contribute to the high recovery of 
spodumene when N-OH-9,10-O-ODA is used as the 
collector. Conversely, the horizontal adsorption 
model of N-OH-9,10-O-ODA causes it to spread 
across albite surface [40]. N-OH-9,10-O-ODA 
exhibits a loose arrangement on albite surface, 
which hinders the attachment of bubbles and the 
surface. Consequently, the loose arrangement of 
N-OH-9,10-O-ODA results in a low recovery of 
albite when N-OH-9,10-O-ODA is employed as the 
collector. 

The molecular structure of N-OH-9,10-O-ODA 
represents the second significant factor contributing 
to its preferential adsorption on albite surface, with 
its carbon chain aligning parallel to the surface. 
Notably, an epoxy group is situated at the middle of 
the long carbon chain of N-OH-9,10-O-ODA 
molecule. This epoxy group readily associates with 
one H+ ion in solution, facilitating the formation of 
hydrogen bonds with albite surface. Consequently, 
the presence of this epoxy group enhances the 
likelihood of N-OH-9,10-O-ODA adsorbing on 
albite surface, adopting an adsorption configuration 
where its carbon chain is parallel to the surface. 

The third determinant responsible for the 
varying adsorption configurations of N-OH-9,10-O- 
ODA on surfaces of spodumene and albite stems 
from the disparity in interaction strengths between 
N-OH-9,10-O-ODA and Ca2+ ions adsorbed on 
respective surfaces of spodumene and albite. The 
results from the XPS tests demonstrate that the 
adsorption of N-OH-9,10-O-ODA on spodumene 
surface significantly changes the binding energy of 
the adsorbed Ca2+ ions, in contrast to the change in 
the binding energy of the adsorbed Ca2+ ions on 
albite surface caused by the adsorption of N-OH- 
9,10-O-ODA (Figs. 4(b) and (e)). This observation 
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indicates a stronger interaction between N-OH-9, 
10-O-ODA and adsorbed Ca2+ ions on spodumene 
surface, rendering N-OH-9,10-O-ODA more 
inclined to interact with adsorbed Ca2+ ions on 
spodumene surface. Consequently, N-OH-9,10-O- 
ODA can more readily adsorb on spodumene 
surface, with its carbon chain oriented 
perpendicular to the surface (Fig. 5(b)). 
 
5 Conclusions 
 

(1) N-hydroxy-9,10-epoxy group-octadecanamide 
(N-OH-9,10-O-ODA) is synthesised in our 
laboratory and utilised as a novel flotation collector 
for separating spodumene from albite. The flotation 
experiments indicate that N-OH-9,10-O-ODA 
exhibits superior selectivity compared to oleic acid 
in the separation of spodumene and albite. 
Moreover, N-OH-9,10-O-ODA demonstrates a 
stronger capacity to collect spodumene particles 
than albite particles. 

(2) The results from the zeta potential 
measurements and X-ray photoelectron 
spectroscopic (XPS) tests reveal a comparable 
adsorption quantity of N-OH-9,10-O-ODA on both 
spodumene and albite surfaces. One explanation for 
the disparity in the abilities of N-OH-9,10-O-ODA 
to collect spodumene and albite particles is its 
variable adsorption configurations on surfaces of 
spodumene and albite. 

(3) First-principles calculations show that 
N-OH-9,10-O-ODA exhibits a preference for a 
vertical adsorption model on pure and 
Ca2+-activated spodumene surfaces through 
chelations with Al3+ ions on pure spodumene 
surface and Ca2+ ions adsorbed on spodumene 
surface, where its carbon chain aligns 
perpendicularly to the surfaces. In contrast, 
N-OH-9,10-O-ODA prefers to adsorb on albite 
surface through hydrogen bonds in a horizontal 
adsorption model, with its carbon chain parallel to 
the surface. 

(4) The vertical adsorption model of N-OH- 
9,10-O-ODA results in the formation of patchy 
aggregates on spodumene surface, leading to a high 
recovery of spodumene when N-OH-9,10-O-ODA 
is employed as the collector. The horizontal 
adsorption model of N-OH-9,10-O-ODA causes its 
dispersion on albite surface. N-OH-9,10-O-ODA 
assumes a loose structure on albite surface, 

resulting in a low recovery of albite when 
N-OH-9,10-O-ODA is used as the collector. 
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一种新型表面活性剂 N-羟基-9,10-环氧基十八烷基酰胺： 
(II)合成及其在锂辉石/钠长石浮选分离中的应用 

 
张伟迪 1,2,3,4，田孟杰 1,2,3,4，孙 伟 1,2 

 
1. 中南大学 资源加工与生物学院，长沙 410083； 
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摘  要：使用油酸作为反应底物，其羧基转化为 N-羟基酰胺基，并在其结构中引入环氧基，合成一种新型羟肟酸

类捕收剂 N-羟基-9,10-环氧基十八烷基酰胺(N-OH-9, 10-O-ODA)，并将其作为一种新型捕收剂应用于锂辉石与其

伴生脉石矿物钠长石的浮选分离。N-OH-9,10-O-ODA 表现出优异的选择性，其对锂辉石颗粒的捕收能力强于钠长

石颗粒。动电位测量和 X 射线光电子能谱分析结果表明，N-OH-9,10-O-ODA 在锂辉石表面的吸附量与其在钠长

石表面的吸附量接近。第一性原理计算发现 N-OH-9,10-O-ODA 在锂辉石和钠长石表面存在不同的吸附构型，这

导致 N-OH-9,10-O-ODA 对锂辉石和钠长石颗粒的浮选捕收剂能力不同。 

关键词：N-羟基-9,10-环氧基十八烷基酰胺；锂辉石；钠长石；浮选分离；油酸 
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