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Abstract: A styryl phosphonate ester (SPE) collector was used to improve the flotation performance of ilmenite, and 
the adsorption mechanism and model were revealed and established, respectively. Microflotation tests showed that SPE 
exhibited a stronger collecting ability for ilmenite than the traditional collector styrene phosphonic acid (SPA). Zeta 
potential measurements revealed that both SPE and SPA could negatively shift the zeta potential of ilmenite, while SPE 
had more effects than SPA, suggesting the stronger adsorption of SPE. The analysis of X-ray photoelectron 
spectroscopy confirmed the chemisorption of SPA and SPE onto the Fe/Ti sites of ilmenite. According to frontier orbital 
theory, the chemical activities of SPE are greater than those of SPA. The partial densities of states analysis indicated that 
the PO—H groups of the collectors could interact with the Ti/Fe atoms of the ilmenite surface to generate a stable 
four-membered ring. The bonding model of the collector and (104) ilmenite surface showed that the adsorption energy 
of SPE was higher than that of SPA. Overall, SPE presented a better collecting ability and interaction effect for ilmenite 
flotation than SPA, and had the potential to replace SPA in the industry. 
Key words: styryl phosphonate ester; ilmenite; flotation; collector; X-ray photoelectron spectroscopy; density 
functional theory; adsorption mechanism 
                                                                                                             
 
 
1 Introduction 
 

Titanium has been widely used in military, 
aerospace, automobile, and refractory materials due 
to its excellent physical and chemical properties, 
such as low density, high strength and melting  
point, good elasticity, and corrosion resistance [1−4]. 
The main mineral sources of titanium are ilmenite, 
rutile and anatase, in which ilmenite occupies    
90% of the total titanium primary resources   
worldwide [5]. In China, ilmenite is mainly found 
in vanadium−titanium magnetite in Panzhihua, 

Sichuan Province, China [5,6]. 
Ilmenite can be separated from gangue 

minerals (quartz, titanaugite, pyroxene, etc.) based 
on the differences in their physical properties 
through methods such as magnetic separation [7], 
gravity separation [8] and electrical separation [9]. 
Nonetheless, froth flotation is considered the most 
effective method for upgrading fine ilmenite ore, 
and proper selection of reagent schemes (collector 
and regulator) is extremely important [10]. Several 
collectors have been applied in ilmenite flotation, 
including sodium oleate (NaOl), benzohydro- 
xamic acid (BHA) [11] and styrene phosphonic acid 
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(SPA) [12,13], but challenges still remain in 
achieving satisfactory flotation performance. 

NaOl is a common collector with a low price 
and a wide source; however, its selectivity is   
poor when employed in the flotation separation of 
ilmenite from silicated gangue minerals [6]. BHA 
has been proven to be an efficient collector of 
ilmenite using flotation means and exhibits superior 
selectivity against quartz and titanaugite [14,15]. 
However, BHA often requires a large consumption 
concentration or the extra usage of an activator due 
to its weak collecting ability [16−18]. SPA was first 
introduced in cassiterite flotation and became 
popular in ilmenite flotation due to its strong 
selectivity for silicate gangue minerals [12,19]; 
however, it also requires a high concentration and 
an additional frother. Thus, a novel collector for 
ilmenite flotation is needed. Modifying or 
introducing functional groups of molecules to 
develop more efficient collectors has become an 
important method of improving the flotation 
performance of ilmenite [20,21]. 

SPA has exhibited good flotation performance 
and has been widely applied in the flotation of 
metal oxide minerals [21]. Nevertheless, the 
collecting ability of SPA is relatively poor, and its 
industrial application requires a high collector 
concentration and a frother, leading to environmental 
issues and high economic costs. It has been proven 
that the modification of the molecular structure   
is an effective way to improve the flotation 
performance of collectors [22]. Therefore, we hope 
to enhance the collecting ability of SPA by 
introducing an ester group into its molecule. In  
this study, styryl phosphonate ester (SPE) was 
synthesized by introducing an ester group into the 
SPA molecule to improve its hydrophobicity and 
flotation performance [23]. SPE was introduced as 
a collector for ilmenite flotation. Using the novel 
surfactant of SPE containing an ester group is an 
interesting means to improve ilmenite floatability 
that deserves further investigation. The hydro- 
phobization mechanism can be deeply explored 
through comparison with a single-polar-group 
collector, which is instructive in developing new 
flotation reagents [24]. The ability of SPE to  
collect ilmenite for flotation was evaluated by 
microflotation tests. In addition, the adsorption 
mechanism of SPE onto the ilmenite surface was 
revealed by zeta potential measurements, X-ray 

photoelectron spectroscopy (XPS) analysis and 
density functional theory (DFT) modeling. 
 
2 Experimental 
 
2.1 Materials and reagents 

The ilmenite sample used in this study was 
purchased from Panzhihua, China. The XRD 
pattern in Fig. 1 showed only ilmenite in this 
sample. The X-ray fluorescence (XRF) [25] results 
confirmed the high purity of ilmenite with  
48.66 wt.% TiO2, as revealed in Table 1. The 
ilmenite sample was ground to a size fraction of 
38−74 μm by ball milling for use in microflotation 
tests. 
 

 
Fig. 1 XRD pattern of ilmenite sample 
 
Table 1 Main chemical compositions of ilmenite sample 
(mass fraction, %) 

TiO2 Fe2O3 MgO SiO2 CaO MnO Al2O3

48.66 44.45 3.84 1.01 0.42 0.64 0.62 
 

Chemical-grade of frother terpenic oil and 
collector SPA were purchased from Sinopharm 
Chemical Reagent Co., Ltd. The SPE with a 
grade >98% was synthesized and purified in our 
laboratory. Deionized water with a resistivity of 
18.2 mΩ·cm was used for all the experimental tests 
in this study. 
 
2.2 Synthesis procedure of SPE 

SPE was synthesized using phosphorus 
pentachloride and styrene as raw materials. The 
intermediate (styrene phosphine tetrachloride) was 
firstly synthesized by Reaction (1), and then reacted 
with alcohol and water in sequence as shown in 
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Reactions (2) and (3). The optimal synthesis 
conditions are listed as follows: chloroform was 
used as the solvent; the molar ratio of styrene꞉ 
phosphorus pentachloride ꞉ n-butanol was set to  
be 1꞉1.2꞉1.5; the reaction time of the first, second 
and third steps is 4, 2 and 1 h, respectively, with the 
reaction temperature of 50 °C. The characterization 
of SPE is shown in Figs. S1−S4 in Supplementary 
Materials, confirming the successful synthesis of 
high-purity SPE.  

(1)

(2)

(3)

 
2.3 Microflotation tests 

A mechanically agitated flotation machine [26] 
with a fixed impeller speed of 1800 r/min was used 
for the microflotation tests. A total of 3.0 g of 
38−74 µm mineral and 40 mL of deionized water 
were successively added to a plexiglass flotation 
cell. The slurry was adjusted to the desired pH 
value with dilute NaOH or H2SO4 solutions, and the 
required concentrations of collector and frother 
were added sequentially with a conditioning time  
of 3 min. The suspension pH was recorded before 
turning on the air supply, and flotation was 
conducted for 5 min. The float and sink products 
were collected and weighed to calculate the 
recovery. Each test was performed twice, and    
the average value was reported with standard 
deviations presented as the error bars. 
 
2.4 Zeta potential measurement 

The zeta potentials of minerals were measured 
with a Zetasizer Nano ZS90 instrument (Malvern 
Instruments, England). Ilmenite samples were 
freshly ground to a size of <2 µm using an    
agate mortar. The suspension was prepared by 
adding 30 mg of ilmenite to 20 mL of 1 mmol/L 
electrolyte [27], which was magnetically stirred for 
20 min in a beaker according to the required reagent 
scheme. Afterward, the suspension was allowed to 
settle for 10 min, and the supernatant was collected 

and injected into a sample cell for zeta potential 
measurements. The error bars in each plot represent 
one standard deviation of uncertainty obtained from 
three independent runs. 
 
2.5 XPS analysis 

The XPS spectra of ilmenite before and after 
treatment with SPA or SPE were measured with an 
Al Kα 1063 spectrometer (Thermo Fisher Scientific, 
USA), under the operating conditions of 200 W 
power, an Al Kα X-ray source and 20 eV pass 
energy. Thermo Avantage software was utilized to 
conduct the peak fitting of the XPS spectra. The 
testing sample was prepared by mixing 2.0 g of 
ilmenite (<2 µm) with 50 mL of the 25 mg/L 
collector at pH 6.0. Afterward, Milli-Q water was 
used to filter and wash the suspension twice to 
remove the physical adsorption of the collector. 
Finally, the filtered minerals were dried in a 
vacuum drying oven before being subjected to XPS 
analysis. 
 
2.6 DFT calculation 

DFT calculations were completed by the 
Dmol3 and CASTEP modules using Material Studio 
2017 software. The CASTEP module was applied 
to establishing plane and crystal models [28], while 
the Dmol3 module was used to analyze the frontier 
orbital energy [21]. In addition, the establishment 
and optimization of the collector adsorption  
model onto the ilmenite surface and the related 
calculations were performed in the CASTEP 
module. 

A periodic model of ilmenite bulk phases  
using XRD crystal structures was obtained from  
the American Mineralogical Crystal Structure 
Database [29]. The optimized supercell (2 × 2 × 1) 
of the ilmenite bulk structure was used to generate a 
surface slab model that crossed a specified crystal 
plane (104) [30]. The (104) surface plate model 
with a vacuum zone of 40 Å was optimized for 
calculating the vacuum adsorption energy. DFT 
calculations within the GGA-PW91 functionality 
were conducted to study the collector adsorption    
onto the ilmenite surfaces. The kinetic energy cutoff, 
k-points and pseudopotential were set to 500.0 eV, 
6×6×2 and ultrasoft, respectively [14]. The energy 
of the lowest unoccupied molecule orbit (ELUMO) 
and energy of the highest occupied molecule orbit 
(EHOMO) of the collectors were calculated using the 
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DMol3 module with functional B3LYP and basis 
DNP. The models of the ilmenite crystal and 
molecular structures of the collectors (SPA and SPE) 
were geometrically optimized, as shown in Fig. 2. 

The adsorption energy, Eads, of the collectors 
on the ilmenite surface can be calculated as  
follows [7,31]: 
 
Eads=Esurf/dep−Esurf−Edep                                (4) 
 
where Esurf and Esurf/dep are the total energy of the 
ilmenite slab before and after collector adsorption, 
respectively, and Edep is the total energy of the free 
collector molecules. 
 

 
Fig. 2 Molecular structures of ilmenite, SPA, and SPE 
 
3 Results and discussion 
 
3.1 Microflotation performance of ilmenite using 

SPE 
To evaluate the collecting ability of SPE and 

SPA for ilmenite flotation, microflotation tests were 
conducted under different pH values and collector 
concentrations. Figure 3 shows the ilmenite 
floatability as a function of pulp pH in the presence 
of 25 mg/L collector and 0.1 mg/L terpenic oil. This 
result reveals that ilmenite flotation recovery 
presented a similar trend using either SPE or SPA as 
the collector, which increased at pH 2.0−6.0 while 
reducing from pH 6.0 to pH 12.0. Specifically, at 
pH 6.0, SPA could only obtain 70.4% ilmenite 
flotation recovery, while the novel collector SPE led 
to a much higher recovery of 99%, suggesting that 
SPE had a much stronger collecting ability than 
SPA. 

The effects of collector concentration on 
ilmenite flotation recovery at pH 6.0 are shown in 
Fig. 4. The flotation recovery of ilmenite increased 
rapidly with increasing concentrations of SPA or 
SPE. The ilmenite recovery reached 99.0% at 

25 mg/L SPA and remained nearly unchanged when 
the collector concentration continued to increase. 
On the other hand, SPA could only achieve 
satisfying ilmenite flotation performance under a 
high reagent concentration of >150 mg/L. Hence, 
the microflotation test results reveal that SPE has a 
superior ability to collect ilmenite during flotation 
compared with SPA. 
 

 
Fig. 3 Flotation recovery of ilmenite as function of pH 
using collector (Flotation conditions: 25 mg/L collector; 
0.1 mg/L terpenic oil) 
 

 
Fig. 4 Flotation recovery of ilmenite as function of 
collector concentration (Flotation conditions: pH=6.0; 
0.1 mg/L terpenic oil) 
 
3.2 Zeta potential measurement results 

To investigate the adsorption mechanism of 
SPE onto the ilmenite surface, zeta potential 
measurements of ilmenite in the absence and 
presence of a collector were performed as a pH 
function, and the results are plotted in Fig. 5. As 
shown, the isoelectric point (IEP) of ilmenite was 
located at pH ~4.6, which is consistent with 
previous studies [32,33]. The ilmenite surface 



Yan-ling XU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 4088−4098 4092

groups were primarily Ti4+, FeOH+, Ti(OH)3+, 
Ti(OH)2

2+, and Ti(OH)3+ under acidic conditions. 
Thus, the zeta potential will be positive in strongly 
acidic solutions. With increasing pH values, the zeta 
potential of ilmenite moved in a negative direction 
and eventually became negative due to the higher 
hydroxylation degree of the ilmenite surface [2,8]. 
After the addition of the collector, the zeta potential 
of ilmenite negatively moved throughout the whole 
studied pH range. SPE presented a greater effect on 
the zeta potential of ilmenite than SPA in the    
pH range of 2.0−10.0, indicating that SPE was 
adsorbed more strongly onto the ilmenite surface. 
 

 
Fig. 5 Zeta potentials of ilmenite as function of pH in the 
presence of different collectors (Condition: 25 mg/L 
collector) 
 
3.3 XPS spectra of ilmenite with collectors 

The changes in the chemical states and 
elemental compositions on ilmenite surfaces with or 
without the collector addition were investigated by 
XPS analysis. Thermo Avantage software was used 
for the peak fitting of the XPS spectra. The “Smart” 
option was chosen for the background line fitting, 
the default value of 0.3 was used for the Lorentzian− 
Gaussian (L/G) ratio, the FWHM range of the main 
peak was 0.3−1.7 eV, and the double peak area ratio 
of 2p1/2 to 2p3/2 being 1:2 was selected for Ti and Fe. 
Figure 6(a) shows that the Ti 2p spectra of raw 
ilmenite can be fitted by four characteristic peaks, 
where the peak at 458.2 eV was attributed to Ti4+ of 
Ti—O—Fe [34−36]; the peak at 459.6 eV referred 
to Ti4+* of the TiO2 rutile (110) surface [37,38]; the 
peaks at 463.8 and 465.1 eV corresponded to the 
spin-orbital splitting photoelectrons of ilmenite. 
After ilmenite was treated with SPA, as shown in 
Fig. 6(b), the binding energies of Ti4+ and Ti4+* were 

 

 
Fig. 6 XPS spectra of Ti 2p on surfaces of bare (a), 
SPA-treated (b) and SPE-treated (c) ilmenite 
 
shifted by 0.2 and 0.3 eV, respectively, indicating a 
chemical reaction between SPA and Ti on the 
ilmenite surface. Figure 6(c) reveals that the 
binding energies of each peak of Ti 2p of ilmenite 
were changed by 0.2 and 0.4 eV after SPE 
treatment, indicating that SPE had stronger 
chemisorption onto the Ti sites of the ilmenite 
surface. 

Figure 7 shows the Fe 2p spectra of ilmenite 
before and after collector treatment. As shown    
in Fig. 7(a), the XPS spectrum of bare ilmenite  
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Fig. 7 XPS spectra of Fe 2p on surfaces of bare (a), SPA- 
treated (b) and SPE-treated ilmenite (c) 
 
exhibited peaks at 710.7 and 713.7 eV that were 
assigned to Fe 2p3/2 of Fe2+ [37] and Fe3+ [38], 
respectively. In addition, two characteristic peaks at 
723.9 and 726.6 eV represented the Fe 2p1/2 peak of 
iron species [39,40]. The remaining peaks at 719.3 
and 732.3 eV represented the satellite peaks of iron 
species [41]. After treatment with SPA (Fig. 7(b)), 
the binding energies of Fe2+ and Fe3+ in the Fe 2p3/2 
spectrum of ilmenite surfaces shifted by 0.2 and 
0.3 eV, respectively, suggesting the chemical 
adsorption of SPA onto the Fe sites of the ilmenite 
surface. As shown in Fig. 7(c), the binding energies 

of Fe2+ shifted by 0.2 eV and that of Fe3+ changed 
by 0.4 eV in the Fe 2p3/2 spectrum after the addition 
of SPE, indicating a stronger chemical interaction 
of SPE with Fe sites on the ilmenite surface. 
 
3.4 Computational chemistry for revealing 

adsorption mechanism 
3.4.1 Frontier orbital theory analysis for SPA/SPE 

molecules 
The frontier orbital theory plays a significant 

role in describing the reactivity of molecules, where 
the molecular electrostatic potential (MEP) predicts 
the active sites of molecules [42], the lowest 
unoccupied molecule orbital (LUMO) reflects the 
electron-accepting ability, and the highest occupied 
molecule orbital (HOMO) reflects the electron- 
donating ability [43,44]. 

The MEP map is a useful tool for visualizing 
electrostatic potential regions through color  
grading [45]. MEP maps of SPA and SPE are 
calculated and shown in Fig. 8. During the SPA and 
SPE structure optimization, LDA-PWC was used 
for the exchange relation potential. The orbital 
cutoff quality and SCF tolerance were selected as 
the medium. The most negative and positive 
electrostatic potential regions are marked in red and 
blue, respectively. The map colors change from 
−1.63 eV (darkest red) to 1.63 eV. (darkest blue). 
The negative charges of both collectors are mainly 
concentrated on the benzene ring and oxygen atoms, 
indicating that the benzene ring and oxygen atoms 
are the electron-donating centers. However, the 
weak electron-donating ability of the benzene ring 
revealed that the oxygen atom should be the main 
electron-donating center. The results show that SPE 
has a greater electron-donating ability than SPA 
 

 

Fig. 8 MEP maps of SPA and SPE 
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because the oxygen atoms of the P=O and —OH 
groups in SPE molecules have more negative 
charges than those in SPA [12]. 

The HOMO and LUMO of SPA and SPE are 
shown in Fig. 9. Figures 9(a) and (b) show that the 
HOMO orbits are mainly centered on the benzene 
ring, and the C=C group is partially on the  
ketonic oxygen of the P=O group. Although the 
distribution of LUMO orbits is not much different 
from that of HOMO, it has fewer orbits on the 
P=O group. The orbital distribution implies the 
transfer of the electron density from the HOMO of 
the P=O group to the low-lying LUMO of the 
benzene ring. 
 

 
Fig. 9 Electron cloud pictures of frontier molecular orbits 
of optimized collector models: (a) HOMO of SPA;    
(b) LUMO of SPA; (c) HOMO of SPE; (d) LUMO of 
SPE 
 

The HOMO and LUMO compositions of SPA 
and SPE are displayed in Fig. 9, demonstrating that 
the benzene ring, O atoms and C=C group in the 
SPA molecule are the main contributors to its 
LUMO. The LUMO of SPE is also composed of the 
benzene ring, O atoms and C=C group, while the 
electron transfer is more obvious, indicating that 
SPE has a stronger electron-delocalization ability 
than SPA. SPA and SPE have HOMOs composed of 
a benzene ring, O atoms and a C—P group, which 
can be attributed to the chemically active centers of 
these two collectors. 

The global reactivity parameters for the 
headline compound are calculated from EHOMO and 

ELUMO and are shown in Table 2. The energy gap 
value, ELUMO-HOMO, possesses chemical reactivity 
and is described as follows [46]:  
ELUMO-HOMO=ELUMO –EHOMO                          (5)  
where the ELUMO and EHOMO parameters were 
originally calculated by Hückel molecular orbital 
theory. As shown, the HOMO energy of SPE 
(−0.2232 eV) is higher than that of SPA 
(−0.2262 eV), confirming the stronger electron- 
donation ability of SPE. The energy gaps of SPA 
and SPE are observed to be 0.1284 and 0.1277 eV, 
respectively. The energy difference between the 
HOMO and LUMO determines the polarization rate 
and chemical activity of the molecule [44]; thus, 
SPE has higher chemical activities than SPA. 
 
Table 2 Frontier orbital energies and energy differences 
of collectors 

Collector EHOMO/eV ELUMO/eV ELUMO-HOMO/eV

SPA −0.2262 −0.0978 0.1284 

SPE −0.2232 −0.0954 0.1277 
 
3.4.2 DFT calculations for adsorption of SPA/SPE 

onto ilmenite surface 
To examine the bonding nature of the chemical 

bonds before and after the adsorption of SPA or 
SPE in the ilmenite system, the partial densities of 
states (PDOS) for Ti are shown in Fig. 10. Before 
collector adsorption (Fig. 10(a)), the most relevant 
contribution from Ti atoms to the electronic band 
structure of orthorhombic ilmenite is a 3d band at 
−6.0 eV and a 3d band between 0 and 2.5 eV. In 
comparison, after the adsorption of SPA (Fig. 10(b)) 
and SPE (Fig. 10(c)), the PDOS peak for bonding 
Ti 3d is changed at the Fermi level. This result 
demonstrates that O atoms bond to Ti atoms, and 
the electron is transferred between these bonding 
atoms. 

The PDOS of the Fe atoms onto ilmenite 
surface before and after SPA and after SPE 
adsorption are shown in Fig. 11. The Fe 3d states 
are distributed near the Fermi level. There are two 
DOS peaks located at −4.0 and −0.8 eV before 
collector adsorption (Fig. 11(a)). After SPA 
adsorption, the Fe 3d orbital peak drops down to 
two peaks at the energy level from −4.0 to −6.4 eV 
(Fig. 11(b)). This change indicates that the Fe 3d 
orbit of ilmenite is involved in the interaction 
between the Fe atoms and O atoms of SPA. After 
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SPE is adsorbed onto the ilmenite surface 
(Fig. 11(c)), the change in the PDOS of the Fe 3p 
orbital is much more obvious than that of SPA. 
These results prove that the adsorption of SPE can 
enhance the chemical reactivity of the ilmenite 
surface more effectively than SPA. The changes in 
PDOS for the Fe atom on the ilmenite surface are 
larger than those of the Ti atom, which is consistent 
with the XPS analysis results. 
 

 
Fig. 10 PDOS of bonding Ti atoms for (104) ilmenite 
surface: (a, b) Before and after SPA adsorption, respectively; 
(c) After SPE adsorption  
 

 
Fig. 11 PDOS of bonding Fe atoms for (104) ilmenite 
surface: (a, b) Before and after SPA adsorption, respectively; 
(c) After SPE adsorption 
 
3.4.3 Bonding models between SPA/SPE and 

hematite surface 
Based on the XPS analysis and the frontier 

orbital theory, it can be concluded that SPA and 
SPE interact mainly with the PO—H group of 
ilmenite to generate the PO—Fe and PO—Ti 
structures. The bonding model of collectors on the 
ilmenite surface is shown in Fig. 12. The calculated 

adsorption energy values are listed in Table 3. As 
shown, SPA and SPE can chelate with ilmenite to 
generate a four-membered ring through the PO—Fe 
or PO—Ti bond. Meanwhile, the calculation results 
reveal that the binding energies of SPA and    
SPE onto the ilmenite surface are −312.46 and 
−359.89 kJ/mol, respectively. This indicates that 
SPA and SPE can easily interact with the ilmenite 
surface since both of these binding energies are 
largely negative. Additionally, Table 3 also shows 
that the adsorption energy of SPE onto the ilmenite 
surface is more negative than that of SPA, 
suggesting that SPE exhibits higher reaction 
activity to ilmenite than SPA. All these calculation 
results demonstrate that the adsorption of SPE onto 
the ilmenite surface is a chemisorption process, and 
SPE has a better ability to collect ilmenite than 
SPA. 
 

 
Fig. 12 Adsorption configurations of SPA (a) and SPE (b) 
onto (104) ilmenite surface 
 
Table 3 Interaction energies of reagents onto (104) 
ilmenite surface  

Sample Adsorption energy/(kJ·mol−1)
SPA + ilmenite surface −312.46 
SPE + ilmenite surface −359.89 

 
4 Conclusions 
 

(1) A novel collector, styryl phosphonate ester 
(SPE), was applied for ilmenite flotation and 
compared with the traditional collector SPA. The 
results of microflotation tests revealed that SPE had 
a stronger collecting ability to ilmenite during 
flotation than SPA. The application of SPE for 
ilmenite flotation could greatly reduce the collector 
concentration and has the potential to replace SPA 
in practice. 
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(2) Zeta potential measurements found that the 
zeta potential of ilmenite surface negatively shifted 
after the addition of SPE and SPA, while SPE had 
more significant effects than SPA, suggesting the 
stronger adsorption of SPE on the ilmenite surface. 
XPS analysis indicated that SPA and SPE could 
interact with the Fe and Ti atoms of the ilmenite 
surface by chemical bonding. 

(3) Frontier orbital theory was used to predict 
the structure−reactivity relationship of SPE and 
SPA molecules, revealing that the reactive sites of 
SPE molecules were mainly located on the P=O 
and —OH groups. Therefore, SPE possessed a 
stronger ability to donate electrons to ilmenite than 
SPA. PDOS modeling demonstrated that the 
adsorption of SPE could improve the chemical 
reactivity of the ilmenite surface more obviously 
than the adsorption of SPA. The adsorption of 
collectors onto the ilmenite surface occurred by 
interacting the PO—H groups of the collectors with 
the Fe/Ti atoms of the ilmenite surface. 

(4) DFT calculations also indicated that both 
SPA and SPE could interact with Fe and Ti atoms to 
generate a stable four-member ring on the ilmenite 
surface, while SPE (−359.89 kJ/mol) showed a 
higher adsorption energy than SPA (−312.46 kJ/mol) 
on the (104) ilmenite surface. 
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摘  要：采用捕收剂苯乙烯膦酸酯(SPE)提高钛铁矿浮选效率，揭示相关作用机理并建立吸附模型。单矿物浮选

试验结果表明，SPE 在钛铁矿浮选中表现出比传统苯乙烯膦酸(SPA)更强的捕收能力。Zeta 电位测定结果显示，

SPE 和 SPA 都能使钛铁矿的 Zeta 电位负向移动，而 SPE 的作用效果比 SPA 更加明显，表明 SPE 在钛铁矿表面的

吸附更强。X 射线光电子能谱分析证实了 SPA 和 SPE 在钛铁矿的 Fe/Ti 位点上的化学吸附作用。前沿轨道理论分

析结果表明，SPE 的化学活性比 SPA 的高。局部态密度分析结果表明，两种捕收剂的 PO—H 基团可与钛铁矿的

Ti/Fe 原子相互作用，从而在钛铁矿表面生成一个稳定的四元环。捕收剂与(104)钛铁矿表面的结合模型显示，SPE

的吸附能量高于 SPA 的。综上所述，SPE 对钛铁矿浮选的捕收能力和作用效果均优于 SPA 的，具有在工业上替

代 SPA 的潜力。 

关键词：苯乙烯膦酸酯；钛铁矿；浮选；捕收剂；X 射线光电子能谱；密度泛函理论；吸附机理 
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