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Abstract: The adsorption behavior and mechanism of Bi(III) ions on the rutile−water interface were investigated through 

micro-flotation, Zeta potential measurement, adsorption amount measurement and X-ray photoelectron spectroscopy (XPS). 

According to the results of micro-flotation, Bi(III) ions could largely improve the rutile flotation recovery (from 62% to 91%), and 

they could increase the activating sites and reduce the competitive adsorption between nonyl hydroxamic acid negative ions and OH− 

ions, which determined that Bi(III) ions were capable of activating rutile flotation. The adsorption of Bi(III) ions onto the rutile 

surface led to the shift of Zeta potential into the positive direction, which was good for the adsorption of nonyl hydroxamic acid 

anions. In addition, the results of XPS indicated that the chemical environment around Ti atom had not changed before and after the 

adsorption of Bi(III) ions. Based on the adsorption mechanism of Bi(III) ions, it was deduced that firstly Bi(III) ions occupied the 

vacancies of the original Ca2+, Mg2+ and Fe2+ ions on the rutile surface; secondly Bi(III) ions covered on the rutile surface in the form 

of hydroxides. 
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1 Introduction 
 

Rutile is not only one of the raw materials that are 

necessary for high-grade welding electrodes, but also the 

most suitable raw material for the production of rutile 

titanium dioxide [1,2]. However, the majority of rutile 

ores belong to refractory ores, and thus flotation is one of 

the most efficient methods of solving the problem related 

to the fine embedded grain size, the complexity of the 

mineral and easiness to muddy [3]. 

With the rapid development of flotation, many 

effective collectors have been applied to the process of 

flotation separation of the oxide ores successfully. Many 

reviews indicated that alkyl hydroxamic collectors have a 

high selectivity on oxide ores such as cassiterite, cheelite, 

and rutile [4−7]. Furthermore, their affinity to metal or 

metal oxide is far stronger than fatty acid, thereby 

forming more stable metal complexes [8−10]. 

Unfortunately, the flotation recovery is a little lower 

when using alkyl hydroxamic collectors in spite of 

higher concentration. In order to improve the recovery, 

the consumption of collectors in abundance must be 

enhanced due to the lack of activating sites for collector 

adsorption on the mineral surface. And we tried to add 

surface activating sites with two common surface 

modification approaches: to change the valence state or 

structure of present surface elements and to introduce 

new activating elements to the mineral surface. 

A selective control of surface properties is 

conductive to the design of solid surface, so the 

anchoring group plays a key role in functional materials 

and adjusting the interaction between mineral and 

activating sites of the mineral surface. Pb(II) and Cu(II) 

ions are effective activators that have already been 

widely used to modify mineral surface properties. The 
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flotation recovery of sphalerite can be greatly improved 

in the presence of copper ions. The copper xanthates had 

lower solubility than zinc xanthates, resulting in a more 

hydrophobic surface of sphalerite particles to attach air 

bubbles [11]. Copper ions could also activate the 

flotation of pyrite, which was suppressed by lime in 

alkaline condition, because they led to the formation of 

new metal sulfide phases on pyrite surfaces [12]. FAN 

and ROWSON [13] found that Pb(NO3)2 could be used 

as activator to improve ilmenite floatability effectively 

and selectively. The Pb2+ and Pb(OH)+ species could be 

attached onto ilmenite surfaces selectively, achieving 

improvement in the flotation recovery of ilmenite. 

In this work, Bi(III) ions (novel activator) were 

introduced to add the activation sites on the rutile surface, 

and subsequent flotation reflection to nonyl hydroxamic 

acid was investigated as well. According to the 

measurement results of XPS and Zeta potential, the 

adsorption mechanisms of Bi(III) ions on the rutile 

surface and subsequent reflection to nonyl hydroxamic 

acid (collector) were further discussed. 

 

2 Experimental 
 

2.1 Materials 

In this work, rutile samples obtained from Zaoyang, 

Hubei, China were firstly crushed and ground to particles 

(38−74 μm) and then purified by sieving, and tabling 

with low/high-intensity magnetic separation methods. 

The pure rutile samples were washed several times with 

distilled water and finally dried at room temperature. 

According to the analysis of particle size (Fig. 1), the 

average particle size of rutile was 53.98 μm, which was 

measured through a laser particle-size analyzer 

(Mastersizer 2000). As a result, all the reagents were 

analytically pure in this work. 

 

 

Fig. 1 Size contribution of rutile sample 

 

An analysis of chemical compositions of rutile was 

carried out by a wavelength dispersive X-ray 

fluorescence (XRF) spectrometer S4 Pioneer. The results 

of XRD and XRF are shown in Fig. 2 and Table 1, 

respectively. The parameter setting and the method of 

XRD and XRF were previously described in Ref. [14]. 

From the XRD results in Fig. 2 and the XRF results in 

Table 1, the purity of rutile samples was calculated to be 

93.8%. 

 

 

Fig. 2 XRD pattern of rutile 

 

Table 1 Multi-element analysis result of pure rutile mineral 

(mass fraction, %) 

TiO2 FeO Fe2O3 SiO2 CaO MgO Al2O3 

93.80 1.53 1.33 2.07 0.17 0.31 0.99 

 

2.2 Experimental methods 

2.2.1 Micro-flotation tests 

The purified rutile particles (2 g) were placed in a 

plexiglass cell (40 mL) that was then filled with distilled 

water so as to adjust the pH value. After 2 min, the 

bismuth nitrate and the collector were added, 

respectively. Next, the suspension was agitated for 2 and 

3 min, respectively, and then the pH was measured 

before the flotation (4 min). The concentrates and 

tailings were weighed after filtration and drying, and 

finally the flotation recovery was calculated. 

2.2.2 Adsorption experiment 

The rutile samples (2.0 g) were place in a plexiglass 

cell (40 mL) that was then filled with distilled water. 

Then, the pH value was adjusted by 1% hydrochloric 

acid solution. After constant stirring for 2 min, bismuth 

nitrate was added. The suspension was agitated for 5 min. 

Next, the samples were centrifuged and filtered to 

separate liquid and solid phases after extraction. After 

washing twice with distilled water, the filter liquor was 

moved to a  100 mL volumetric flask. Finally, the 

adsorption amount was calculated by the following 

equation: 
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where Qe is the amount of nonyl hydroxamic acid 

adsorbed on the surface of rutile (mol/m2), C0 is the 

initial concentration of nonyl hydroxamic acid (mol/L), 

Ce is the residual concentration of nonyl hydroxamic  

acid in solution (mol/L), V is the volume (L), S is the 

specific surface area of rutile (m2/g), and W is the mass 

of rutile (g). 

2.2.3 Zeta potential measurement 

The Zeta potential of mineral suspension was 

measured with a Malvern instrument (UK). Then, 

samples were ground till the size was less than 5 μm. 

And then, pure rutile (20 mg) was added to deionized 

water (50 mL) containing 1×10−3 mol/L KCl as the 

supporting electrolyte before suspension. The suspension 

was conditioned for 15 min, during which the suspension 

pH was measured. The pH could be adjusted with either 

NaOH or H2SO4 over the pH range of 2−12. Zeta 

potential was measured according to the procedures 

described in the instrument manual. The reported results 

were the average of at least three full repeat experiments. 

2.2.4 X-ray photoelectron spectroscopy 

The chemical compositions on rutile surfaces were 

determined by XPS on a Thermo Scientific ESCALAB 

250Xi through Al Kα X-ray source operated at 200 W 

with 20 eV pass energy. The vacuum pressure was 

ranged from 1.33×10−7 to 1.33×10−6 Pa and the takeoff 

angle was 90°. The data were collected and processed 

with the help of Thermo Scientific Advantage 4.52. 

 

3 Results and discussion 
 

3.1 Micro-flotation test 

The effect of pH value on rutile flotation recovery 

with nonyl hydroxamic acid as the collector is shown in 

Fig. 3. According to Fig. 3, it could be found that the 

optimal pH range of rutile flotation was 3.5−7.0. And the 

flotation recovery began to decrease when the pH was 

more than 7.0 or less then 3.5, because the activation 

sites were dissolved to aqueous solution in the strongly 

acid (pH<3.5) [15,16]. Along with the increase of acid, 

more and more activation sites were dissolved, directly 

resulting in the decrease of adsorption amount of nonyl 

hydroxamic acid, which included Ti atoms and impurity 

atoms (such as Ca, Mg and Fe). It had also been reported 

that the surface hydroxylation of rutile played an 

important role in adsorption of organics [17−19]. In the 

strong acid, the surface hydroxylation was more stable, 

so that it was difficult to show substitution reaction 

between nonyl hydroxamic acid anions and the surface 

hydroxylation. 

The floatability of rutile was depressed in the 

alkaline environment, possibly because the competitive 

adsorption existed between OH− ions and nonyl 

hydroxamic acid negative ions on the rutile surface [20].  

 

 
Fig. 3 Recovery of rutile before and after adsorption of Bi(III) 

ions in presence of nonyl hydroxamic acid (400 mg/L) 

 

With the increase of pH, the competition was more and 

more fierce, the adsorption of nonyl hydroxamic acid on 

the rutile surface was more and more difficult, and thus 

the activating sites were occupied by OH− ions. 

Whether pH was greater than 7.0 or less then 3.5, 

the activating sites were occupied by OH− ions or 

dissolved, resulting in the decrease of rutile flotation. 

The artificial increase of new activating sites was 

feasible for the increase of rutile flotation. After addition 

of Bi(III) ions, the flotation recovery of rutile was 

obviously improved and over 91% of rutile particles 

floated at pH (4.5±0.2), during which the recovery was 

only 62% without Bi(III) ions. The flotation recovery 

could increase in the studied pH range. 

 

3.2 Adsorption amount measurement 

The adsorption amount of nonyl hydroxamic acid 

on the rutile surface in the presence/absence of Bi(III) 

ions as a function of pH is presented in Fig. 4. According 

to Fig. 4, it could be seen that the pH range of 4.0−7.0 

was the optimal for nonyl hydroxamic acid adsorption 

without Bi(III) ions, which was very consistent with the  

 

 
Fig. 4 Adsorption amount of nonyl hydroxamic acid on rutile 

surface before and after adsorption of Bi(III) ions as function of 

pH 
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micro-flotation process. After addition of Bi(III) ions, the 

adsorption amount of nonyl hydroxamic acid was greatly 

improved from pH 2.3 to 9.7, which fully suggested that 

the adsorption amount of nonyl hydroxamic acid was a 

key factor that can determine the flotation recovery. With 

the increase of the collector adsorption amount, the 

hydrophobicity of mineral surface increased, resulting in 

the improved floatability of mineral [21−23]. The 

adsorption amount remained stable in the pH range of 

4.0−7.0, in which the adsorption equilibrium of nonyl 

hydroxamic acid negative ions and OH− ions on the rutile 

surface was rather decisive. The adsorption amount 

decreased till the pH value was over 8, indicating that 

OH− ions unlawfully occupied the activating sites. 

 

3.3 Zeta potential measurement 

In Fig. 5, a Malvern instrument was used to 

investigate the Zeta potentials on the rutile surface in the 

absence and presence of Bi(III) ions. The results showed 

that isoelectric point (IEP) of rutile particles appeared at 

pH (3.7±0.1) approximately almost in accordance with 

the previous value reported by PARKS [24]. After 

adsorption of 1×10−4 mol/L Bi(III) ions, Zeta potentials 

on the rutile surface moved to more positive values and 

the IEP appeared at pH (4.2±0.1) approximately. 

According to many reports, the Zeta potential of mineral 

surface would show a declined tendency after addition of 

salt solution because the thickness of electric double 

layer was compressed [25−27], indicating that the 

existing form of Bi(III) ions in acidic solution (the 

studied pH range) was not disengaged Bi(III) ions, which 

was further confirmed by the distribution of Bi(III) ions 

(Fig. 6). From Fig. 6, it could be shown that hydroxyl 

compounds (Bi(OH)2+ and 2Bi(OH) ) were the main 

existing species at pH 3.5−7.0, so that it could be 

concluded that hydroxyl compounds were the activating 

species of Bi(III) ions in rutile flotation. The results    

of Zeta potentials demonstrated that the adsorption of 

 

 

Fig. 5 Zeta potential of rutile surface as function of pH 

 

 

Fig. 6 Distribution of Bi(III) ions (a) and nonyl hydroxamic 

acid (b) species as function of pH (HA represents nonyl 

hydroxamic acid; A− represents nonyl hydroxamic acid anion) 

 

species containing bismuth with positive charge onto 

rutile surfaces rendered a positive shift of the Zeta 

potential. The Zeta potential on the rutile surface shifted 

to more negative values in the presence of nonyl 

hydroxamic acid, and thus it could be inferred that the 

attractive force between nonyl hydroxamic acid and 

rutile surface was larger than the electrostatic repulsion 

force (especially at pH 7−11). Therefore, nonyl 

hydroxamic acid might be adsorbed on the rutile surface 

by chemical adsorption through covalent bond. 

Figure 6 shows the distribution of Bi(III) ions and 

nonyl hydroxamic acid species as a function of pH, and 

the results of Zeta potential experiment were explained. 

According to Bi(III) ions concentration, the advantages 

of activation component could be discussed. It was 

indicated that the best activating pH range to produce 

hydroxyl compounds (Bi(OH)2+ and 2Bi(OH) ) was 

consistent with the pH range of Bi(III) ions. Therefore, it 

was deduced that hydroxyl compounds (Bi(OH)2+ and 

2Bi(OH) ) were major components of Bi(III) ions to 

active the rutile flotation. And the chemical reaction was 

speculated to occur on the rutile surface as follows: 
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The involved hydrolysis equilibria of Bi(III) ions 

are listed as follows: 
 

Bi3++OH−=Bi(OH)2+, 
 

β1=[Bi(OH)2+]/[Bi3+][OH−]=1012.7                  (2) 
 

Bi3++2OH−= 2Bi(OH) , 
 

β2=[ 2Bi(OH) ]/[Bi3+][OH−]2=1015.8                (3) 
 

Bi3++3OH−=Bi(OH)3, 
 

β3=[Bi(OH)3(aq)]/[Bi3+][OH−]3=109.1              (4) 
 

Bi3++4OH−= 4Bi(OH) , 
 

β4=[ 4Bi(OH) ]/[Bi3+][OH−]4=1035.2                (5) 
 

where β1, β2, β3 and β4 are cumulative stability constants. 

It was supposed that Bi(III) ions represented the total 

concentration of components in the solution, and thus the 

concentration of each component was given as follows 

(the top concentration of bismuth nitrate was     

1×10−4 mol/L): 
 

 [Bi]=[Bi3+]+[Bi(OH)2+]+[ 2Bi(OH) ]+[Bi(OH)3(aq)]+ 
 

[ 4Bi(OH) ]=[Bi3+](1+β1[OH−]+β2[OH−]2+ 
 

β3[OH−]3 +β4[OH−]4)                      (6) 
 

Define αM for the reaction coefficient: 

αM=
3+

[Bi]

[Bi ]
=1+β1[OH−]+β2[OH−]2+β3[OH−]3+β4[OH−]4 

(7) 

Concentrations of components: 
 

3
1[Bi ] [Bi] / (1 [OH ]     

 
2 3 4

2 3 4[OH ] [OH ] [OH ] )               (8) 
 
lg[Bi3+]=lg [Bi]−lg(1+10pH+β

1
−14+102pH+β

2
−2×14+ 

 
103pH+β

3
−3×14+104pH+β

4
−4×14)                  (9) 

 
lg [Bi(OH)2+]=lg β1+lg [Bi3+]+pH−14             (10) 
 

2lg [Bi(OH) ] =lg β2+lg [Bi3+]+2(pH−14)         (11) 
 
lg [Bi(OH3(aq))]=lg β3+lg [Bi3+]+3(pH−14)       (12) 
 

4lg [Bi(OH) ] =lg β4+lg [Bi3+]+4(pH−14)         (13) 

 

3.4 XPS analysis 

Through XPS, the compositions on the rutile 

surface after adsorption of Bi(III) ions were investigated. 

Figure 7(a) shows the survey scan XPS spectra of rutile 

treated with Bi(III) ions over a binding energy range of 

100−1300 eV. From Fig. 7(a), it was obviously conscious 

of the XPS spectra of Ti, O and Bi. The high-resolution 

XPS spectra of O, Ti and Bi elements are shown in  

Figs. 7(b), (d) and (c), respectively. From Fig. 7(b), a 

major part of the oxygen presented on the rutile and/or 

adsorbed water surface at all potentials included O2− and 

OH− species. The XPS spectrum of Ti 2p peaks at 

potentials of 458.1 and 464.0 eV is shown in Fig. 7(c). 

The characteristic of these peaks were obviously 

attributed to the XPS spectrum of Ti 2p in TiO2 [28,29]. 

The XPS spectrum of the Bi 4f peak of rutile obtained 

after adsorption of Bi(III) ions is presented in Fig. 7(d). 

After treatment of Bi(III) ions, the Bi 4f5/2 XPS bands 

appeared on the rutile surface, and thus the adsorption of 

Bi(III) ions onto the rutile surface was related to Bi(III) 

ions exchange or Bi(III) hydroxides covering. Compared 

with the binding energy of Ti 2p, it had no effect on the 

chemical environment around the Ti atom. There were 

two ways for adsorption of Bi(III) ions on the rutile 

surface. Firstly, Bi(III) ions occupied the vacancies after 

Ca2+, Mg2+ and Fe2+ (the impurity atoms on rutile surface) 

were dissolved in acidic solution. Secondly, the rutile 

surface was covered with Bi(III) ions in the form of 

hydroxides. Bi(III) ions had not formed the chemical 

bond with Ti or O (in Ti—O) atoms. The XPS spectra of 

the Bi 4f peak occurred with the theoretical value 

deviation [30,31], which indicated that Bi(III) ions 

around chemical environment changed. 

Based on above results and discussion, Fig. 8 

suggested a potential mechanism of two-step sequential 

method depicting modification of rutile surfaces with 

Bi(III) ions. 
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Fig. 7 Survey scan and high-resolution XPS spectra of rutile after Bi(III) adsorption ([Bi3+]=1×10−5 mol/L): (a) Survey scan spectrum; 

(b) O 1s XPS spectrum; (c) Ti 2p XPS spectrum; (d) Bi 4f5/2 XPS spectrum 

 

 

Fig. 8 Active particles of rutile surface before and after adsorption of Bi(Ⅲ) ions 

 

 

4 Conclusions 
 

1) After the addition of Bi(III) ions, the flotation 

recovery of rutile achieved an increase from 62% to 

91%. 

2) There were two ways for adsorption of Bi(III) 

ions on the rutile surface. Firstly, Bi(III) ions occupied 

the vacancies after Ca2+, Mg2+ and Fe2+ (the impurity 

atoms on the rutile surface) were dissolved in the acidic 

solution. Secondly, the rutile surface was covered with 

Bi(III) ions in the form of hydroxides. 

3) After activation of Bi(III) ions, the nonyl 

hydroxamic acid was used to modify the rutile surface 

further. The results showed a great improvement in both 

the adsorption amount of nonyl hydroxamic acid and the 

floatability of rutile as expected. In addition, the results 

of Zeta potential and XPS verified the ability to establish 

a covalently attached nonyl hydroxamic acid on the rutile 

surface. 
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摘  要：通过单矿物浮选、动电位测试、吸附量测试和 X 射线光电子能谱研究 Bi(III)在金红石−水界面的吸附行

为和机制。单矿物浮选结果表明，加入 Bi(III)后，金红石的浮选回收率由 62%提高到 91%。添加 Bi(III)可以增加

活性位点，降低壬基异羟肟酸阴离子与 OH−离子之间的竞争吸附，这是 Bi(III)能够活化金红石浮选的本质。Bi(III)

吸附在金红石表面，导致 Zeta 电位正移，有利于壬基异羟肟酸的吸附。XPS 结果显示，Bi(III)吸附前后，钛原子

周围的化学环境没有发生变化。Bi(III)在金红石−水界面有两种吸附方式：一种是 Ca2+、Mg2+和 Fe2+溶解后，Bi(III)

占据其空位；另一种是 Bi(III)以羟基化合物的形式覆盖在金红石表面。 

关键词：金红石；浮选；Bi(III)活化；竞争吸附；活性位点 
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