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Abstract: The flotation of rutile can be enhanced using lead ion as an activator. However, the binding
behavior of collector on the activated rutile surface is still not fully understood. In this work, flotation
and theoretical calculation approaches were employed to evaluate the activation behavior of lead ion in
the flotation of rutile with octyl hydroxamic acid (OHA). Flotation results indicated that the activation
flotation with lead ion should be conducted at pH 6.5. The binding features of OHA molecule on the
inactivated and Pb-activated rutile surfaces were both investigated by density functional theory (DFT)
studies. The OHA molecule may dissociate into OHA- anion on the inactivated rutile surface,
generating a new Ti-O bond. Differently, the chelate complex of Pb-OHA anion was generated on the
activated rutile surface, producing two Pb-O bonds. The adsorption of OHA onto the activated rutile
surface was more stable than that on the inactivated rutile surface, due to the formation of more
chemical bonds on the activated rutile surface. The DFT calculation results delineated the role of Pb2*
in the rutile flotation with OHA.
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1. Introduction

Natural rutile, containing approximately 95% of TiO, is an important raw material for the production
of titanium metal and titanium pigment (Zhang et al., 2011). The world reserve of rutile is about 62
million metric tons as reported by the United States Geological Survey in 2018 (USGS, 2018). Gravity
concentration, electrostatic separation and flotation techniques are widely used for enriching rutile from
its deposit. Gravity and electrostatic separation methods are suitable for upgrading rutile in beach sand
deposits (Chen et al,, 2013; Premaratne and Rowson, 2003). Conversely, flotation is efficient for
concentrating rutile, especially for a primary rutile ore (Xiao et al., 2018c).

Several collectors can be employed for rutile flotation, such as oleate, styryl phosphonic acid (SPA),
and hydroxamic acids (Liu and Peng, 1999; Wang et al., 2014, 2016; Xiao et al., 2018c). In recent years,
some metal ions have been found to be activators for rutile flotation. Bi** ion has been proved to be an
efficient activator for rutile flotation (Xiao et al., 2018a; Xiao et al.,, 2017). Combined activators of
AlP* jons and ethylene diamine tetraacetic acid also enhance the flotation of rutile with SPA at a pH of
2 (Xiao et al., 2018b). Pb-activated rutile can be efficiently floated by amyl xanthate at pH 8 (Yu et al.,
2019). When salicylhydroxamic acid was used as a collector, the flotation of rutile can be activated by
lead ion at pH 6.5 (Li et al., 2016). This flotation method using lead ion and hydroxamic acid is feasible
to be conducted in the industry because no pH modifier is needed to adjust the pH of the slurry.

Although Pb?* has been widely used as an activator for rutile flotation, the adsorption features of
hydroxamic acid on the inactivated and Pb-activated rutile surfaces have not been studied in depth.
Hydroxamic acid can bind with Ti** and other metal ions in a solution to form chelation complexes
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(Brennan et al., 2016; Yang et al., 2017). However, the Ti atoms on the rutile surface have unique steric
features. The (110) surface is the most stable plane of rutile (Perron et al., 2007a), on which a Ti atom
bonds to oxygen atoms to form a 5-fold-coordinated (5f) or 6-fold-coordinated Ti (6f) atom (Lu et al.,
2010). The chemical environment and steric feature of Ti on the rutile surface are far different from those
of Ti** in solution. Hence, whether or not Ti-hydroxamic acid chelate can be formed on the rutile surface
remains unclear.

Previous DFT studies showed that water molecules can adsorb at the Ti sites on the rutile surface;
while, some adsorbed molecules may dissociate on the surface (Perron et al., 2007b; Sebbari et al., 2011).
It was found that Pb?* may react with rutile surface covered by water molecules to form lead hydroxyl
complexes (Zou et al., 2019). The hydration state on the rutile surface is governed by pH. The surface
may be covered by water molecules (including dissociated water molecules) in an acidic solution
(Perron et al., 2007b) and by OH groups in a basic solution (Pfedota et al., 2004; Zheng et al., 2016).
However, few researchers have addressed the binding behavior of lead species on hydrated rutile
surface under an optimal flotation pH value. Moreover, the adsorption structures of hydroxamic acid
on the Pb-activated surface has not been studied by DFT calculations.

Currently, our knowledge on the activation flotation of rutile with lead ion and hydroxamic acid is
still lacking. Thus, this work aimed to examine the interactions among lead ion, hydroxamic acid and
the rutile surface by the results of flotation tests and DFT calculations. Firstly, single-mineral flotation
tests were employed to determine the activation behavior of lead ions for rutile flotation with octyl
hydroxamic acid (OHA), OH is a prevalent hydroxamic acid for rutile flotation. Moreover, the possible
binding models of OHA on the natural and Pb-activated rutile surfaces were probed by DFT
calculations, to further understand the activation mechanism of lead ion.

2. Materials and methods
2.1. Minerals and reagents

Rutile pebbles (97 % purity) were hand-picked from a rutile deposite belonged to Yunnan Metallurgical
Group Co., Ltd. The XRD pattern of the rutile sample was provided in the Fig. S1 in the Supplementary
material (Appendix A). OHA (99% purity) was purchased from Sigma-Aldrich Chemicals. Inorganic
reagents, including Pb(NOs)2 (99% purity), HCl (analytically purity grade, 38%) and NaOH (96%
purity), were all obtained from Sinopharm Group Co., Ltd.

2.2. Flotation experiments

Single-mineral flotation tests were performed with an XFGC II flotation machine using a 40 mL flotation
cell (Jilin Province Ore Exploration Machine Factory, Changchun, China). 2.0 g of rutile sample (—74+45
pm) was used in each test. The rutile sample was conditioned with Pb(NOs), solution (35 mL) in the
flotation cell for 3 min, after which a desired amount of OHA solution (1x10-2 mol/dm?) was added
into the flotation cell. The condition time for OHA was also 3 min. The rutile samples were floated for
2 min using air at a flow rate of 30 cm3/min. Each test was repeated thrice and the average values were
reported.

2.3. DFT calculations

DFT calculations were carried out by the Cambridge Sequential Total Energy Package (CASTEP) to
investigate the binding models of OHA on the natural and Pb-activated surfaces (Segall et al., 2002). In
all calculations, the exchange and correlation potentials were described by the generalized gradient
approximation using the PBE functional (Perdew et al., 1996; Perdew and Zunger, 1981). Ultrasoft
pseudopotentials were used to treat the interactions between ionic core and valence electrons (Francis
and Payne, 1990). A 400 eV kinetic energy cutoff and 3x3x1 k-points mesh were employed for the
geometry optimization and energy calculations. The convergence criteria in the calculations were set as
(1) an energy tolerance of 1x10-6 eV/atom, (2) a maximum force tolerance of 0.03 eV/A and (3) a
maximum displacement tolerance of 0.001 A. Such settings are sufficient to achieve a numerical
convergence as determined by the convergence testing.



930 Physicochem. Probl. Miner. Process., 56(5), 2020, 928-938

The adsorption energy (AEaqs) of OHA or Pb?* on the rutile surface was calculated using the
following equation:

AEads = Lsiab+adsorbate — Eadsorbate - Eslab (1)
where Eagsorbate is the energy of free OHA or Pb2*. Eqap+adsorbate and Eqlap are the energy of the slab model
with and without an adsorbate, respectively. In this work, two types slab models of rutile surfaces
(11.86x13.13%35.13 A) were used to represent the hydration state of rutile in water at pH 6.5. The surface
models have three Ti-O layers. One rutile surface was covered by water molecules bonded to the 5{-Ti
atoms and two water molecules were dissociated on the surface (termed as water-covered surface) (Fig.
1a). Such hydrated surface could occur in water stably (Lu et al., 2010). Another rutile surface was fully
covered by OH groups generated by the dissociation of water molecules (termed as OH-covered
surface) (Fig. 1b). This surface occurs in a basic solution (Perron et al., 2007b). It is expected that the
water-covered and OH-covered rutile surfaces may exist in water at pH 6.5 at a reasonable ratio. The O
atoms on the water- and OH-covered rutile surfaces formed 6 sites for the adsorption of Pb2*. These
adsorption sites were also noted in Fig. 1 while Fig. S2 illustraes the top view of interactional atoms at
each adsorption site. In addition, the energy of Pb2* or OHA in a cubic cell (11.86%13.13x35.13 A) was
calculated with the gamma point.
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Fig. 1. 4-fold hollow (4FH) sites and 3-fold hollow (3FH) site on the (a) water-covered and (b) OH-covered rutile
surfaces allowed for the adsorption of Pb2+: (1) 4FH1 site; (2) 4FH2 site; (3) 4FH3 site; (4) 3FH site; (5) 4FH4 site;
(6) 4FH5 site (bottom atoms are shown in a line style to better view the structure)

3. Results and discussion
3.1. Flotation tests

The pH of the slurry is a vital factor determining the activation behavior of Pb(NOs); in the rutile
flotation (Li et al., 2016). Here, the influence of pH on the flotation of rutile with Pb(NOs), and OHA
was examined via single-mineral flotation tests. The concentrations of Pb(NOs), and OHA were both
1x104 mol/dm3 in the tests.

The flotation behavior of natural (inactivated) rutile with OHA was first determined for comparison.
As shown in Fig. 2, the recoveries of natural rutile were <20% in the pH region of 4-11. The highest
recovery (13.65%) of natural rutile was obtained at pH 8. Under this pH value, OHA molecule is the
dominant collector species while OHA- anion also exits in the solution (Meng et al., 2015). It is expected
that OHA molecule and OHA- anion may aggregate into molecule-anion complex in the solution and
at the rutile surface, which could improve the adsorption density of collector on the rutile surface and
could aid in the rutile flotation.

As for the activated rutile, the flotation response exhibited three distinct regions depending on pH
values. In region 1, from pH 4 to 6.5, the recovery increased notably as the increase in pH. In region 2
(6.5<pH<10), rutile could be efficiently floated by OHA, and the rutile recoveries reached a relatively
stable value (approximately 83%) in this pH region. In this pH region, rutile surface was negatively
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charged, favoring the adsorption of positively charged lead species onto the rutile surface (Wang et al.,
2016; Zou et al., 2019).

However, as the pH increased to 11 (region 3), the rutile recovery decreased sharply compared with
that at pH 10. Pb(OH). is the major lead species at pH 11. It seems that Pb(OH)a species in the solution
could not assist in the flotation of rutile.

These results indicated that lead species could remarkably enhance the rutile flotation with OHA in
a neutral or weakly basic solution. In fact, neutral pH is more suitable because pH modifiers are
unnecessary at a neutral pH.
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Fig. 2. Effect of pH on the flotation of natural and Pb-activated rutile by using OHA as a collector. The
concentrations of OHA and of Pb(NO3)2 are both 1x10-4 mol/dm?3
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Fig. 3. Flotation results of natural and Pb-activated (1x10-4 mol/dm3 of Pb(NO;)) rutile samples as a function of
OHA concentration at pH 6.5

Fig. 3 reports the flotation responses of natural and Pb-activated rutile to the OHA concentration at
pH 6.5. The Pb(NO:s)2 concentration for the rutile activation was 1x10-4 mol/dm?3. For the natural rutile,
over 80% of recovery could be achieved only when the OHA concentration was >2x10-* mol/dm?. For
the Pb-activated rutile, the recovery has reached nearly 85% with 1x10-4 mol/dm?3 of OHA. However,
the recovery of natural rutile was nearly 10% at the same OHA concentration. Such results demonstrate
again that the activation by Pb(NOs): facilitates the rutile flotation with OHA. As the OHA
concentration exceeded 1x10~4 mol/dm?, the rutile recovery decreased slightly. We assumed that the
Pb atoms on the rutile surface enhance the adsorption and aggregation of OHA on the rutile surface,
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and thus surface micelles (bi-layer structure) of OHA probably occur on the rutile surface leading to a
decrease in rutile recovery. The assembly structure of OHA on the Pb-activated or natural rutile surface
was not probed in this work and should be studied in future.

In addition, OHA molecule and Pb?* are dominate species in the solution at pH 6.5 (Meng et al.,
2015; Zou et al., 2019). Thus, it is expected that the interaction between OHA molecule and Pb?* plays
an important role in the activation flotation of rutile. The effects of Pb?* on the adsorption of OHA
molecule on the rutile surface were further investigated by the DFT calculations in the following parts.

3.2. OHA adsorption studies
3.2.1. Adsorption of OHA molecule on natural rutile surfaces

The OHA molecule was optimized with the CASTEP code (Fig. 4). The O atoms in OH and C=0 groups
of OHA are termed as O1 and O2 atoms. The optimized OHA molecule was further placed on water-
and OH-covered rutile surfaces to search for possible binding models. Fig. 5a shows the stable structure
of OHA molecule on the water-covered rutile surface. In this binding model, one water molecule
departed from the rutile surface due to the interaction between OHA molecule and the rutile surface.
Moreover, the H atom in the OH group of OHA migrated to the top site of a nearby bridging O atom,
forming a new OH group. In this regard, OHA~ anion could bind to a 5{-Ti atom on the water-covered
rutile surface via a new Ti-O1 bond. The AE.4s was —33.15 k] /mol for such binding model.

@0 @C CH ON @Ti

Fig. 5. Stable structures of OHA on (a) water- and (b) OH-covered rutile surfaces

The stable adsorption model of OHA molecule interacting with the OH-covered rutile surface is
plotted in Fig. 5b. In this model, one OH group binded with a 5f-Ti atom reacted with the OHA molecule
to generate a water molecule, leaving the OHA~ anion to bind with the 5{-Ti atom on the rutile surface
and forming a Ti-O1 bond. The AE.qs of this model was —61.62 k] /mol.

It was expected that OHA could bind to the Ti atom on the rutile surface to form surface chelate.
This binding structure was not observed on the water- or OH-covered rutile surface in this work. Instead,
only one oxygen atom of OHA interacted with a Ti atom on the rutile surface. The chemical environment
and steric feature of the Ti atoms on the rutile surface may not favor the formation of chelate binding
structure.

3.2.2. Adsorption of lead ion on rutile surfaces

Four sites on the water-covered rutile surface may allow the adsorption of Pb?* (Fig. 1a), and the
adsorption structures of Pb2* at these sites can be found in (Zou et al., 2019). While, Pb2* could adsorb
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at two 4-fold hollow sites on the rutile surface, namely, 4FH4 and 4FHS sites (Fig. 1b). For the 4FH4 site,
the Pb2* ion bonded with three OH groups at this site (Fig. 6a). Differently, four OH groups reacted with
Pb2* at the 4FHS5 site (Fig. 6b). The AE.4s values of Pb2* at the 4FH4 and 4FHS5 sites were both negative (-
1819.29 and -1872.26 kJ/mol), suggesting that Pb?* could readily adsorb onto the OH-covered rutile
surfaces.

DFT calculation results demonstrate that it is a thermodynamically favorable process for Pb2* to
adsorb onto the water- or OH-covered rutile surface. Further, OHA molecule was inducted into the slab
model of Pb-activated rutile surfaces to search the binding models in following parts.
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Fig. 6. Adsorption structures of Pb2+ at the (a) 4FH4 and (b) 4FHS5 sites on the OH-covered rutile surface (bottom
atoms are shown in a line style to better view the structure)
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3.2.3. Adsorption of OHA on Pb-activated rutile surfaces

OHA molecule could react with the Pb atom at each site on the water-covered rutile surface to generate
low-energy configurations. The stable model at each Pb site were illustrated in Fig. 7. In the case of the
4FH1 site, OHA molecule chelate bonded to the Pbsmi atom on the rutile surface (Fig. 7a). Pbam refers
to the Pb atom at the 4FH1 site. For the rest of Pb sites, the adsorption structures of OHA were similar
to each other (Figs. 7b-7d). In these binding models, the H from the OH group of OHA molecule
dissociated from the molecule to bond with an O atom or an OH group on the rutile surface.
Furthermore, OHA- anion bonded to the Pb atom on the surface, forming a chelation complex.

In addition, the AE.gs of OHA on the activated water-covered rutile surface was from -256.71 kJ /mol
to -136.39 kJ/mol (Table 1), and was lower than that on the natural water-covered rutile surface (—33.15
kJ/mol). These results indicated that the Pb atom on the water-covered rutile surface enhanced the
interaction between the OHA and the rutile surface. Thus, the adsorption of OHA on the activated rutile
surface was improved, comparing with that on the un-activated surface.

Fig. 8 shows the stable structures of OHA at 4FH4 and 4FHS5 sites on the activated OH-covered rutile
surface. In the case of 4FH4 site, OHA~ anion was formed, and further reacted the Pb atom generating
Pb-OHA chelation complex. Differently, OHA molecule could directly bond with the Pb atom at the
4FH5 site. While, the adsorption energies of OHA at the 4FH4 and 4FH5 sites were -101.53 and -151.79
kJ/mol, more negative than those on the natural OH-covered surface (—61.62 kJ/mol). These results
revealed that the adsorption of OHA on the activated OH-covered rutile surface was more stable.

In summary, our DFT results implied that the Pb atoms on the water- and OH-covered rutile surfaces
assisted in the adsorption of OHA molecule onto the rutile surface. In this regard, the flotation efficiency
of rutile with OHA could be highly improved by the addition of lead ion.

Table 1. Adsorption energies of of OHA at each Pb site on the water-covered rutile surface

Pb site 4FH2 4FH3 3FH 4FH1
AE.6 (KJ /mol) 25671  -24223  -17855  -136.39
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Fig. 7. Most stable structures of OHA at Pb sites on the water-covered rutile surface: (a) 4FH1, (b) 4FH2, (c) 4FH3,
and (d) 3FH sites

Fig. 8. Stable structures of OHA at Pb sites on the OH-covered rutile surface: (a) 4FH4 and (b) 4FH5 sites

3.3. Electronic structure analysis

The above adsorption structure and energy calculations explain the difference in the affinities of OHA
molecule for natural and Pb-activated rutile surfaces. The adsorption of OHA molecule on these rutile
surfaces produced new Ti-O and Pb-O bonds. Here, the characters of these new bonds were evaluated
on the basis of the electron density difference, bond order and PDOS results to further interpret the
effect of Pb2* on OHA adsorption. We only reported the results of the most stable structures of OHA on
the water-covered rutile surfaces. The results of the OH-covered surfaces were similar to those on the
water-covered rutile surfaces.

Fig. 9a shows the electron density difference slice of the most stable model of OHA on the water-
covered rutile without a Pb atom. The charge accumulation and depletion are plotted in blue and red
in the figure, respectively. In this binding model, OHA was adsorbed on the rutile surface via a single
Ti-O1 bond. Charge accumulation was observed near the Ol atom and in the direction of the Ti-O1
bond. The charge distribution along the Ti-O1 bond is similar to that along the Ti-Opux bond. The Ti-
Oruik bond in rutile is a polarized covalent bond (Murugan et al., 2006). It seems that the Ti-O1 bond
also has a certain degree of covalency.

The O1 and O2 atoms of OHA bonded to the Pb atom at the 4FH4 site on the water-covered rutile
surface. Charge accumulation was observed among O atoms in the OHA™ anion (Fig. 9b). The variation
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in the charge density along the Pb-O1/Pb-O2 bonds was not significant. It is expected that the Pb-O1
and Pb-O2 bonds have a high level of ionicity comparing with the nature of Ti-O1 bond.
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Fig. 9. Electron density difference slices of the most stable binding models of OHA (a) on the water-covered rutile

surface and (b) at the 4FH4 site on the activated water-covered surface
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Fig. 10. PDOS diagrams of Ti, Opuik and O1 atoms in the most stable adsorption structure of OHA at the water-
covered rutile surface

The covalent nature of above Ti-O1 and Pb-O1/2 bonds could be understood from the bond order
and PDOS results, because these results reflect the strength of the covalent bond between interactional
atoms. In the case of the adsorption model in Fig. 9a, the bond order of Ti-Opux was 0.32. For this bond,
the Ti 3d and O 2p orbitals overlapped in the valence band near the Fermi level (Fig. 10), accounting for
the covalency level in this bond. As for the Ti-O1 bond in Fig. 9a, the bond order was 0.49, which is
higher than that of Ti-Opux. This result suggests that the degree of covalency in the Ti-O1 is slightly
higher. The covalent nature of Ti-O1 bond was due to the hybridization between the O 2p and Ti 3d
orbitals. These two orbitals interacted with each other in the energy level from -8 to 0 eV (Fig. 10),
indicating a strong hybridization between them.

However, as for the Pb-O bonds in Fig. 9b, the bond orders of Pb-O1 and Pb-O2 (0. 05 and 0.04) are
much less than that of Ti-O1, which supports the above electron density difference conclusion that the
covalently level in Pb-O1 or Pb-O2 bond was lower than that of Ti-O1 bond. Moreover, PDOS results
showed that the Pb 6p and Pb 6s states did not match well with the O 2p state of O1/02 in the energy
region between -7 to 0 eV (Fig. 11). While the Pb 6s state interacted with the O 2p state in the deeper
level in the conduction band (from -11.5 to -7 eV). However, the overlapping area between the Pb 6s
and O 2p orbitals was not significant, since the major DOS peaks of these two orbitals were located at
different energy levels in the covalence band. The DOS peaks of Pb 6s were mainly located within the
energy range from -11.5 to -7 eV. On the contrary, the DOS peaks of O 2p mainly occurred near the
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Fermi level (from -7 to 0 eV). In this regard, Pb 6s and O 2p orbitals could not be overlapped efficiently
near the Fermi level, resulting in the low covalency degree of Pb-O1/2 bond.
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Fig. 11. PDOS diagrams of Pb, O1 and O2 atoms in the adsorption structure of OHA at the 4FH4 site on the
activated water-covered surface

It should be stressed that only one O atom of OHA could be involved in the interaction between the
OHA and the natural rutile surface, whereas two O atoms of OHA both could bond to the Pb atom on
the activated rutile surfaces. Considering that more O atoms of OHA participated in the binding with
the surface, the adsorption of OHA on the Pb-activated rutile surfaces was more stable.

A previous study showed that the OHA molecule may chemisorb on the rutile surface (Wang et al.,
2016). The binding models calculated in this work provide further evidence for the chemisorption of
OHA on the rutile surface. On the other hand, Lin et al. suggested that the OHA molecule could bind
with Pb2* on the bastnaesite surface to generate the chelation of Pb-OHA (molecule) based on
experimental results (Lin et al., 2020). Our DFT calculation results indicate that OHA molecule and
OHA- anion generated by the dissociation of OHA molecule can both interact with the Pb2* on the rutile
surface produce surface chelates. These DFT calculation results extend our knowledge of the interaction
between the OHA collector and the Pb?* on the rutile surface.

4. Conclusions

Lead ion could activate the flotation of rutile with OHA in a wide pH region from 6.5 to 10. At pH 6.5,
the flotation of rutile was highly enhanced by the addition of 1x10-% mol/dm? of Pb(NOs)..

OHA molecule dissociated into OHA- anion on the water- or OH-covered rutile surface.
Furthermore, the OHA- anion could adsorb on the natural surfaces, forming a Ti-O bond.

In the case of Pb-activated rutile surface, OHA molecule may interact with the Pb atom on the surface
to generate two Pb-O bonds. While, the dissociation of OHA molecule could happen on the activated
rutile surface. As a result, Pb-OHA (anion) chelate complex was produced on the surface. The
adsorption of OHA on the activated rutile surface was more stable than that on the natural surface,
because the interaction between OHA and the Pb-activated surface generated more chemical bonds. For
this reason, the flotation efficiency of rutile with OHA was improved by the addition of lead ion.
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Appendix A
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Fig. S1. XRD pattern of the rutile sample
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Fig. S2. Top view of the adsorption sties for Pb2* on the water- and OH-covered rutile surface: (1) 4FH1 site; (2)
4FH?2 site; (3) 4FH3 site; (4) 3FH site; (5) 4FH4 site; (6) 4FHS5 site (only the interactional atoms
are showed in the figures)
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