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Abstract: The adsorption behavior of lead species on the hydrated rutile surface was investigated with
inductively coupled plasma mass spectrometry (ICP-MS) measurements and density functional theory
(DFT) calculations. ICP-MS experiments suggested that lead species can be readily absorbed by the
rutile powder in water at pH 6.5. From the ICP-MS results and the species distribution of Pb2+, it was
concluded that Pb2+ was the major lead species adsorbing at the rutile/water interface at the pH of 6.5.
DFT calculation results indicated that Pb2+ could adsorb at four different sites on the surface. At each
site, water molecules or OH groups were involved in the reaction with Pb2+. The water molecules/OH
groups on the rutile surface play an important role during the adsorption of Pb2+ on the hydrated
rutile surface.
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1.

Introduction

Rutile ore is an important source for the production of titanium metal and titanium pigment
(Bulatovic and Wyslouzil, 1999; Gázquez et al., 2014). Motivated by the growing commercial demand
for titanium products, the beneficiation of rutile ore has received much attention in the past decade.
Commonly, rutile ore can be upgraded with gravity and magnetic separation methods and also
flotation techniques (Chachula and Liu, 2003; Liu and Peng, 1999; Terzi and Kursun, 2015). While,
flotation is much more efficient than other techniques to enrich rutile from its deposit.
Great efforts have been made to improve the flotation efficiency of rutile. Oleate is a satisfactory
collector for rutile flotation. The rutile recovery reached 85.27% at pH 7.5 with oleate (Wang et al.,
2014). While, rutile flotation plants prefer to use more selective collectors, such as benzyl arsenic acid
and salicyl hydroxamic acid (SHA). It has been found that Pb2+ is an efficient activator for the flotation
of rutile with SHA at neutral pH. The adsorption of SHA on the rutile surface can be significantly
enhanced by the addition of Pb(NO3)2 into the slurry at pH 6.3 (Li et al., 2016).
Recently, the activation behaviors of Pb2+ for some oxide minerals has attracted considerable
interest (Tian et al., 2018). It was found that Pb2+ can be used as an activator in the flotation of quartz,
scheelite and cassiterite (Feng et al., 2017; Liu et al., 2016; Ren et al., 2017; Zhao et al., 2015). With
regard to titanium-bearing minerals, Pb2+ can dramatically improve the flotation of ilmenite (Chen et
al., 2017; Fan and Rowson, 2000; Xu et al., 2017). In the case of rutile, Li et al. has investigated the
adsorption behavior of Pb2+ on the rutile surface using experimental methods (Li et al., 2016).
The rutile surface shows a strong affinity toward water molecules. Thus, the rutile surface is highly
hydrophilic in water (Watanabe et al., 1999). The bound water molecules on the rutile surface play an
important role in many industrial applications of rutile (Konstantinou and Albanis, 2004). However,
the adsorption features of water molecules on the rutile surface are complex. Considerable studies
have been devoted to revealing the adsorption structure of water on the rutile surface (Diebold, 2003;
Předota et al., 2004; Zhang et al., 2008). It has been established that water molecules can directly
adsorb on the rutile surface (Perron et al., 2007c). Meanwhile, some water molecules are dissociated on
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the surface to generate hydroxyl (OH) groups. These results are also supported by an ab initio
molecular dynamics study (Agosta et al., 2017). It is reasonable to expect that water molecules/OH
groups on the rutile surface may affect the adsorption of Pb2+ onto the mineral surface. However, such
effect is difficult to be fully revealed by ex-situ experimental methods.
By contrast to experimental techniques, density functional theory (DFT) calculations can provide a
detailed picture about the adsorption of a metal ion on the hydrated rutile surface. Previous DFT
studies focused on the adsorption mechanism of calcium ion on the rutile surface, because this issue is
important to understand the bioactivity of titanium implants (Lu et al., 2007). It was found that
calcium ion binds with two OH groups on a partially hydroxylated rutile (110) surface (Svetina et al.,
2001). Further study indicated that the adsorption of calcium atom on the hydrated rutile surface is
more stable than that on the dry rutile surface (Lu et al., 2010). These findings clearly indicated that
the water molecules and OH groups on the rutile surface are involved in the interaction between a
metal ion and the rutile surface. Whereas, few researchers have addressed the binding features of Pb2+
on the hydrated rutile surface.
The binding behavior of Pb2+ on the rutile surface at neutral pH is crucial to understand the
activation mechanism of Pb2+ for the rutile flotation with SHA. The aim of this study is to examine the
interaction between Pb2+ and the rutile surface in the flotation system. Firstly, the major Pb species on
the rutile surface was assessed by the inductively coupled plasma mass spectrometry tests. Further,
the binding structures of Pb2+ on the hydrated rutile were investigated with DFT calculations.
2.

Materials and methods

2. 1. Sample and reagents
Pure rutile pebbles (93% of purity) were obtained from Kunming Metallurgical Research Institute,
China. The X-ray diffraction (XRD) pattern shows that only the diffraction peaks of rutile were
detected for the sample (Fig. 1). Lead nitrate, hydrochloric acid and sodium hydrate were all AR grade
and were purchased from Sinopharm Chemical Reagent Co., Ltd., China. Dilute HCl and NaOH
solutions (0.1 mol/dm3) were used to adjust the pH of the rutile slurry.

Fig. 1 XRD pattern of the rutile sample
2. 2. ICP-MS tests
A NexION 350X (PerkinElmer, Inc.) was used in the inductively coupled plasma mass spectrometry
(ICP-MS) experiments. Rutile powder (38–75 µm, 2 g) was added into 100 cm3 of deionized water. The
suspension was stirred for 3 min. Further, desired amount of Pb(NO3)2 was added into the slurry. The
conditioning time for the Pb(NO3)2 was 3 min. After the conditioning, the rutile slurry was centrifuged
to obtain a clear solution for the ICP-MS test. Each sample was measured three times, and the error
was less than 10%. The pH of the rutile suspension was controlled at 6.5.
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2. 3. Theoretical calculations
All calculations were carried out with the Cambridge Sequential Total Energy Package (CASTEP)
code, which is based on the density functional theory (DFT) (Segall et al., 2002). Generalized gradient
approximation (GGA) using the scheme of the Perdew-Burke-Ernzerhof functional was used to treat
the exchange and correlation potentials (Perdew et al., 1996; Perdew and Zunger, 1981). The
interactions between the ionic core and valence electrons were described with ultrasoft
pseudopotentials (Francis and Payne, 1990). The valence electron configurations for the elements
considered in the study were H 1s1, O 2s2 2p4, Ti 3s2 3p6 3d2 4s2 and Pb 5d10 6s2 6p2. Spin-polarization
calculations were performed during the simulation. The energy convergence was set as 1×10-6
eV/atom. The Brillouin-zone integrations were performed using a 2×2×1 k-point grid. A kinetic
energy cutoff of 400 eV was used for the calculations. Using convergence tests, the k-point grid and
cutoff energy were found to be sufficient to obtain numerical convergence.
All of the structures were optimized using the Broyden–Fletcher–Goldfarb–Shanno (BFGS) method,
and the convergence criteria for the geometric optimization were set to (a) an energy tolerance of
1×10-5 eV/atom; (b) a maximum force tolerance of 0.03 eV/ Å; (c) a maximum displacement tolerance
of 0.001 Å. All of the atoms were allowed to relax during the calculation.
The adsorption energy (ΔEads) of Pb2+ at the rutile surface was calculated according to the
following equation:

ΔE ads =Eadsorbate+slab -Eadsorbate -Eslab

(2)

where Eadsorbate+slab and Eslab are the total energies of the rutile surface model after and before the
adsorption of Pb2+, respectively, and Eadsorbate is the energy of Pb2+. The energy of Pb2+ was calculated
at the gamma-point by placing a Pb2+ ion in a cubic cell that has the same cell parameters as that of the
surface model. The (110) plane was used to simulate the interaction between Pb2+ and the surface,
since the (110) plane is the most stable plane (Perron et al., 2007a).
3.

Results and discussion

3. 1. ICP-MS analysis
Table 1 reports the lead concentration in the rutile slurry after the conditioning with Pb(NO3)2. At each
examined Pb(NO3)2 dosage, more than 85% of Pb species was absorbed by the rutile particles. It
appeared that Pb species could readily adsorb onto the rutile surface at the pH of 6.5, which is
consistent with a previous report (Li et al., 2016). However, ICP-MS can only measure the total
concentration of the Pb species. The concentration of a particular Pb species in the solution cannot be
determined by this method. According to the distribution diagram of Pb2+ in the solution (Weng,
2004), Pb2+ and Pb(OH)+ both occurred in the solution at pH 6.5 (Fig. 2). However, their distribution
coefficients are different. At the pH of 6.5, Pb2+ was the dominant species in the solution, and was 84
mol% in total. By contrast, only 16 mol% of the Pb species were in the form of Pb(OH)+. It is
reasonable to expect that Pb2+ is the dominant species adsorbing on the rutile surface.
Table 1 Pb concentrations (mol/dm3) in the rutile slurry after the conditioning with Pb(NO3)2.
Pb(NO3)2 dosage

Residual concentration of Pb

Concentration reduction

7.5×10-6
2.5×10-5
5.0×10-5
1.0×10-4
2.0×10-4

1.1×10-6
1.6×10-6
4.8×10-6
7.0×10-7
7.0×10-6

85.2%
93.6%
90.4%
99.3%
96.5%

To further understand the adsorption mechanism of Pb2+ on the rutile surface, DFT calculations
were performed to evaluate the interaction between Pb2+ and the rutile surface in the following
section.
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Fig. 2 Distribution of lead hydroxyl species in water as a function of pH
3. 2. Hydrated rutile (110) surface
The first hydration layer on the rutile (110) surface at neutral pH has been well-established with the
DFT calculation (Perron et al., 2007b). Water molecules can adsorb on top sites of the
five-fold-coordinated (5f) Ti atoms on the rutile surface; Further, 10-25 mol% of water molecules on
the surface may dissociate into OH groups and H atoms (Brinkley et al., 1998; Perron et al., 2007b).
Consequently, the OH group from a dissociated water molecule can bind to the Ti(5f) atom, while the
H atom from the dissociated water molecule can interact with a nearby bridging (br) O atom to
generate an OH group.
Based on these findings, the rutile (110) surface with first hydration layer was generated as shown
in Fig. 3. This surface is a reasonable representation of the rutile surface with the first hydration layer
(Perron et al., 2007b). It was observed that H-bonds occurred between the water molecules on this
hydrated rutile surface (Fig. 3). In addition, water molecule also donated an H-bond to a nearby O(br)
atom. As a result, a chain-like structure of H-bond was produced on the rutile surface. It is expected
that such H-bond structure and also water molecules on the rutile surface are not benefit for the
adsorption of SHA on the rutile surface. Therefore, Pb2+ is necessary to be used as an activator for the
rutile flotation.
Pb2+ was further placed on the hydrated rutile surface at various initial sites to examine the
possible interaction models. To better describe the binding structures, interactional oxygen atoms on
the rutile surface were numbered as shown in Fig. 4.

Fig. 3 Optimized structure of the hydrated rutile (110) surface: (a) side view; (b) top view. H-bonds and OH
groups generated by the dissociation of water molecules are marked by blue dash lines
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Fig. 4 Numbered O atoms on the hydrated rutile (110) surfaces

3. 3. Binding structure of Pb2+ on the hydrated rutile surface
Four different sites on the hydrated rutile (110) surface allowed for the adsorption of Pb2+ ion,
including three four-fold hollow (4FH1-4FH3) sites and one three-fold hollow (3FH) site, as shown in
Fig. 5.
At the 4FH1 site, Pb2+ was bound to three O atoms (O1, O2 and O5) and one OH group on the
rutile surface (Fig. 6a). At the 4FH2 site, Pb2+ interacted with four OH groups, namely, the O(4)H, O(6)H,
O(7)H and O(8)H groups (Fig. 6b). It should be stressed that two water molecules. i.e., H2O(4) and H2O(6),
were present on the rutile surface before the interaction with Pb2+. These water molecules were
dissociated due to the adsorption of Pb2+ at the 4FH2 site; consequently, four new OH groups were
generated on the rutile surface. At the 4FH3 site, Pb2+ coordinated with O1 and two OH groups (Fig.
7a). In addition, Pb2+ could also locate at the 3FH site interacting with O1, O10 and O(9)H group (Fig.
7b). Such results evidently suggest that water molecules/OH groups on the rutile surface were
involved in the reaction between the rutile surface and Pb2+.

Fig. 5 Three four-fold hollow (4FH) sites and one three-fold hollow (3FH) site on the hydrated rutile (110) surface:
(1) 4FH1 site: (2) 4FH2 site; (3) 4FH3 site; (4) 3FH site.

The adsorption of Pb2+ on the hydrated rutile (110) surface generated Pb–O bonds. The Pb–O bond
lengths were in the range from 2.23 Å to 2.55 Å (Table 2). On the other hand, the adsorption energies
were all negative, as shown in Table 2. It indicates that the adsorption of Pb2+ on the hydrated rutile
surface is energetically favorable, which is in line with the above ICP-MS results. Further, the 4FH1
site was the most stable site for the adsorption of Pb2+, due to the lowest adsorption energy at this site.
Our DFT calculations imply that the hydration state on the rutile surface can significantly affect the
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adsorption behavior of Pb2+. In fact, the water molecules and/or OH groups on the rutile surface can
react with Pb2+ during its adsorption onto the hydrated rutile surface. In addition, the effects of bulk
water and the hydration of Pb2+ on the interaction between the rutile surface and the Pb2+ were not
considered in this work. Such effects should be investigated in future.

Fig. 6 Binding structures of Pb2+ on the hydrated rutile (110) surface: (a) at the four-fold hollow (4FH1) site of O1,
O2, O(4)H and H2O(3); (b) at the four-fold hollow (4FH2) site of O(4)H, O(6)H, O(7)H and O(8)H groups

Fig. 7 Binding structures of Pb2+ on the hydrated rutile (110) surface: (a) at the four-fold hollow (4FH3) site of O1,
O(9)H, O(11)H and H2O(12); (b) at the three-fold hollow (3FH) site of O1, O10 and O(9)H
Table 2 Adsorption energies and bond lengths for Pb2+ adsorbing at the hydrated rutile (110) surface
Site

ΔEads (kJ/mol)

4FH1

-2112.32

Pb–O1(2.28)

Pb–O2(2.42)

Pb–O4(2.55)

Pb–O5(2.49)

4FH2

-2072.96

Pb–O4(2.46)

Pb–O6(2.48)

Pb–O7(2.46)

Pb–O8(2.43)

4FH3

-2066.40

Pb–O1(2.28)

Pb–O9(2.26)

Pb–O11(2.42)

Pb–O1(2.23)

Pb–O9(2.35)

Pb–O10(2.42)

3FH

-2065.91

Bond lengths (Å)
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3. 4. PDOS analysis
The adsorption of Pb2+ on the hydrated surface generated Pb–O bonds. The covalent character of
Pb–O bonds can be interpreted using the partial density of states (PDOS) analysis, because this
analysis reveals the interactions between the orbitals of bonding atoms. We only reported the PDOS
results of the most stable structure, i.e., the adsorption structure at the 4FH1 site.

Fig. 8 PDOS diagrams of O1, O2, O5, O4 and Pb2+ before (left) and after (right) the interaction

At the 4FH1 site, Pb2+ was coordinated to four oxygen atoms including three Obulk atoms (O1, O2
and O5) and the O4 atom in O(4)H group. For a interactional Obulk atom, due to the interaction with
Pb2+, the PDOS peak of O 2p orbital changed to overlap with the Pb 6s and Pb 6p orbitals (Fig. 8). This
result indicates that a strong hybridization occurred between these orbitals.
On the other hand, for each interacting Obulk atom, the peak of O 2s orbital was at -17 eV before the
interaction with Pb2+; after the interaction, the peak of O 2s orbital split into two peaks within the
energy range from -17 eV to 15 eV. As a result, the O 2s orbital overlapped well with the Pb 5d orbital,
indicating a strong hybridization between them. In contrast, the interaction between Pb2+ and O(4)H
barely changed the 2s state of O(4). In fact, the 2s peak of O(4) located at a deeper level in the
conduction band comparing with that of each interactional Obulk. For this reason, the 2s orbital of O(4)
was less reactive.
The PDOS results show that the covalent character is strong in the Pb-O bond formed on the
hydrated rutile surface. For this reason, Pb2+ can adsorb onto the hydrated rutile surface stably. In
addition, it is expected Pb2+ may act like a bridge for the further adsorption of SHA. Future DFT
calculation work will focus on the adsorption of SHA on the Pb-activated rutile surface.
4.

Conclusions

Pb2+ could readily adsorb onto the rutile surface at pH 6.5. On the hydrated rutile surface, there were
four sites allowing for the adsorption of Pb2+. At each site, Pb2+ interacted with the O atoms in the
rutile lattice and the OH groups on the hydrated surface; hence, Pb–O bonds were generated on the
hydrated rutile (110) surface. The formation of these Pb–O bonds was depended on the hybridization
of O 2s and Pb 5d orbitals and also the interaction between O 2p, Pb 6s and Pb 6p orbitals. It is
expected that Pb atom on the hydrated rutile surface may act as a bridge for the further adsorption of
a collector.
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