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Abstract:



Efficiently discovering the interaction of the collector oleate and siderite is of great significance for understanding the inherent function of siderite weakening hematite reverse flotation. For this purpose, investigation of the adsorption behavior of oleate on siderite surface was performed by density functional theory (DFT) calculations associating with atomic force microscopy (AFM) imaging. The siderite crystal geometry was computationally optimized via convergence tests. Calculated results of the interaction energy and the Mulliken population verified that the collector oleate adsorbed on siderite surface and the covalent bond was established as a result of electrons transferring from O1 atoms (in oleate molecule) to Fe1 atoms (in siderite lattice). Therefore, valence-electrons’ configurations of Fe1 and O1 changed into 3d6.514s0.37 and 2s1.832p4.73 from 3d6.214s0.31 and 2s1.83p4.88 correspondingly. Siderite surfaces with or without oleate functioned were examined with the aid of AFM imaging in PeakForce Tapping mode, and the functioned siderite surface was found to be covered by vesicular membrane matters with the average roughness of 16.4 nm assuring the oleate adsorption. These results contributed to comprehending the interaction of oleate and siderite.
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1. Introduction


It is well established that flotation is a surface-chemistry based process taking advantage of the differences in wettability on mineral particle surfaces [1]. Flotation of mineral particles depends not only on hydrodynamic aspects, but also on the appropriate selection of reagent combinations such as collectors, depressants, dispersants, and frothers. Among them, the collector is considered to play a major role in that it can adsorb on the target mineral selectively to enhance its hydrophobicity and floatability [2]. As for the flotation methods, reverse cationic/anionic flotation is qualified as one of the most effective beneficiating methods to upgrade the oxide minerals [3,4], especially iron-bearing minerals [5]. However, a traditional reverse anionic froth flotation process, which teats hematite ores with quartz as the predominant gangue mineral and employs fatty acid as the collector, faced a challenge that the flotation criteria are depressed by the entrainment of siderite [6,7]. Our previous studies have indicated that the increase of siderite percentage resulted in the decrease of iron (Fe) grade of non-floated concentrate and even led to an unclear separation between the concentrate and the tailing. Additionally, it has been revealed by the results of micro-flotation tests along with the analysis of flotation products’ surfaces characterizing by Scanning Electron Microscope (SEM) and Energy Dispersive Spectrometer (EDS), that the interaction of the collector and quartz was partially obstructed by siderite [8].



To the best of our knowledge, the investigation of flotation behaviors of siderite has been shaded by those of hematite [9], magnetite [10], and goethite [11], which have attracted most attention among iron-bearing minerals alongside their physicochemical properties, crystal structures, and surface electrical properties, etc. As a ferrous mineral, siderite is different from hematite, magnetite, and goethite in properties, structures and moreover in responses to flotation reagents. As well known that the material structural difference takes a major part in acting with chemical reagent where iron values are attempted to be enriched by means of the flotation process. To this end, illustrating siderite crystal structure and detecting the adsorption of collector oleate on siderite, are of importance in understanding their underlying response during flotation process, also the characterization by more quantitative and imaging methodologies is desired.



With respect to the formation and the properties of siderite, siderite (FeCO3) is known as a ferrous mineral, widespread on earth and forming in anoxic environments [12], and the retention properties of pure siderite in aqueous solution are experimentally difficult to study because its surface tends to quickly oxidize under atmospheric conditions [13]. However, compared with traditional methods, there are two reliable methodologies, i.e., the density functional theory (DFT) and the atomic force microscopy (AFM), have advantages of detecting atomic-scale phenomena which cannot be fulfilled by current lab tests.



The first reliable DFT is widely used in molecular modeling process which has become an important tool in fundamental chemistry research to predict structures, energies and other properties of molecules [1]. Based on the molecular properties and the interaction energies modeled or calculated, it is now possible to get a deep insight into physical and chemical phenomena involved in separation process and to provide a better understanding of the mechanism even without detailed experimental studies [14]. Thanks to the molecular modeling method, some geological researchers have attempted to illustrate the crystal structure, electronic structure, magnetic property of siderite at lower mantle conditions [15,16]. Badaut et al. [13] investigated the structural, electronic, and elastic properties of FeCO3 at ambient conditions by DFT calculations. With the help of first-principles calculations with GGA, Shi et al. [15] described the pressure-induced magnetic phase transition, electronic structure of FeCO3, as well as geometrical structure. Employing molecular dynamic simulation, our previous studies have calculated the adsorption quantity and interaction capability of oleate on siderite [17].



The second reliable atomic force microscopy (AFM) is nowadays one of the major microscopic techniques used to characterize nano-scale surface structures and has become an indispensable characterization tool in the field of nano-science and nano-technology, being utilized routinely in different research fields [18]. AFM is practical for measuring the surface properties such as morphology and the mechanical properties of many materials at the nanoscale level [19,20,21], and the technique has become viable to study soft matter especially polymers [22,23,24,25]. Height imaging is a widely used application of AFM in the scientific area, which can be utilized to analyze the morphologies of characterized nano-materials, such as nano-particles [26], nano-tubes [27], and nano-sheets [28]. Over the past three decades, several publications were reported to employ AFM method in siderite formation research. Tang et al. [29] examined the dissolution behavior of siderite in the presence of oxidant chromate with the aid of AFM. While R.M. weaver et al. [30] detected the reactivity of siderite under the ambient atmosphere and acidic aerosols using an atomic force microscope.



Although there are important discoveries revealed by these researchers, there are also limitations, and several aspects relating to siderite molecular simulation have not been carried out or taken into consideration in publications. Firstly, there are few investigations on convergence tests of stimulation parameters, which are indispensable for an optimum siderite crystal geometry. Also, the convergence tests of siderite surface layer and vacuum thickness in terms of surface energy were rarely performed for an optimal siderite surface slab, in consideration of computational limitation and simulation accuracy. More important, from the view of mineral processing, few published literature was related to the interaction of siderite surface and collector such as oleate at the molecular scale.



In this review, this present study offered an insight into the adsorption of oleate on siderite surface at the molecular level by Density Functional Theory (DFT) accompanied with Atomic Force Microscopy (AFM). At the first place, the crystal optimization convergence tests were conducted to determine an optimum siderite crystal geometry. Secondly, an accurate siderite (101) slab surface for adsorption calculations was cleaved and optimized from the modelled siderite bulk. Subsequently, in mineral-reagent complex, the interaction energy and the Mulliken population were calculated to clarify the adsorption of oleate on the siderite (101) slab surface, electrons transfer as well as bond type at the molecular level. Finally, the visualization of siderite surface with and without oleate functioned was implemented using PeakForce Tapping AFM mode which focused on characterizing particle surface and its roughness, to verify the former DFT results.




2. Materials and Methods


2.1. Computational Details


All the calculations included in the present study were performed using the software package CASTEP which employs periodic boundary conditions, supercells, and special point integration over the Brillouin zone, based on density functional theory (DFT) with a plane-wave expansion of the wave functions and ultra-soft pseudopotentials.



To get an optimum crystal geometry, convergence tests of stimulation parameters were conducted. First of all, exchange/correlation potentials of GGA-PBE, GGA-RPBE, GGA-PW91, GGA-WC, and GGA-PBESOL were identified respectively to gain the optimal stability structural parameters of bulk siderite with the kinetic cutoff energy of 340 eV and the Brillouin zone k-point of 4 × 4 × 2. Secondly, the suitable k-point and kinetic cutoff energy were determined. In the optimization convergence, a self-consistent iteration method was employed using ultrasoft pseudo potentials in reciprocal space, where the energy was converged to within 2.0 × 10−5 eV/atom and the geometry was optimized until the forces on all the atoms were less than 0.05 eV/Å. Finally, the optimized lattice parameters of siderite were compared to the literatured experimental values [31] to validate the rationality of the setting parameters.




2.2. Models for Siderite Surface


Surface energy is an index for measuring the thermodynamic stability of a given surface. A lower value infers a more stable surface which can be used to represent the accurate surface structure [32].The surface energy (Esurf) in a slab model can be calculated by Equation (1) [33].
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(1)




where Eslab is the total energy of the surface slab and Ebulk is the energy of the bulk unit cell; Nslab and Nbulk are the numbers of atoms contained in the slab and the bulk unit cells respectively; A represents the unit area of the surface; two denotes two surfaces along the z-axis in the surface slab.



In this study, all surfaces of the surface slab obtained from the bulk siderite with the optimum unit cell volume were modeled by a super cell. To obtain an accurate slab surface of siderite, slab depth and vacuum thickness were selected as 19.13 Å to 34.76 Å and 20 Å to 28 Å separately with the cutoff energy of 360 eV for the plane wave basic set and Monkhorst-pack mesh of 3 × 4 × 1. The wave functions were converged to within 2.0 eV/atom and the geometry was optimized until the forces on all the atoms were less than 0.05 eV/Å.




2.3. Mineral-Reagent Complex


In this study, the oleate acts as the adsorbate, while the siderite surface is the adsorbent. Prior to adsorption modelling, optimization calculation of oleate molecule was carried out using the CASTEP module, paving the way for calculating the interaction energies between the adsorbate and the adsorbent.



The relative interaction affinity of the optimized siderite surface and oleate can be quantified in terms of the total adsorption energy (△Eads) [34], which is displayed as the following Equation (2) and is calculated with the CASTEP module.
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(2)




where Ecomplex refers to the calculated energy of the optimized siderite-oleate complex, whereas Eadsorbate and Emineral separately designate as the total energy of the oleate and siderite surface. The more negative the △Eads is, the more exothermic the adsorption is, which is favorable for a stronger interaction of reagent and mineral surface.




2.4. AFM Measurement


Atomic force microscopy (AFM) images were captured with a MultiMode8 microscope (Bruker Corporation, Karlsruhe, Germany) operating in PeakForce Tapping mode, where the probe oscillated at a typical frequency of 2 kHz (far below the resonance of the cantilever) with typical peak-to-peak amplitudes of 300 nm in the air, which led the probe periodically to contact with the sample for a short period of time (<100 μs) and resulted that a periodically oscillating force was exerted onto the sample surface [35] PeakForce Tapping enables to precisely control probe-to-sample interaction, providing the available lowest force for imaging. This superior force control facilitates the imaging process performed at the most consistent force and is beneficial for an AFM image with the highest resolution.




2.5. Materials and Sampling


Siderite minerals were collected from Anshan Iron and Steel Group Corporation in China. Before AFM imaging, the pulverized siderite particles (<5 μm) were firstly dispersed in an ultrasonic dispersion machine at room temperature. Next, the dispersed siderite particles were functioned in an oleate solution (50 mg/L) and then was washed with deionized water. After that, the siderite particles were directly moved onto a mica substrate which was just cleaved with adhesive tape at a very short time before, avoiding contamination on the mica superficies. Normally, 5–10 individual siderite particles were randomly selected to examine. In the ambient environment, siderite particles with or without oleate functioned were detected with SNL-10 probes (Bruker) (nominal tip radius of 2 nm, spring constant of 0.35 N/m) at 512 lines and scanned at a scan rate of 0.8 to 0.9 Hz to secure images with higher resolution and reliable mappings of mechanical properties. At the end, the obtained AFM images were processed in the Nanoscope Analysis v1.8 software (Bruker).





3. Results and Discussion


3.1. Geometry Optimization of Siderite


Five correlation-exchange potentials, GGA-PBE, GGA-RPBE, GGA-PW91, GGA-WC, and GGA-PBESOL were evaluated independently to gain optimal structural parameters of bulk siderite with the kinetic cutoff energy of 340 eV and Brillouin zone k-point of 4 × 4 × 2. The compiled structural parameters, V (unit-cell volume), a (lattice constant) and α (cell angle) are summarized in Table 1, compared with the documented experimental structural parameters [30]. The difference, which is defined as the biggest difference of the calculated a, V, and α to their corresponding documented values, is also presented in Table 1.



Table 1. Compiled structural parameters of siderite.







	
Category

	
Correlation-Exchange Potential

	
a/Å

	
V/(Å3)

	
α/°

	
Difference 1/%






	
Experimental

	

	
5.797

	
98.14

	
47.73

	
-




	
Simulation

	
GGA-PBE

	
5.962

	
102.60

	
46.72

	
2.8




	
GGA-RPBE

	
6.157

	
109.07

	
45.71

	
6.2




	
GGA-PW91

	
5.907

	
101.29

	
47.13

	
1.8




	
GGA-WC

	
5.783

	
96.71

	
47.64

	
0.2




	
GGA-PBESOL

	
5.734

	
95.90

	
48.15

	
1.1








1 The calculated parameters were acceptable if the biggest difference was smaller than 2%.








As shown in Table 1, compared with the parameter differences obtained with GGA-PBE, GGA-RPBE, GGA-PW91, and GGA-PBESOL, difference of 0.2% with GGA-WC was regarded as the minimum, and the calculated V (unit-cell volume), a (lattice constant) and α (cell angle) were 5.783 Å, 96.71 Å3 and 47.64Å respectively. While the maximum difference of 6.2% was achieved in GGA-RPBE set. Therefore, GGA-WC was determined as a suitable correlation-exchange potential for the following structural optimization of siderite. With the kinetic cutoff energy of 340 eV and the GGA-WC potential mode, modelings were performed in the k-point sets of 2 × 2 × 2, 3 × 3 × 2, 4 × 4 × 2, 5 × 5 × 2, 6 × 6 × 2, and 8 × 8 × 2, targeting for obtaining a suitable k-point set value. Total energies and lattice parameter differences, versus applied k-point sets are illustrated in Figure 1.


Figure 1. Total energies and lattice parameter differences versus k-points sets.
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As can be seen, with the kinetic cutoff energy of 340 eV, the lowest convergent total energy, and the smallest parameters’ difference are obtained at the k-point set mesh of 4 × 4 × 2, and the curves of total energy and parameter difference seem to be steady as the k-point set mesh beyond 4 × 4 × 2. Therefore, the suitable k-point set mesh in the study was determined as 4 × 4 × 2. With seven optional cutoff energy levels from 320 eV to 550 eV, the tendencies of total energy and parameter difference are plotted as functions of kinetic cutoff energy, shown in Figure 2.


Figure 2. Total energies and parameter differences as functions of kinetic cutoff energy.
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It is demonstrated that as kinetic cutoff energy increases from 320 eV to 360 eV, negative total energy decreases from −13,951.2705 eV to −13,953.3135 eV. The total energy tends to be stable as the cutoff energy is bigger than 360 eV. The minimum parameter difference of 0.35 was obtained at the cutoff energy of 340 eV. Results made clear that the cutoff energy of 340 eV and the k-point mesh of 4 × 4 × 2 were sufficient to obtain convergent geometrical parameters. In consideration of the calculation accuracy, the cutoff energy of 360 eV and the k-point mesh of 4 × 4 × 2 were chosen as calculating parameters.



Consequently, the bulk unit cell parameters of siderite were optimized with the exchange-correlation potential of GGA-WC, the Brillouin-zone k-point of 4 × 4 × 2, and the kinetic cutoff energy of 360 eV. The optimized results are compared in Table 2, and it is shown that the calculated lattice parameters are in good agreement with the experimental values reported in the previous literature [31], which confirmed the calculation accuracy.



Table 2. Calculated and experimental lattice parameters of siderite.







	
Parameter

	
Experiment

	
Simulation

	
Difference/%






	
V/Å3

	
98.14

	
96.36

	
1.8




	
a/Å

	
75.797

	
75.758

	
0.6




	
α/°

	
47.73

	
47.73

	
0.1











3.2. Siderite Surface Slab Optimization


According to the energy theory of crystal growth, the surface with a higher surface energy has a faster-growing rate, and the as-grown crystal morphology is dominated by the slow-growing surfaces while the fast-growing faces may disappear [36]. Therefore, the (101) siderite surfaces [17] were modeled from one to five layer slabs. The chosen layers’ numbers enabled each slab to have the thickness of 3.907 Å. The surface energies of slab surface (101) of siderite as functions of slab depth or vacuum thickness were calculated and exhibited in Table 3.



Table 3. Surface energies of siderite (101) slab surfaces as functions of slab depth or vacuum thickness.







	
Conditions

	
Slab Depth/Å

	
Vacuum Thickness/Å




	
19.132

	
23.039

	
26.946

	
30.852

	
34.758

	
20

	
22

	
24

	
26

	
28






	
Surface energy/J·m−2

	
0.212

	
0.326

	
0.328

	
0.294

	
0.284

	
0.303

	
0.309

	
0.357

	
0.327

	
0.330










As shown in Table 3, the increase of the slab thickness by three layers in each case results in the fluctuation of surface energy by less than 0.05 J·m−2. It was thus indicated that two more layers within the slab were adequate to make the surface energy convergent within 0.05 J·m−2, and vacuum thickness more than 20 Å could provide enough vacuum between material layers. Regarding the oleate length and computational efficiency, a slab with the depth of 26.964 Å and the vacuum thickness of 26 Å was used to simulate the siderite surface in periodic boundary conditions. The cleaved (101) siderite surfaces before and after geometry optimization are shown in Figure 3. By comparison, it was detected that the geometry optimization resulted in the movement of Fe atoms along the X-axis.


Figure 3. The cleaved siderite (101) surface before (a) and after (b) geometry optimization.
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3.3. Oleate Interaction with Siderite (101) Surface


Prywer and Cryst (2001) stated [37] the adsorption of oleate on siderite based on the results of micro flotation tests and the characterization of Fourier transform infrared spectroscopy. Thanks to the preceding findings, the adsorption behaviors of oleate on siderite surface were attempted to be investigated at the atomic level, and the electrons’ transfer between the interacting atoms were estimated in terms of the Mulliken population. Since the determination of adsorption position of reagent molecular on minerals’ liberated surface was crucial to the quantum chemistry calculation, it was necessary at the first place to specify the interaction status of oleate molecule on siderite surface. The adsorption of oleate molecule on siderite (101) surface could be possible in the forms of interacting with the head Fe atom (Figure 4a) or O atom (Figure 4b) in CO3 group, which are illustrated in Figure 4.


Figure 4. The two possible models of oleate on siderite (101) surface before adsorption.
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With the cutoff energy of 360 eV for the plane wave basic set and the k-point of 3 × 4 × 1, the geometric adsorption configurations of oleate on siderite surface were computed and optimized The energy was converged to within 2.0 × 10−5 eV/atom and the geometry optimization was fulfilled until the forces on all the atoms were less than 0.05 eV/Å. The optimized reagent-mineral complex is shown in Figure 5. Processing results implied that the oleate molecule interacted with siderite (101) surface by means of binding with the top Fe atom (Figure 4a), and the calculated adsorption energy was −360.006 kJ/mol, which revealed that the oleate molecule could adsorb on siderite surface. When oleate molecules were about to arrive at siderite surface, the combination of O atoms and Fe atoms caused the adsorption of oleate on siderite surface, and the corresponding O–Fe distance was 1.746 Å.


Figure 5. Optimized adsorption configuration of oleate on siderite (101) surface after adsorption.
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Mulliken bond population can be used to specify the bond types of electrovalent bond and covalent bond. A positive value of superimposed Mulliken bond population between two atoms indicates the presence of covalent, and the more the Mulliken population is, the stronger the covalent bond is. When the number of Mulliken population is small, and the number of charged atoms has a tendency to gradually increase, then the bond represents the ionic. While a negative Mulliken bond population value means the atom in an antibonding state. The optimized adsorption configuration of oleate on siderite (101) surface after adsorption, as well as the atomic structures, are illustrated in Figure 5, and the calculated Mulliken bond populations of Fe1–O1, Fe1–O4, Fe1–O5 and Fe1–C2, and those of O1–C1, O1–H1, and O1–O3 are summarized in Table 4.



Table 4. Mulliken bond populations of oleate on siderite.







	
Atom

	
Bond

	
Population

	
Length/Å






	
Fe1

	
Fe1-O1

	
0.50

	
1.746




	
Fe1-O4

	
0.27

	
1.901




	
Fe1-O5

	
0.04

	
2.937




	
Fe1-C2

	
−0.32

	
2.794




	
O1

	
O1-C1

	
0.66

	
1.364




	
O1-H1

	
−0.01

	
2.496




	
O1-O3

	
−0.01

	
2.931










As can be seen from Table 4, the Mulliken bond populations between Fe1 and O1, O4, or O5 are all positive, which means Fe1 interacted with these O atoms in the forms of covalent bond. The bond population of Fe1–O1 is 0.50, which suggests the covalent bond was established between siderite surface and oleate. Whereas the interactions of Fe1–O4 and Fe1–O5 in siderite may trigger the stabilization of siderite structure with Mulliken populations of 0.27 and 0.04 separately. Additionally, the bond of C1–O1 in oleate was manifested as a stronger covalent bond by the calculated positive Mulliken population of 0.66. However, the bond population of O1 (in oleate) and O3 (in siderite) was −0.01 and the corresponding O1–O3 distance was 2.931 Å, which reveals that there was scarce effect between O1 and O3. In conclusion, the greater covalent bond formed between siderite surface and the collector oleate led to the adsorption of oleate on siderite surface. The Mulliken populations of Fe1 and O1 before and after oleate functioned on siderite surface are presented in Table 5.



Table 5. Mulliken populations of Fe1 and O1 before and after oleate functioned on siderite surface.







	
Atom

	
Status

	
s

	
d

	
p

	
Total/e

	
Charge/e






	
Fe1

	
Before adsorption

	
0.31

	
6.21

	
0.31

	
6.83

	
1.17




	
After adsorption

	
0.37

	
6.51

	
0.13

	
7.01

	
0.99




	
O1

	
Before adsorption

	
1.83

	
0

	
4.88

	
6.71

	
−0.71




	
After adsorption

	
1.81

	
0

	
4.73

	
6.54

	
−0.54










As can be known from Table 5, prior to adsorption the valence electron configurations of Fe1 and O1 were 3d6.214s0.31 and 2s1.83p4.88, and those of Fe1 and O1 after adsorption turned to be 3d6.514s0.37 and 2s1.832p4.73 correspondingly. In addition, the populations of 3d and 4s orbital in the Fe1 atom increased from 6.21 to 6.51 and from 0.31 to 0.37 respectively, and the located electron number of Fe1 atom is 7.01e. In contrast to 6.83e before adsorption, 0.18e was received by Fe1 atom, and it was the electron receptor during this adsorption process. Another important finding was related to O1 atom that the population of 2p orbital decreased from 4.88e to 4.73e and the located electron number decreased by 0.17e in total. Hence it can be seen that the electron numbers received by Fe1 atom almost equaled to those donated by O1 atom, which was indicative of electrons’ transfer from O1 to Fe1. It was concluded that the electrons donated by the donor O atom transferred to the receptor Fe atom, giving rise to the formation of covalent bond between siderite surface and oleate. In addition, the predominant active orbitals of Fe atom and O atom during interaction were 3d orbital and 2p orbital separately.




3.4. PeakForce Tapping Imaging of Siderite


Height imaging of AFM is popular in three dimensional (3D) measurement of nano-materials and is also widely reported to characterize different materials by analyzing their surface roughnesses (as the average surface heights). Two specimens, one was siderite and the other was siderite functioned by oleate, were examined by AFM at the ambient environment to evaluate the potential of PeakForce Tapping mode to visualize the relatively large particles. In Figure 6-I and 6-II, the AFM height images of the siderite and the siderite with oleate functioned on were demonstrated independently.


Figure 6. PeakForce Tapping images of siderite (I) and siderite with oleate (II); Height images of 2D (a); Height images of 3D (b); PeakForce error images (c).
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The images of (a), (b), and (c) in Figure 6-I and 6-II are height images of two-dimension (2D), height images of three-dimension (3D) and PeakForce error images separately. PeakForce tapping error image is the characteristic feature of PeakForce tapping AFM mode, where the maximum value of the tip-surface interaction force is used as a constant set point for each pixel of the area scanned. Due to the surface topography in homogeneity, a non-zero difference exists between the measured PeakForce value and the set point. Therefore, PeakForce error imaging is sensitive to topography deviations. [38].



As can be observed in Figure 6-I and 6-II, the surfaces of siderite specimens with oleate functioned on were obviously rougher than those of pure siderite surfaces. Results inferred that these vesicular in Figure 6(II-a) were oleate and the most important characteristic of this surface was the uniformity of the roughness because of closely spaced valleys and peaks [39]. Among the images in Figure 6, the bottom two ones are PeakForce Tapping error images, which clearly exhibit the topography deviations of surfaces. By comparison of Figure 6(I-c) with Figure 6(II-c), it could be identified that in Figure 6(I-c) the surface of the pure siderite looks like a non-uniform film with peaks and valleys appearing on the edge of siderite particle and the smoothness area is bigger than that in Figure 6(II-c), while on the surface of siderite functioned by oleate in Figure 6(II-c), the peaks and valleys distribute throughout the whole surface. This phenomenon meant that the surface of siderite with oleate functioned was rougher, and also indicated the vesiculars in Figure 6(II-a) were oleate. In contrast to the images of pure siderite surface and roughness (as the average surface height) in Figure 6-I, the corresponding images of siderite functioned by oleate revealed the functioned surface was covered by vesicular membrane matters and the average roughness was 16.4 nm, while the pure siderite surface in Figure 6-I presented a smoother surface and the most common values for height/width centralized around 14.2 nm.





4. Conclusions


DFT calculations coupled with AFM imaging of PeakForce Tapping mode were undertaken to study the interaction between oleate and siderite surface. The geometrical siderite crystal structures were optimized by carrying out convergence tests of exchange-correlation potential, kinetic cutoff energy, and k-point. Possible adsorption configurations of oleate on the siderite (101) surface were evaluated in terms of total adsorption energy of the substrate-adsorbate system. Afterwards, the interaction status of oleate on siderite and the bond type were identified by Mulliken population calculation. Moreover, the height imaging and the PeakForce error imaging of AFM were performed to visually observe the adsorption of oleate on siderite surface.



It was identified that a siderite slab surface with the slab depth of 26.964 Å and the vacuum thickness of 26 Å as a rational surface structure, with the exchange/correlation potential of GGA-WC, the kinetic cutoff energy of 360 eV, and the Brillouin zone k-point of 4 × 4 × 2.



The calculated interaction energy of −360.006 kJ/mol revealed that oleate could adsorb on siderite (101) surface and the corresponding O-Fe distance was evaluated as 1.746 Å. Results of the Mulliken population calculations inferred that the covalent bond formed between oleate and siderite surface by means of electrons transferring from O1 (in oleate molecule) to Fe1 (in siderite lattice). As a result, valence-electrons’ configurations of Fe1 and O1 changed into 3d6.514s0.37 and 2s1.832p4.73 from 3d6.214s0.31 and 2s1.83p4.88 correspondingly.



By comparison of AFM images of siderite surface with or without oleate functioned, the surface of the pure siderite was found to be a non-uniform film with peaks and valleys appearing on the edge. Alternatively, siderite surface with oleate functioned exhibited many peaks and valleys distributing throughout the whole surface. Results of DFT calculation paired with AFM imaging testified that the functioning of oleate on siderite surface was performed by forming covalent bond between Fe1 (in siderite surface) and O1 (in oleate molecule).



Findings in this paper further demonstrated that siderite deteriorates hematite reverse flotation by the means of interacting with the collector oleate which acts as the collector in general hematite reverse flotation.
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