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Abstract

:

Gold is mainly present in the form of [Au(CN)2]− during the cyanide leaching process, and this [Au(CN)2]− can be adsorbed by graphite in carbonaceous gold ore resulting in preg-robbing gold. In order to clarify the adsorption mechanism between the [Au(CN)2]− and graphite, the interaction between the [Au(CN)2]− and graphite (0001) surface was studied using density functional theory (DFT). The distance between [Au(CN)2]− and graphite (0001) decreased from (4.298–4.440 Å) to (3.123–3.343 Å) after optimization, and the shape of [Au(CN)2]− and graphite (0001) obviously changed from straight to curved, which indicated that the [Au(CN)2]− had been adsorbed on the graphite (0001) surface. A partial densities of state (PDOS) analysis revealed that there was little change in the delocalization and locality of the PDOS on the graphite (0001) surface after adsorption. However, the valence bands of the Au 5d orbital, C 2p orbital, and N 2p orbital near the Fermi level moved slightly towards lower energy levels; therefore, the adsorption configuration was stable. An analysis of the Mulliken charge population indicated that the Au, N, and C in [Au(CN)2]− obtained 0.26, 0.18, 0.04 electrons after adsorption, respectively, while C(surf) lost 0.03 electrons. [Au(CN)2]− changed to a conductor from an insulator after adsorption. Taking into account the surface electrical properties of [Au(CN)2]− and graphite (0001), there was still a slight electrostatic adsorption between them. The analysis of adsorption energy, electronic structure, PDOS, electron density, Mulliken charge population, and Mulliken bond population revealed that [Au(CN)2]− could be adsorbed to the graphite (0001) surface; the adsorption was a type of physical adsorption (including electrostatic adsorption) and mainly occurred on the two C≡N. These results contributed to the understanding of the mechanisms involved in preg-robbing gold formation by graphite and the optimization of this process during cyanide leaching.
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1. Introduction


Fine grain disseminated gold ore (FGDGO) deposits are the most important gold deposits in the world and are mainly distributed in Nevada in the United States, and in the two “golden triangle” regions of Yunnan, Guizhou, and Guangxi, and Sichuan, Shanxi, and Gansu provinces in China [1,2,3], in which carbonaceous matter is widespread. Apart from carbonates, carbonaceous matter in gold ores mainly includes elemental carbon, organic carbon, hydrocarbons, and other biological matters, and elemental carbon is graphite or amorphous carbon [4,5,6,7]. Carbonaceous gold ore is a kind of refractory gold ore resource, the processing of which is impacted by “preg-robbing” behavior and the inhibition of Au dissolution by carbonaceous matter [4,8,9,10]. Cyanide has always been the preferred complexing agent in the leaching of gold ore, even though there are many other complexing agents, because the cyanide has a higher chemical stability, lower cost, and better understood chemistry than other agents [11,12,13,14]. Gold in the ore slurry reacts with cyanide according to the following chemical reaction [3,15,16,17]:


4Au(s) + 8CN−(aq) + O2(g) + 2H2O(l) <=> 4[Au(CN)2]−(aq) + 4OH−(aq)



(1)







Au might exist within the [Au(CN)2]− structure during the cyanide leaching process; therefore, research into the adsorption of [Au(CN)2]− and graphite is important to determine the adsorption mechanism of carbonaceous matter and to improve the gold leaching rate in gold ore leaching.



A number of previous studies investigated the interaction between substances and graphite using first-principles. Sha et al. [18] investigated the interaction between H atoms and a graphite (0001) surface based on spin-polarized density functional theory using the generalized gradient approximation and ultrasoft pseudopotentials. Perea-Ramirez et al. [19] studied the adsorption of radicals obtained from catechol and guaiacol derivatives on a graphite surface through a theoretical analysis in the context of the electro-grafting process. He et al. [20] used first-principles methods to systematically investigate the electronic density of states, work function, and adsorption energy of methane molecules adsorbed on graphite (0001) films. However, there have been few systematic studies of the adsorption between [Au(CN)2]− and the surface of graphite. Therefore, the mechanism of the adsorption of [Au(CN)2]− to the graphite surface remains to be studied.



Calculations based on the first-principles method can investigate the adsorption structure and adsorption mechanism from the atomic level [21,22,23,24,25,26]. Computational modelling is a powerful method for researching physical–chemical phenomena, and has been extensively used in plenty of fields in recent years, such as mining, hydrometallurgy, the chemical industry, materials, and so on [27,28,29,30]. Many scientists prefer alternatives, like the Cambridge Serial Total Energy Package (CASTEP) code, to finish calculations based on first principles [29,31,32]. Liu et al. [30] discussed the bulk properties of bcc Fe and graphite and its surface, the work of adhesion, and the electronic structure of the Fe (110)/graphite (0001) interface using CASTEP codes. Wu et al. [33] studied the first-principles calculation of the hexyl thiolate monolayer on Au (111) using CASTEP codes. Wang et al. [34] investigated the adsorption of water molecules on quartz (001) surfaces using CASTEP codes.



The abovementioned studies provide ways to study the adsorption mechanism between [Au(CN)2]− and graphite surface using CASTEP codes. This may be the most effective and simple method, since the [Au(CN)2]−/graphite (0001) interface has not been completely explored and the experiments are difficult to conduct. In this paper, calculations are employed to systematically discuss the adsorption between [Au(CN)2]− and graphite (0001) using CASTEP codes based on the first principles.




2. Model and Calculations


2.1. Computational Method


The original graphite units were founded and optimized by the CASTEP of the Material Studio (MS) software based on density functional theory (DFT) [22,31]. The interactions between the ionic core and valence electrons were described using ultra-soft pseudopotential [35]. The K point of the Brillouin region was 1 × 1 × 2 and the energy cutoff was 380 eV [36]. The improved approximation of PW91 by generalized gradient approximation (GGA) was adopted as the exchange correlation function, because it has a high degree of accuracy for the calculation of hydrogen bonding adsorption and chemical adsorption [37,38]. The DFT method alone was not accurate enough to calculate the adsorption between graphite and [Au(CN)2]−, because the interactions between them were weak; therefore, the DFT calculation needed to be revised by DFT-D in which the Ortmann–Bechstedt–Schmidt (OBS) correction was adopted [39]. In the calculation process, the DFT-D method was used to correct the weak interactions between graphite and [Au(CN)2]−, which included Van Der Waal forces. The Broyden Fletcher Goldfarb Shanno (BFGS) method was used to conduct geometric optimization [40]. The optimized convergence parameters were as follows: the energy was 2.0 × 10−5 eV/atom, the maximum displacement was 0.02 Å, the maximum force was 0.5 eV/Å, the maximum stress was 0.1 GPa, and the self-consistent iterative convergence accuracy was 2.0 × 10−6 eV/atom. The vacuum thickness and surface layers of the graphite were tested with the same precision level. The optimization parameters of the gold–dicyanide complex [Au(CN)2]− were the same as for the original unit optimization. The atomic orbitals involved in this calculation are as shown in Table 1.




2.2. Computational Models


The model of the graphite unit was taken from the American mineralogical crystal structure database (AMCSD), and the representative graphite structure was adopted (see Figure 1) for the study. Graphite is a layered structure with carbon layer planes parallel to each other. The carbon atoms are arranged in a hexagonal and two-dimensional shape with an interval of 0.335 nm, and the layers are combined by Van der Waals forces. In graphite crystal, the carbon atoms of the same layer form a covalent bond by sp2 hybrids, in which each atom is bonded to three other atoms to form a hexagonal network. The length of the C–C bonds is 142 pm, which is in accordance with the bond length range of atomic crystal. As a result, each layer is an atomic crystal. The carbon atoms also have a p orbital in the same plane, and they overlap each other. The electrons are free, like free electrons in metals; therefore, graphite is also classified as a metal crystal [30,41]. The graphite (0001) surface is the basal plane, which is predominately exposed in graphite crystal; therefore, the graphite (0001) surface has primarily been used for adsorption studies [20].



In this paper, an ideal graphite crystal model without defects was used, and we selected six hexagons composed of carbon atoms as repeating units to represent graphite (0001) surfaces, and the distance between adjacent carbons on the graphite base was 142 pm. The optimized graphite configuration is shown in the labelled zone of Figure 1. The configuration of the graphite surface after optimization is shown in Figure 2. After optimization, the distance between carbon atoms in the same layer showed no obvious change; however, the distance between neighboring layers increased from 0.34 nm to 0.48 nm, which indicated that there were stronger interactions between carbon atoms in the same layer, but weaker interactions between carbon atoms in neighboring layers.



By comparing the [Au(CN)2]− configuration before and after optimization (see Figure 3), we observed that the molecular shape was always linear, and the C–Au bond length grew weakly, while the C≡N bond length increased more, which indicated that the interactions between the C and N atoms on the surface became weaker.





3. Results and Discussion


3.1. Adsorption Configuration Analysis of [Au(CN)2]− on Graphite (0001) Surface


The gold leaching agent NaCN and the Au element can form a stable complex [Au(CN)2]− during gold leaching [42,43]. Tan et al. [5] proposed that [Au(CN)2]− could be adsorbed by graphite resulting in the loss of gold, called “preg-robbing”. The configuration of [Au(CN)2]− and the graphite (0001) surface was optimized by the DFT method, and the initial and optimized configurations of [Au(CN)2]− and graphite (0001) surface are shown in Figure 4. We can see that the distance between [Au(CN)2]− and graphite (0001) reduced to (3.123–3.343 Å) from (4.298–4.440 Å), and [Au(CN)2]− was able to form a stable adsorption configuration on the graphite (0001) surface. The angles between N≡C–Au atoms decreased to (172.811°, 173.569°) from (179.547°, 179.641°), the bond length of C≡N decreased to 1.188 Å from 1.195 Å, and the shape of [Au(CN)2]− obviously changed to a curved type from a straight line, which indicated that the graphite (0001) surface had been adsorbed by [Au(CN)2]−, and that the adsorption mainly occurred in the two C≡N. Meanwhile, the center of the graphite (0001) surface was depressed, and the angle was reduced to 178.430° from 180°, which indicated that the graphite (0001) surface had been adsorbed by [Au(CN)2]−. The calculation results based on DFT showed that the adsorption energy between [Au(CN)2]− and the graphite (0001) surface was −48.55 KJ/mol, which indicated that strong physical adsorption had occurred (including slight electrostatic adsorption) [22,44,45]. These results are in agreement with previous studies in which there was a consensus that the adsorption of [Au(CN)2]− onto carbon occurs without chemical changes [11,46]. Meanwhile, the adsorption type was the same as that between activated carbon and [Au(CN)2]− according to previous studies [47,48].




3.2. Electronic Structure Analysis of Gold Cyanide on Graphite (0001) Surface


In order to further research the adsorption mechanism of [Au(CN)2]− on the graphite (0001) surface, the partial densities of state (PDOS) of graphite (0001) surface and [Au(CN)2]− before and after adsorption (see Figure 5a,b), the charge density of the stable adsorption configuration (see Figure 6a), and charge density difference (see Figure 6b) were analyzed.



C(surf) 2p orbital in graphite (0001) crossed the Fermi level (as shown in the arrow in Figure 5a) with a bandwidth of 0, indicating that graphite was a typical conductor, which is consistent with the properties of graphite [49,50]. There was little change in the delocalization and locality of the PDOS on the graphite (0001) surface after adsorption because of the reduction in the density of states (DOS) of the 2s and 2p orbitals in the C(surf) atom. Meanwhile, the sp3 hybrid orbitals still existed in the C(surf) atom on the graphite (0001) surface, which indicates that the graphite (0001) surface was still stable. The PDOS of each atom in [Au(CN)2]− before and after adsorption varied greatly. This was mainly demonstrated by the following two aspects: on one hand, the valence band densities of the Au, C, and N atoms near the Fermi level moved slightly towards lower energy levels, mainly in the Au 5d orbital, C 2p orbital, and N 2p orbital (as shown by the black arrow in Figure 5b), which resulted in a lower total energy level and a more stable system in [Au(CN)2]−. On the other hand, the bandwidth of the valence band and the conduction bands of the Au, C, and N atoms were around 5 eV before adsorption (as shown by the blue arrow in Figure 5b). This shows that [Au(CN)2]− is a typical insulator before adsorption, which is based on the results of DOS and band structure (bandwidth is about 5 eV), and whether the [Au(CN)2]− is an insulator during cyanidation in the practical leaching system requires further verification in future research. After adsorption, the PDOS of the conduction bands of the Au, C, and N atoms disappeared. The Au 5d orbital, the C 2p orbital, and the N 2p orbital directly crossed the Fermi level. The bandwidth became 0 eV, and [Au(CN)2]− became a conductor. A possible reason for the conductivity change of [Au(CN)2]− might be the formation of adsorption between [Au(CN)2]− and the graphite (0001) surface, and the properties of graphite may have had an influence on the conductivity of [Au(CN)2]−. Based on the above analysis, the changes in PDOS of the Au, C, and N atoms indirectly indicate that [Au(CN)2]− was adsorbed on the graphite (0001) surface. In the stable configuration after adsorption, the distance between [Au(CN)2]− and the graphite (0001) surface was (3.123–3.343 Å), and the distance between them was far greater than covalent bond length (the covalent bond length is equal to the sum of the equivalent covalency radius of two atoms). In regard to the Mulliken bond population analysis (see Table 2), all atoms in [Au(CN)2]− did not bond with C(surf) atoms in graphite (0001). Therefore, the adsorption between [Au(CN)2]− and the graphite (0001) surface was physical adsorption, and this result is in agreement with the energy results (−48.55 KJ/mol).



The charge density at the Au, C, and N atom sites in [Au(CN)2]− became higher after adsorption, as well as in the middle of the graphite (0001) surface (as shown in the marked area in Figure 6a). The higher the charge density, the stronger the physical and chemical activity, and the chemical reactions or adsorption took place more easily, which provides further evidence that the adsorption is mainly concentrated in the two C≡N, as shown in the adsorption configuration analysis. On the whole, [Au(CN)2]− had a negative charge. Actually, the Au atom is the center of positive charge in [Au(CN)2]−, while the N atom is the center of negative charge (as shown in the marked area in Figure 6b). As shown in Figure 6a,b there was charge transfer between the graphite (0001) surface and [Au(CN)2]−, and the charge was mainly transferred from the graphite (0001) surface to [Au(CN)2]−. Charge transfer led to the graphite (0001) surface having a positive charge and [Au(CN)2]− having a partial negative charge; therefore, there was a certain electrostatic attraction between them which still belonged to the category of physical adsorption




3.3. Mulliken Population Analysis of [Au(CN)2]− on the Graphite (0001) Surface


The Au, N, and C in the [Au(CN)2]− obtained 0.26, 0.18, 0.04 electrons after adsorption, respectively (see Table 3), while C(surf) lost 0.03 electrons. The electron gain and loss were basically conserved between [Au(CN)2]− and the graphite (0001) surface in terms of the atom number, which led to partial negative charge of the [Au(CN)2]− and positive charge of the graphite (0001) surface. The results are in agreement with the results of the charge density and differential charge density analyses. The 6s orbital and the 5d orbital in the Au atom mainly obtained electrons, the 2p orbital in the N atom mainly obtained electrons, the 2p orbital in C mainly obtained electrons, and the 2p orbital in C(surf) on the graphite (0001) surface mainly lost electrons. The activity of orbitals gaining and losing electrons was stronger near the Fermi level (shown in the markup area in Figure 5b).



The length of the C≡N bond was 1.194 Å and the population was 1.61; the length of C–Au in [Au(CN)2]− was 2.004 Å and the population was 0.46 before adsorption (see Table 2). Meanwhile, the length of the C≡N bond was 1.187 Å, and the population was 1.71, and the length of C–Au in [Au(CN)2]− was 2.016 Å and the population was 0.52 after adsorption. The Mulliken bond population analysis showed that when the bond length was shorter, and the population was bigger, the covalency was stronger. Therefore, the covalency of C≡N and C–Au were both enhanced; although the C–Au bond length became longer, the population value increased and covalency increased. The population values were 1.08 and 1.06~1.11 on the graphite (0001) surface before and after adsorption, respectively. The local covalency of C(surf)–C(surf) became stronger, which provides further evidence for the adsorption of [Au(CN)2]− and C(surf) atoms in the graphite (0001) surface, as shown in the configuration analysis.



Although the covalency of C≡N, C–Au, and C(surf)–C(surf) changed, there were no bands between the each atom in [Au(CN)2]− and the C(surf) atoms in graphite (0001); therefore, there was no chemical adsorption between them, which is in agreement with the adsorption configuration and calculation of adsorption energy. Although no chemical bonds formed between [Au(CN)2]− and C(surf) atoms in graphite (0001), the adsorption between the [Au(CN)2]− and C(surf) atoms in graphite (0001) definitely exists, and is shown by the downward bending of [Au(CN)2]− and the upward bending of the graphite (0001). At the same time, it was also shown, from another angle, that the type of adsorption between them was physical adsorption. The adsorption energy between [Au(CN)2]− and graphite (0001) surface was −48.55 KJ/mol, which indicated that it was physical adsorption between [Au(CN)2]− and the graphite (0001) surface.



Based on the above research, it can be concluded that [Au(CN)2]− can be adsorbed on graphite (0001) surfaces by physical adsorption rather than chemical adsorption, providing a basis for preg-robbing gold by graphite in gold leaching. Considering that preg-robbing gold in the leaching process is a very complex process (including preg-robbing gold by organic carbon, preg-robbing gold by activated carbon and the interference of other chemicals in pulp), it should be studied further.





4. Conclusions


The interaction between [Au(CN)2]− and the graphite (0001) surface was studied by DFT. The adsorption configuration analysis showed that [Au(CN)2]− forms stable adsorption configurations on graphite (0001) of the physical adsorption type (including electrostatic adsorption).



After [Au(CN)2]− adsorption on the graphite (0001) surface, the shape of [Au(CN)2]− obviously changed to a curved type, the distance between [Au(CN)2]− and the graphite (0001) surface reduced, and the angles between the N≡C–Au atoms decreased, which indicated that adsorption between [Au(CN)2]− and the graphite (0001) surface does exist. The distance between [Au(CN)2]− and the graphite (0001) surface was (3.123–3.343 Å) after adsorption, which is far greater than the distance of chemisorption. Therefore, the adsorption was physical adsorption, which is in agreement with the level of adsorptive energy (−48.55 KJ/mol). [Au(CN)2]− changed from an insulator to a conductor after adsorption due to [Au(CN)2]− adsorption on the graphite (0001) surface, which indicates that the conductivity of graphite might affect the [Au(CN)2]− during the adsorption process. The activity of the gain and loss of electrons in each orbital was stronger near the Fermi level (Au, N, and C in [Au(CN)2]− obtained 0.26, 0.18, and 0.04 electrons after adsorption, respectively, while C(surf) lost 0.03 electrons), which indicated that the adsorption was physical adsorption (including electrostatic adsorption).



The results of the PDOS showed that there was little change in the delocalization and locality of the PDOS on the graphite (0001) surface after adsorption; however, the valence band density of the Au, C, and N atoms near the Fermi level moved slightly towards a lower energy level, mainly in the Au 5d orbital, C 2p orbital, and N 2p orbital, which suggests that the adsorption occurred mainly in the Au 5d orbital, C 2p orbital, and N 2p orbital (C≡N).



It is expected that the present results will be useful to allow researchers to deeply and fundamentally understand the “preg-robbing” behavior of graphite and to optimize the process in the leaching of gold ores.
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Figure 1. Optimized configuration of graphite before optimization. 
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Figure 2. Configuration of the graphite surface after optimization. 
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Figure 3. [Au(CN)2]− configuration: (a) before optimization, (b) after optimization. 
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Figure 4. Adsorption configuration: (a) initial adsorption configuration, (b) optimized adsorption configuration. 
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Figure 5. Partial density of state (PDOS) of each atom in graphite (0001) and [Au(CN)2]− before and after adsorption. (a) PDOS of graphite (0001) before and after adsorption. (b) PDOS of each atom in [Au(CN)2]− before and after adsorption. 
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Figure 6. Charge density of the graphite stable adsorption configuration: (a) electron density, (b) electron density difference. 
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Table 1. The atomic orbitals involved in the calculation.
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	Elements
	Atomic Orbitals





	H
	1s1



	C
	2s22p2



	N
	2s22p3



	Au
	5d106s1
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Table 2. Mulliken bonding population of atoms before and after [Au(CN)2]− adsorption to the graphite (0001) surface.
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Adsorption Model

	
Bond

	
Adsorption Status

	
Population

	
Length (Å)






	
Gra–[Au(CN)2]−

	
C–N

	
Before

	
1.61

	
1.194




	
After

	
1.71

	
1.187




	
C–Au

	
Before

	
0.46

	
2.004




	
After

	
0.52

	
2.016




	
C(surf)–C(surf)

	
Before

	
1.08

	
1.420




	
After

	
(1.06~1.11)

	
(1.413~1.424)
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Table 3. Mulliken charge population of atoms before and after [Au(CN)2]− adsorption to the graphite (0001) surface.
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Adsorption Model

	
Atom Name

	
Adsorption Status

	
Valence Electrons Number

	
Charge (e)




	
s

	
p

	
d

	
f

	
Total






	
Gra–[Au(CN)2]−

	
Au

	
Before

	
0.87

	
0.00

	
9.42

	
0.08

	
10.37

	
0.63




	
After

	
1.04

	
0.00

	
9.56

	
0.03

	
10.63

	
0.37




	
N

	
Before

	
1.74

	
3.53

	
0.00

	
0.00

	
5.27

	
–0.26




	
After

	
1.72

	
3.73

	
0.00

	
0.00

	
5.45

	
–0.46




	
C

	
Before

	
1.29

	
2.77

	
0.00

	
0.00

	
4.06

	
−0.05




	
After

	
1.28

	
2.81

	
0.00

	
0.00

	
4.09

	
–0.09




	
C(surf)

	
Before

	
1.05

	
2.95

	
0.00

	
0.00

	
4.00

	
0.00




	
After

	
1.05

	
2.92

	
0.00

	
0.00

	
3.97

	
0.03
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