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Abstract

:

The present work investigated the comparison of the effects of Na2SO3 and Na2SiO3 on thiourea stabilization, and a systematic study was undertaken to establish the effects of these stabilizers on the stability of alkaline thiourea, both qualitatively and quantitatively. The effects of these stabilizers on the activation energy of alkaline thiourea gold leaching was also studied. The results showed that sodium silicate was more suitable as a stabilizer in this system than sodium sulfite because the peak current of gold dissolution with sodium sulfite was higher than that with sodium silicate, but the inhibition of thiourea decomposition by the former was less obvious than that of sodium silicate in the cyclic voltammetry curve. The quartz crystal microbalance results showed that the quality decreased to about 100 ng cm2 in the presence of a stabilizer, while it increased to 300 ng cm2 in the absence of the stabilizer. It is inferred that gold can be dissolved by alkaline thiourea in the presence of a stabilizer, while it cannot without a stabilizer because of the decomposition of thiourea. This assumption was confirmed by atomic force microscopy measurements. The surface activation energy of Au dissolution decreased from 183.76 to 98.07 kJ/moL with the addition of sodium silicate, indicating that Au dissolution was promoted with the chemical.
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1. Introduction


Thiourea leaching of gold has attracted much attention because of its environmentally friendliness. Gold recovery from high-grade e-waste, uranium tailing material, mature dumps, etc., using thiourea leaching has been widely studied [1,2,3,4,5]. In recent years, to overcome the disadvantages of acidic thiourea gold leaching, research has been undertaken on alkaline thiourea gold leaching to obtain a milder co-dissolution of base metals, less thiourea destruction/consumption, less corrosion of equipment and greater environmentally friendliness [6,7,8,9]. Research on thiourea decomposition in alkaline media has shown that stabilizers such as Na2SO3 and Na2SiO3 could prohibit thiourea decomposition to some extent and improve thiourea stabilization [10]. Based on a molecular-field analysis, and with the application of HYCHEM technology software, Chai et al. studied the mechanism of molecular thiourea stability in terms of the molecular field, by comparing the highest occupation molecule orbit (HOMO) of a thiourea molecule in related media [11,12,13,14], the result of which helped to establish the structure–activity correlation between the stabilizer and the construction/stabilization of thiourea. This provides a theoretical basis for finding economic alkaline thiourea stabilizers. The HOMO energy of the thiourea molecule in acidic media is much lower than that in alkaline media, suggesting that thiourea is relatively unstable in alkaline media. The addition of sulfite ions in alkaline media can form a stable loop structure with thiourea via lone pair electrons, which reduces the HOMO energy of the thiourea molecule in alkaline media from −3.403572 to −4.534400 eV and improves the stability of alkaline thiourea [15,16]. Mohammed R. Ahmed et al. showed that the presence of sodium sulfite can significantly reduce thiourea decomposition, accelerate the gold dissolution process, decrease the leaching time, and lower the activation energy of gold dissolution [2]. The activation energy with sodium sulfite is 7.62 kJ moL−1, which is much lower than 9.32 kJ moL−1 in the absence of sodium sulfite. The low activation energy confirms the surface reaction dissolution mechanism.



It has been shown that the polarization current density of gold in an alkaline thiourea solution is slightly less than that in an acidic solution from the anodic polarization curve, but gold dissolves more easily than its usual companions and common associated elements, such as silver, copper, nickel, iron and so on, and has the tendency toward preferential dissolution [17].



A quartz crystal microbalance (QCM) is an instrument used to measure the change in the surface quality of the electrode based on the piezoelectric effect of a quartz crystal. The relationship between the quality of the metal film deposited on the surface of the quartz crystal electrode and the change in the frequency of the quartz crystal is represented by the Sauerbrey equation ΔF = −KF2ΔM/A [18]. QCM-D has been reported in the field of metal corrosion, and in recent years, more and more attention has been paid to the interaction between minerals and reagents. In the research on electrochemical workstations and QCM (EQCM), the anodic dissolution of zinc was studied by cyclic voltammetry and the concentration of Zn (I) on the surface of zinc was calculated by using the results of QCM, while the kinetic constants of secondary electron transfer of zinc were also estimated [19]. A study was also performed on the oxidation-reduction mechanism of silver electrode by EQCM [20]. The corrosion of Au in dodecanethiol was studied by means of QCM and AFM, and the kinetic equation of the initial corrosion of Au in dodecanethiol was determined [21]. The leaching of gold in a cyanide-copper-ammonia oxygenated solution was studied by means of QCM. The dissolution of gold was monitored by changing the concentration of copper ions and ammonia [22]. Using the quartz crystal microbalance with dissipation (QCM-D) technique, the leaching kinetics of gold using sodium dicyanamide as a leaching agent with and without potassium ferrocyanide were studied [23]. The mechanism of amine collectors in reverse flotation of quartz from phosphorite veins was studied by using QCM, and the adsorption process of GP193G75 on the surface of hydroxylapatite was also studied by using QCM with energy dissipation function [24]. There are no reports on the kinetic study of alkaline thiourea gold leaching systems by quartz crystal microbalance electrochemical workstations. The application of QCM-D in the above fields can be used for reference in the study of the kinetics of alkaline thiourea leaching gold systems.



According to the structure-activity correlation between the stabilizer and thiourea, sodium sulfite and sodium silicate are qualified as stabilizers. A comparison of the effects of Na2SO3 and Na2SiO3 on thiourea stabilization needs to be established based on the existing research results. The present work was novel because it made a systematic study to determine the effects of these stabilizers on the stability of alkaline thiourea and the activation energy of alkaline thiourea gold leaching. In addition, in this study, along with the presentation of electrochemical measurements (including cyclic voltammetry curves, and the steady state polarization method) that can be used to select the Na2SO3 or Na2SiO3 stabilizer, quartz-crystal microbalance (QCM-D), which is a new method for gold leaching, and atomic force microscopy were used to study the effects of the stabilizers on thiourea stabilization. The Tafel curve method and activation energy calculations were used to establish the effects of the stabilizers on the system.




2. Experimental


2.1. Reagents


Reagent grade thiourea was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. (Shanghai, China). Reagent grade sodium silicate and sodium sulfite were purchased from Tianjin Guangfu Technology Development Co., Ltd. (Tianjin, China). All solutions were made from analytical reagents with deionized water.




2.2. Instrumentation


The Au electrode was a customized thin gold chip (1.5 cm diameter, 99.99% Au), and quartz crystals were purchased from Biolin Scientific AB (Västra Frölunda, Sweden). A Q-sense E4 Quartz crystal microbalance (QCM-D, Biolin Scientific AB) was used to measure the quality, frequency, and conformation changes on the surface of the gold chips. A PAR 273 A electrochemical station (USA EG&G Princeton Applied Research Company, Oak Ridge, TN, USA) was used to measure the electrochemical behaviors. The electrode configuration was a triple-electrode system [25]. The Au electrode was the working electrode, the Ag/AgCl electrode (the potential reference value is SSE) was the reference electrode, and the graphite electrode was the auxiliary electrode.



An Agilent AFM 5500 (Santa Clara, CA, USA) with a tapping mode cantilever (V-shaped cantilever configuration) was used to take the AFM images at a scan rate between 2.9 and 3.52 Hz.




2.3. Electrochemical Measurements


Electrochemical behaviors were measured by the cyclic voltammetry and the steady state polarization methods. Prior to the experiment, the Au working surface was polished to a mirror surface with 2000-mesh metallographic sandpaper, washed three times with alcohol, and cleaned with distilled water. The counter and reference electrodes were placed in a fixture. A 1 × 10−4 m2 surface area was contacted with the solutions. The pH was adjusted by using NaOH solution. The potentials in this study were converted to potentials of standard hydrogen electrode (vs. SHE).




2.4. Measurements on Quartz Crystal Microbalance with Dissipation


All measurements on the quartz crystal microbalance with dissipation were performed at 25 degrees Celsius (±0.02 °C). A thiourea solution of 0.15 M concentration was prepared using deionized water. Two groups of experiments were conducted, with zero and 0.09 M sodium silicate in the solution, respectively. The pH of the solution was adjusted to 11.0 (±0.1) using NaOH. The flow rate of the solution was controlled at 100 μL/min. When the curve was stable, a solvent was added using the pump to achieve the baseline value [26,27,28,29].




2.5. The Measurements on Atomic Force Microscope


The gold chip measured by the quartz crystal microbalance was dried for 2 h, and the surfaces were tested using an atomic force microscope [30]. The corrosion and adsorption of the gold chip surface were evaluated using nanoscope analysis software.





3. Results and Discussion


3.1. Effect of Stabilizer on Gold Cyclic Voltammetry Curve in Alkaline Thiourea Solution


The Au cyclic voltammetry curves under different thiourea concentrations, without any stabilizer in alkaline solution, are shown in Figure 1.



The Au cyclic voltammetry curves indicated that an oxidation peak occurred at ~0.2 V and shifted left when the thiourea concentration was increased. The thiourea decomposition reactions are shown in Equation (1).


  2 SC    (    NH  2   )   2  + 2   OH  −  =    (    SCN  2   H 3   )   2  + 2  H 2  O + 2 e  



(1)







With the potential increased, another oxidation peak at ~0.8 V was observed at 0.15 M thiourea. This peak corresponds to the Au dissolution, and the alkaline complex reaction is shown in Equation (2).


  Au + SC    (    NH  2   )   2  = Au    [  CS    (    NH  2   )   2   ]   2    +  + e  



(2)







Without the stabilizer, thiourea decomposed significantly. Even if an oxidation peak appeared at 0.8 V, the dissolution current was low. There was a clear peak representing Au dissolution at 0.15 M thiourea. The remaining experiments were performed at a thiourea concentration of 0.15 M. Previous studies showed that an effective stabilizer can form a loop structure with thiourea to stabilize thiourea. Two requirements are needed for such a stabilizer: one forming an S–H bond with a thiourea molecule, and one forming a stable loop structure with a thiourea molecule. Subsequent research has shown that all substances with an –XO3 structure can stabilize thiourea [31]. In our experiments, two of the most common thiourea stabilizers, sodium sulfite and sodium silicate, were compared for their effects on Au dissolution in an alkaline thiourea system. The thiourea gold leaching cyclic voltammetry curves are shown in Figure 2a,b for sodium sulfite and sodium silicate, respectively.



As shown in Figure 2a, with Na2SO3 as a stabilizer and with positive scanning, the cyclic voltammetry curve of this system had its first oxidation peak at 0.16 V, which matched the reaction of thiourea oxidation decomposition (Equation (1)).



A second oxidation peak existed at 0.43 V, which corresponds to sodium sulfite oxidation. The oxidation peak at 0.76 V corresponds to Au dissolution and the thiourea complex reaction (as shown in Equation (2)).



During negative scanning, an obvious peak appeared, which means that the reaction was not irreversible. Therefore, the addition of sodium sulfite promoted Au dissolution. Compared with Figure 1, the Au dissolution peak current in Figure 2 reached 15 mA. However, sodium sulfite can be oxidized under alkaline conditions, which leads to an increase in consumption and the thiourea decomposition peak current is not reduced significantly compared with the absence of the stabilizer [31].



As shown in Figure 2b, with Na2SiO3 and positive scanning, the cyclic voltammetry curve had only one clear peak at 0.71 V, which matches Au dissolution with a peak current of 7 mA. No obvious oxidation peak existed at a low potential, indicating the inhibition of thiourea decomposition. No obvious peak was present during negative scanning. Consequently, Au dissolution was promoted by sodium silicate and thiourea decomposition was inhibited.



The Au dissolution peak current was higher in the presence of Na2SO3 than Na2SiO3. However, the suppressing effect of Na2SO3 on thiourea decomposition was weaker than that of Na2SiO3, and Na2SO3 reacts easily under alkaline conditions. Na2SiO3 is a strong alkaline substance, and its addition can stabilize pH, therefore, Na2SiO3 is more suited as a stabilizer than Na2SO3 in this system. The effect of Na2SiO3 concentration on the cyclic voltammetry curve is shown in Figure 3.



Figure 3a shows that the Au cyclic voltammetry curve in the alkaline thiourea gold solution had an obvious oxidation peak after sodium silicate addition. The thiourea oxidation peak disappeared at ~0.2 V and appeared at ~0.8 V. Compared with the cyclic voltammetry curve in the absence of sodium silicate, sodium silicate can suppress thiourea decomposition, which explains why the oxidation peak at ~0.2 V for thiourea decomposition was unclear. When thiourea was not decomposed, Au can be dissolved by the complex reaction with thiourea, and a corresponding oxidation peak appeared at ~0.8 V. Figure 3 also shows that an increase in sodium silicate concentration tended to increase the Au dissolution peak current. When the sodium silicate concentration reached 0.09 M, the increase in the Au dissolution peak current was not obvious and only the decomposition voltage decreased slightly. Therefore, the selected sodium silicate concentration was 0.09 M.



In order to further determine the optimal concentration of sodium silicate, the effect of sodium silicate concentration on the steady-state polarization curve of gold in the alkaline thiourea system was measured with gold as the working electrode by our research team [31], and the results are shown in Figure 3b, where the sodium silicate concentration varied from 0 to 0.15 M at a 0.03 M interval, the thiourea concentration was 0.15 M, the pH is 11, and the sweep speed was 10 mV/s.



Because the standard electrode potential of thiourea-gold complexes, and the potential of the oxidation of thiourea to dithiomamidine, is 0.38 and 0.42 V, respectively, the relationship between the stabilizer concentration and the anode current density at the two potentials and the peak potential was examined at pH 11 [31]. Figure 3c and Table 1 show that the peak current of the gold anode increased with the concentration of the stabilizer at the peak, and increased with the sodium silicate concentration at 0.38 and 0.42 V, respectively, at a silicate concentration of <0.09 M, above which the gold anode current density increased at a slower pace [31]. Therefore, at pH 11, the selected concentration of sodium silicate was 0.09 M. Some scholars also have used the same method to study the optimal sodium silicate concentration of stable thiourea [32]. Although the conclusions of different researchers regarding the optimal concentration of sodium silicate are somewhat biased due to the influence of test conditions and other parameters [32], it is certain that the concentration of sodium silicate is not positively correlated with the stability of thiourea. After exceeding a certain concentration, the stability of thiourea is weakened, and the irreversible decomposition of thiourea is difficult to completely inhibit.




3.2. Dissolution of the Au Chip Surface in Alkaline Thiourea Solution with/without Sodium Silicate by QCM-D


QCM-D was used to study the surface dissolution of the Au chip at pH 11 and 0.15 M thiourea with, or without, sodium silicate. The experimental results are shown in Figure 4.



As shown in Figure 4a,b, Δf increased slowly, and ΔD and Δm showed a slow reduction when adding 0.09 M sodium silicate solution, suggesting that the surface of the Au chip started to dissolve. One hour after the addition of the solution, Δf and ΔD started to increase, but did not return to zero because the surface of the Au chip was partially dissolved, and its quality and appearance had changed. The AFM appearance of the surface is shown in Figure 5a. Figure 4c,d shows that after the addition of the solution without sodium silicate, Δf showed a slow reduction, while ΔD and Δm increased slowly, which means that thiourea decomposition had occurred on the surface of the Au chip. Decomposition reaction products covered the surface of the Au chip and increased its surface mass. One hour after the addition of the solution, the water solution was added, and Δf and ΔD started to increase again, but did not return to zero, which indicated that decomposition products adsorbed strongly to the Au surface. The AFM appearance of this surface is shown in Figure 5b.



Without sodium silicate, there was almost no Au dissolution on the surface of the Au chip because of the extensive decomposition of thiourea and surface coverage by the decomposition product. However, after the addition of 0.09 M sodium silicate, corrosion pits appeared on the surface of the Au chip. The experimental results by QCM-D are consistent with the electrochemical cyclic voltammetry curves.



Figure 6a shows the curve fitting of the Au dissolution in Figure 4b. Figure 6b shows a plotted diagram of the ΔD and Δf in Figure 4a. As shown in Figure 6a, in the case of the addition of sodium silicate stabilizer, the linear regression was carried out for the curve, and the R2 after regression was 0.94 in Figure 6a, so the linearity is poor. Therefore, the dissolution of gold in this section was only a nearly linear dissolution. Figure 6b shows that with the addition of the stabilizer, although the degree of fitting was low, the Δf–ΔD diagram of this system had only one K value. In general, no reaction other than Au dissolution occurs in the system.



Figure 6c shows the curve fitting of the Au chip surface in Figure 4d. Figure 6d shows the plotted diagram of the Δf–ΔD relationship in Figure 4c. As shown in Figure 6c, without the addition of sodium silicate stabilizer, the correlation between Au dissolution quality and time can be fitted linearly because of the coverage by the decomposition products on the surface of the Au chip. The curve is divided into two segments with R2 curve fitting values of 0.98 and 0.84, respectively. The change in K value in the second segment was most likely caused by two factors—the reduction in thiourea concentration because of its decomposition during the late stage of reaction, and the passivation that occurs when the gold surface is covered by oxidation products [25]. Figure 6d shows that, without the addition of sodium silicate stabilizer, there is only one K value for the Δf–ΔD diagram in this system, which means that adsorption of the thiourea decomposition products on the Au chip surface has only one construction.




3.3. Study of the Impact of Sodium Silicate on the Surface Activation Energy in the Alkaline Thiourea Gold Leaching System


The Au open-circuit potential (OCP) measured at pH 11 and a thiourea concentration of 0.15 M is shown in Figure 7. The starting Au OCP under these conditions was −0.070 V and changed to −0.076 V after stabilization. Using this OCP value as the middle point, Tafel curves at different temperatures (298, 303, 308, and 313 K) were obtained at −0.5~0.4 V, pH 11, 0.1 mV/S scanning speed, and 0.15 M thiourea concentration. The straight section of the Tafel curves shows an area of strong anode polarization and cathode polarization [33,34,35,36,37]. By extending the straight lines, the X-axis of the intersection point is the corrosion current, while the Y-axis represents corrosion potential.



Figure 8 presents the Tafel curve at 298 K without sodium silicate and the Au corrosion current   lg  i  c o r r     = −5.85 in these conditions. Based on   lg  i  c o r r     from the Tafel curve, the Au corrosion current    i  c o r r     was calculated at a different temperature. In corrosion electrochemistry, the corrosion current can be seen as the reaction rate of the metal electrode reaction. The calculated Au dissolution velocity at different temperatures is shown in Table 2 and Table 3.



Table 2 and Table 3 show that, with increasing temperature, the Au anode dissolution velocity increased gradually in the alkaline thiourea system without sodium silicate, especially at a high temperature, and the rate of increase accelerated as the temperature was increased. After sodium silicate addition, the Au anode dissolution velocity also increased, but the rate of increase was less rapid than that in Table 2. A comparison of the Au dissolution velocity with, or without, sodium silicate at different temperatures, showed that the Au dissolution velocities in the presence of sodium silicate were larger than those without sodium silicate, which means that silicate promotes Au anode dissolution.



Based on the Arrhenius formula (see Equation (3)):


  ln k = C −  E R  ·  1 T   



(3)




where T is the temperature, k is the reaction rate, E is the experimental activation energy, R is the molar gas constant 8.314 J/(moL·K), and C is a constant.



The correlation between the dissolution velocity and activation energy E and temperature T can be obtained. Figure 9 plots   ln  i  c o r r     against 1/T, and the slope of the line represents the apparent activation energy.



The fitted line had a slope of −22.102 in the presence of thiourea only. Thus, the calculated apparent activation energy was 183.76 kJ/moL without sodium silicate. The slope of the fitted line was −11.796 for 0.09 M sodium silicate, and the activation energy was 98.07 kJ/moL, indicating that sodium silicate gradually reduces the Au dissolution apparent activation energy, which facilitates Au dissolution.





4. Conclusions


(1) Without any stabilizer, the Au cyclic voltammetry curve in an alkaline thiourea solution had an oxidation peak of thiourea decomposition around 0.2 V when scanning positively. Excessive thiourea consumption lead to an absence of the Au dissolution peak around 0.8 V during subsequent positive scanning. Only a small peak appeared at a thiourea concentration of 0.15 M. The most suitable sodium silicate concentration was 0.15 M.



(2) In terms of Na2SO3 and Na2SiO3, when Na2SO3 was present, the Au dissolution peak current was higher than with Na2SiO3. However, Na2SO3 suppressed the thiourea decomposition to a lesser extent than Na2SiO3, and it reacted easily under alkaline conditions. A comparison with Na2SO3 shows that Na2SiO3 is more suitable as a stabilizer in this system.



(3) The QCM-D results show that, in an alkaline thiourea system, the surface mass of the Au chip was not reduced, but it increased without sodium silicate because of substantial thiourea decomposition and decomposition products covered the Au chip surface. The AFM experimental results confirmed the thiourea decomposition and product coverage on the Au chip surface. Minimal corrosion occurred on the surface of the Au chip in the absence of Na2SiO3. Sodium silicate addition lead to a reduction in surface mass of the Au chip. The surface AFM experimental results also showed that corrosion pits existed to different extents. Thus, sodium silicate can stabilize thiourea under alkaline conditions.



(4) A comparison of the effect of the absence/existence of sodium silicate on the Au Tafel curve in an alkaline thiourea system at different temperatures shows that the Au corrosion current increases as temperature increases, regardless of whether sodium silicate is added or not. The surface activation between them was calculated with the Arrhenius formula. The surface activation energy of Au dissolution without sodium silicate was 183.76 kJ/moL. Its activation energy was 98.07 kJ/moL when 0.09 M sodium silicate was added. This result also indicated that sodium silicate reduced the surface activation energy of Au dissolution significantly and made Au easier to dissolve.
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Figure 1. The Au potential sweep voltammetry curves under different thiourea concentrations without any stabilizer (scanning speed 50 mv/S; aqueous: Cthiourea from 0 to 0.20 M, pH = 11). 
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Figure 2. Gold leaching cyclic voltammetry curve at pH 11, 0.09 M Na2SO3 (a) or Na2SiO3 (b) and 0.15 M thiourea. 
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Figure 3. Effect of sodium silicate concentration on gold leaching with thiourea. (a) Effect of Na2SiO3 concentration on cyclic voltammetry curve; (b) effect of sodium silicate concentration on steady-state polarization curve of gold [31]; (c) effect of sodium silicate concentration on the current density of gold anode polar solution [31]. 
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Figure 4. The surface dissolution of the Au chip with, or without, sodium silicate at pH 11 and 0.15 M thiourea: (a,b) CNa2SiO3 = 0.09 M; (c,d) no sodium silicate. The thiourea solution was introduced after approximately 1000 s and switched back to water after one minute. 
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Figure 5. The AFM appearance of the surface of the Au chip with, or without, Na2SiO3 with thiourea concentration of 0.15 M: (a) can2SiO3 = 0.09 M; (b) no sodium silicate. 
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Figure 6. (a) Correlation between Au dissolution mass and time in the presence of sodium silicate; (b) Δf–ΔD relationship in the presence of sodium silicate; (c) correlation between the surface mass of the Au chip and time without the stabilizer; (d) Δf–ΔD correlation without stabilizer. 
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Figure 7. Au OCP at pH 11 and thiourea concentration of 0.15 M. 
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Figure 8. Au Tafel curve at 298 K, a thiourea concentration of 0.15 M and pH 11. 
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Figure 9. Correlation between temperature and Au dissolution velocity. 
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Table 1. Peak current and voltage of steady-state polarization curve of gold electrode at different concentrations of sodium silicate solution [31].
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	Na2SiO3 Concentration (M)
	Peak Voltage (V)
	Peak Current (10−3 A)





	0
	0
	0



	0.03
	0.74
	1.70



	0.06
	0.70
	3.27



	0.09
	0.65
	4.19



	0.12
	0.64
	5.17



	0.15
	0.63
	5.84
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Table 2. Effect of temperature on Au dissolution velocity.
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	Temperature (K)
	     i  c o r r      (   μ A  /  c    m  2   )     





	298
	1.45



	303
	12.90



	308
	23.63



	313
	72.06










[image: Table] 





Table 3. Effect of temperature on Au dissolution velocity with sodium silicate.
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	Temperature (K)
	     i  c o r r      (   μ A  /  c    m  2   )     





	298
	11.90



	303
	35.76



	308
	60.32



	313
	90.15
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