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Figure 2-5. SEM-EDX analysis of Pt electrode after chronoamperometry at 1.0 V vs. SHE for 3h: 

(a-1) SEM photomicrograph and (a-2) energy dispersive X-ray spectra of several points, (b-1) SEM 

photomicrograph and the corresponding elemental maps of Pt (b-2), C (b-3), Ti (b-4), and O (b-5). 

 

 

Figure 2-6. SEM-EDX analysis of Pt electrode after immersion in Ti-catechol solution for 3h: (a) 

SEM photomicrograph and (b) energy dispersive X-ray spectra of several points. 
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Figure 2-9. Leaching of arsenopyrite in DI water (control), catechol only, Ti-catecholate complex 

(CME): evolution of (a) pH and (b) Eh, and changes in the concentrations of (c) As and (d) Ti with 

time. 
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Figure 2-10. SEM-EDX analysis of arsenopyrite after Ti-based CME treatment: (a) SEM 

photomicrograph, elemental maps of (b) Fe, (c) As, (d) S, (e) Ti and (f) O, and (g) energy dispersive 

X-ray spectrum of scanned area. 
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3.3 Results and discussion 

3.3.1 Effects of temperature  

Leaching experiments under various temperature ranging from 30 to 70 ºC were conducted to 

identify the temperature dependence of the reaction rate of Ti-catecholate complex decomposition. 

At 30 ºC, the concentration of As released from arsenopyrite continuously increased for 48 h and 

afterwards, As release was stopped (Figure 3-3a). Meanwhile, dissolved Ti gradually decreased with 

time (Figure 3-3b), indicating that Ti-catecholate complex was decomposed and released Ti4+ was 

precipitated as TiO2 as discussed in Chapter 2. At 50 ºC, the initial rate of As release was faster than 

that at 30 ºC but after 24 h, the concentration of dissolved As did not change until 72 h (Figure 3-3a), 

which means that the suppressive effect of Ti-based CME on arsenopyrite oxidation was achieved 

early at a higher temperature due most likely to the faster complex decomposition/coating formation 

(Figure 3-3b). In general, the oxidation rates of not only arsenopyrite but also most of the minerals 

are known to be accelerated at a high temperature (Yu et al., 2004, 2007). However, it is interesting 

to note that with further increasing temperature up to 70 ºC, the release of As from arsenopyrite was 

significantly suppressed compared with those at 30 and 50 ºC. This phenomenon could be explained 

by a rapid decrease of the Ti4+ concentration at 70 ºC, implying that Ti4+ was precipitated and 

transformed into the surface coatings protecting arsenopyrite against further oxidation. 

 

 

Figure 3-3. Leaching of arsenopyrite in Ti-catechol solution under various temperature: changes in 

the concentrations of (a) As and (b) Ti with time. 
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3.3.2 Effects of Cu2+-NH3 complex 

To investigate the effects of Cu2+-NH3 complex on Ti-based CME, leaching of arsenopyrite in 

Ti-catechol solution in absence and presence of Cu2+-NH3 complex was carried out (Figure 3-7). The 

As release from arsenopyrite was substantially suppressed with Cu2+-NH3 complex (Figure 3-7a). 

After 7 days, the concentrations of As released from arsenopyrite in Ti-catechol solution with and 

without Cu2+-NH3 complex were around 8 and 35 mg/L As, respectively. It was also confirmed that 

Cu2+-NH3 complex accelerated the precipitation of Ti4+ (Figure 3-7b). Moreover, dissolved Cu 

concentration also decreased with time and its trend was similar to the change in dissolved Ti 

concentration (Figure 3-7c). 

To check the interaction between Ti-catecholate and Cu2+-NH3 complexes, Ti-catechol solutions 

were mixed with Cu2+-NH3 complex in the absence of arsenopyrite. As shown in Figure 3-8a, 

Ti-catecholate complex was stable and its concentration was not changed without Cu2+-NH3 

complex but Ti-catecholate complex became unstable and the concentration decreased with time 

when Cu2+-NH3 complex was mixed. The precipitation of Cu2+ was also observed (Figure 3-8b), 

implying that Ti-catecholate complex was most likely precipitated with Cu2+-NH3 complex. 

Although the presence of Cu2+-NH3 suppressed As release from arsenopyrite (Figure 3-7a), it would 

not selectively form the protective coating on arsenopyrite because Ti-catecholate complex was not 

electrochemically decomposed on the surfaces of the sulfide mineral but it was just precipitated in 

the bulk solution phase as shown in Figure 3-8. 

 

 

Figure 3-7. Leaching of arsenopyrite in Ti-catechol solution with and without Cu2+-NH3 complex: 

changes in the concentrations of (a) As, (b) Ti, and (c) Cu with time. 
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Figure 3-8. Stability of Ti-catecholate complex in the absence and presence of Cu2+-NH3 complex: 

changes in the concentrations of (a) Ti and (b) Cu with time. 

 

3.3.3 Effects of Cu2+ 

The effect of Cu2+, a common co-existing ion in the wastes produced after mineral processing and/or 

extractive metallurgy, on Ti-based CME for arsenopyrite was examined (Figure 3-9). Figure 3-9a 

compares the release of As from arsenopyrite with and without Cu2+ addition. The concentrations of 

As released from arsenopyrite was lower with Cu2+ than that without Cu2+, which means that the 

addition of Cu2+ is effective to suppress arsenopyrite oxidation. This suppressive effect was most 

likely achieved by faster precipitation of Ti4+ with Cu2+ (Figure 3-9b). Because the concentration of 

Cu2+ also decreased with time (Figure 3-9b), there is a possibility that co-precipitation of 

Ti-catecholate complex and Cu2+ occurs. 

To confirm this, the stability of Ti-catecholate complex in the presence of various 

concentrations of Cu2+ was examined by mixing Ti-catecholate complex and Cu2+ in the absence of 

arsenopyrite, and the results indicated that the concentration of Ti was not changed drastically even 

though around 75 mg/L Cu2+ was added (Figure 3-10). Another possibility of the precipitation of 

Cu2+ is likely due to the interaction between Cu2+ and arsenopyrite, so a shaking flask experiment 

was carried out by mixing 1 g of arsenopyrite and 50 mL of the solution containing 1 mM Cu2+. 

Figure 3-11 shows that substantial amounts of Cu2+, approximately 90%, were precipitated after 1 

day of shaking although the pH of leachate was around 3.8 at which the solubility of Cu2+ was very 

high as shown in the solubility diagram of Cu2+ (Figure 3-12). According to Guongming and Hongen 

(1989) and Chandraprabha et al. (2005), Cu2+ was reported to be adsorbed onto the As and/or S sites 
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of arsenopyrite, so leaching residue was analyzed using SEM-EDX to check whether Cu2+ was 

adsorbed on the surface of arsenopyrite or not. SEM-EDX results show that on the surface of 

arsenopyrite, there were particulates mainly composed of Cu and S with low signals of Fe and As, 

which supported the adsorption of Cu2+ onto the surface of arsenopyrite as a CuS-like compound 

(Figure 3-13). When copper sulfide (e.g., chalcocite (Cu2S) and covellite (CuS)) and arsenopyrite are 

in contact, a galvanic cell would be formed, where copper sulfide with a lower rest potential acts as 

an anode and is preferentially dissolved while the arsenopyrite with a higher rest potential behaves 

like a cathode and is galvanically protected (Allison et al., 1972). According to Walker et al. (2006), 

anodic half-cell reaction of arsenopyrite oxidation is the rate-determining step. The anode property 

of arsenopyrite was changed in the presence of Cu2+ due to the formation of CuS-like compounds on 

arsenopyrite surface, and thereby the rate of Ti-catecholate complex decomposition was most likely 

accelerated (Figure 3-9b). 

 

 

 

Figure 3-9. Leaching of arsenopyrite in Ti-catechol solution with and without Cu2+: changes in the 

concentrations of (a) As and (b) Ti & Cu with time. 
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Figure 3-10. Stability of Ti-catecholate complex with varying the concentration of Cu2+ added. 

 

 

 

Figure 3-11. Interaction between Cu2+ and arsenopyrite. 
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days of exposure to the air. The amount of sample placed in the weathering cells and the volume of 

DI water poured were 3 g and 10 ml, respectively. The samples were leached for 3 h at a fixed time 

of the day. After this, the leachates were collected using a vacuum pump and then analyzed by 

ICP-AES. 

 

Figure 4-1. The schematic diagram of the setup for weathering cell tests. 

 

4.2.9 Regeneration of used organic carrier 

Catechol was pre-oxidized under ambient conditions to generate quinone, an oxidation product of 

catechol. One hundred milliliters of 1 mM catechol solution was prepared at pH 10 and magnetically 

stirred at 200 rpm because under alkaline conditions, the oxidation rate of catechol by O2 is known 

to be accelerated (Yang et al., 2014). At pre-determined time intervals, 20 ml of aliquots were 

collected and used for linear sweep voltammetry (LSV) and UV-vis spectroscopic measurements. 

The LSVs were measured from OCP to 1.0 V vs. SHE under N2 atmosphere. For the regeneration of 

oxidized catechol prepared by pre-oxidation of catechol solution for 3 days, electrolysis was applied 

by applying a fixed potential at 0.0 V vs. SHE where quinone could be reduced back to catechol. 

After electrolysis for 1 h, LSV was again measured to identify the changes in the amounts of reduced 

products. 
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Figure 4-10. Characterization of arsenopyrite after treatment in [Al(cat)]+ solution for 10 day: (a) 

SEM photomicrograph, elemental maps of (b) Fe, (c) As, (d) S and (e) Al, (f) energy dispersive 

X-ray spectrum of the scanned area. 

 

 

Figure 4-11. DRIFT spectra of arsenopyrite before and after leaching. 
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Figure 4-16. Weathering cell tests of control and CME-treated arsenopyrite: changes in the 

concentrations of (a) Fe, (b) As, and (c) S, and evolution of leachate (d) pH. 

 

 

Figure 4-17. SEM-EDX results of residues after weathering cell tests: (a) SEM photomicrograph and 

(b) EDX spectrum of control, and (c) SEM photomicrograph and (d) EDX spectrum of CME-treated 

sample. 
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be possible by electrolysis at an applied potential of 0.0 V vs. SHE. Taking all of these results into 

consideration, we proposed a more sustainable process based on CME that would prevent 

As-containing AMD formation from mine wastes as illustrated in Figure 5-1. 

 

 

Figure 5-1. The proposed process based on CME for treating mine wastes. 

  




