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Abstract 

Acid mine drainage (AMD) formation is mainly caused by the oxidation of pyrite. Carrier-

microencapsulation (CME) using metal-catecholate complexes has been proposed to passivate sulfide minerals 

by forming surface-protective coatings on their surfaces. Among the various metal-catecholate complexes, Ti-

catecholate formed stable coatings having superior acid-resistance, but a thick enough passivating film required 

considerable time (ca. 14 days) to grow. Meanwhile, Fe-catecholates can form Fe-oxyhydroxide coatings within 

2 days, however, they are less stable than Ti-based coating. To address these drawbacks of using a single metal-

complex, this study investigated the concurrent use of Fe-catechol and Ti-catechol complexes for accelerating the 

formation of stable passivating coating on pyrite. 

Compared with a single metal-complex system, the coating formation was significantly accelerated in mixed 

system. Linear sweep voltammetry showed the simultaneous decomposition of [Fe(cat)]+ and [Ti(cat)3]2– as the 



2 

 

main reason for improved coating formation. Electrochemical properties of coatings formed by single and mixed 

complex systems, confirmed by electrochemical impedance spectroscopy and cyclic voltammetry, indicated the 

coating formed in the mixed system had higher resistance and more electrochemically inert than the other cases. 

The simultaneous use of Fe-catechol and Ti-catechol complexes enhanced pyrite passivation by accelerating 

metal-complex decomposition and forming more stable coating composed of Fe2TiO5. 

Keywords: acid mine drainage; pyrite; carrier-microencapsulation; Fe-catecholate complex; Ti-catecholate 

complex 

1. Introduction 

Mining and mineral processing industries are essential for metal production and often generate large amounts 

of sulfide-rich wastes, which are known to generate acid mine drainage (AMD) when exposed to the environment 

(Johnson and Hallberg, 2005; Park et al., 2019, 2020a; Tabelin 2017a, 2017b, 2020a; Tomiyama et al., 2019, 

2020). Similarly, huge amounts of sulfide-bearing soils, sediments and rocks are being excavated from 

underground space development for modern railways and road system, powerplants, shopping malls and parking 

spaces, and radioactive waste repositories, which have been reported to generate AMD-like and highly 

contaminated effluents (Huyen et al., 2019a, 2019b; Ho et al., 2021; Li et al., 2016; Tabelin et al., 2012a, 2012b, 

2014a, 2014b; Tamoto et al., 2015). Among all sulfide minerals, pyrite (FeS2) is the primary cause of AMD 

formation because it is the most common and abundant in nature (Tabelin et al., 2018).  

Acid mine drainage is not only acidic but also highly contaminated with heavy metals (e.g., cadmium (Cd), 

copper (Cu), iron (Fe), manganese (Mn), lead (Pb), and zinc (Zn)) (Igarashi et al., 2020; Tabelin and Igarashi, 

2009; Tabelin et al., 2013, 2017c, 2017d; Tatsuhara et al., 2013) and toxic metalloids like arsenic (As) and 

selenium (Se) (Opiso et al., 2021; Tabelin et al., 2010, 2012c, 2014c), and is considered one of the most serious 

environmental problems encountered by mining and mineral processing industries worldwide. If released to the 

environment without appropriate treatments, AMD could seriously damage the surrounding water bodies, soil and 

sediment systems, and ecosystems. To manage AMD, the most commonly used strategy is chemical neutralization 

whereby basic materials like limestone (CaCO3), quicklime (CaO) or slaked lime (Ca(OH)2) are mixed with AMD 

to raise its pH to precipitate-immobilize almost all toxic and hazardous metal(loid) ions as metal-oxyhydroxides 

(Park et al., 2019; Tabelin et al., 2021a). Although neutralization-based remediation is very effective to mitigate 

the negative environmental impacts of AMD, it has two critical drawbacks: (1) almost perpetual treatment is 
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required because AMD formation typically lasts for several hundreds or even thousands of years (Davis Jr. et al., 

2000; Tabelin et al., 2019a), and (2) disposal of huge amounts of bulky and hazardous sludge produced by the 

treatment (Gazea et al., 1996; Kefeni et al., 2015; Park et al., 2020b; Taylor et al., 2005). 

Due to the above-mentioned limitations of neutralization, one promising alternative strategy to limit AMD 

formation is by directly passivating sulfide minerals with surface-protective layers in a process generally referred 

to as microencapsulation. Several microencapsulation techniques have been developed in recent years to coat 

pyrite with inorganic-based (e.g., ferric oxyhydroxides/oxides, ferric phosphate and ferric silicates) (Evangelou, 

1995; Huminicki and Rimstidt, 2009; Zhang and Evangelou, 1998), organic-based (e.g., humic acids, 

triethylenetetramine (TETA), lipids) (Ačai et al., 2009; Cai et al., 2005; Elsetinow et al., 2003), and hybrid 

inorganic/organic-based coatings (e.g., methyltrimethoxysilane (MTMOS), n-propyltrimethoxysilane (NPS), γ-

mercaptopropyltrimethoxysilane (PropS-SH)) (Diao et al., 2013; Khummalai and Boonamnuayvitaya, 2005; 

Ouyang et al., 2015). These encapsulation techniques passivated sulfide minerals like arsenopyrite (FeAsS) and 

pyrite; however, they were either non-selective (i.e., cannot target the 1–10% of sulfide minerals found in mining 

wastes) or biologically degradable in the environment.  

To address these limitations, carrier-microencapsulation (CME) was developed by the authors (Satur et al., 

2007). This technique uses redox-sensitive metal-organic complexes—sparingly soluble metal ions like aluminum 

(Al3+), iron (Fe3+), and titanium (Ti4+) together with an organic complexing agent like catechol (1,2-

dihydroxybenzene, C6H4(OH)2)—that specifically decompose on minerals when they undergo electrochemical 

dissolution (Li et al., 2019a; Park et al., 2018a, 2018b). As a result of the complex decomposition, metal ions are 

released and precipitated as metal-oxyhydroxides/oxides on the mineral surface. Once pyrite is coated with metal-

oxyhydroxides/oxides, interactions of dissolved oxygen (DO), ferric ion (Fe3+), water and the mineral surface are 

inhibited, suppressing sulfide dissolution (Eqs. 1–3). 

2FeS2(s) + 7O2(aq) + 2H2O → 2Fe2+
(aq) + 4SO4

2–
(aq) + 4H+

(aq) (1) 

4Fe2+
(aq) + O2(aq) + 4H+

(aq) → 4Fe3+
(aq) + H2O (2) 

FeS2(s) + 14Fe3+
(aq) + 8H2O → 15Fe2+

(aq) + 2SO4
2–

(aq) + 16H+
(aq) (3) 

Among the metal-catecholate complexes previously evaluated by the authors for CME, Ti-catecholate 

complex was the most promising due to the high stability of coating formed even under acidic conditions. Park et 
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al. (2018a), for example, confirmed the oxidative decomposition of Ti-catecholate complex ([Ti(cat)3]2–) and 

arsenopyrite/pyrite coating with TiO2, which was stable in the pH range of 3–12. CME has been proposed for 

application during flotation before tailings are disposed into tailings storage facility (TSF) because directly 

introducing Ti-catecholate complex into the acidic environment of TSFs would destabilize metal-catecholate 

complexes and limit its effectiveness (Park et al., 2021). Flotation—the most commonly used technique to produce 

saleable concentrates (Aikawa et al., 2019; Hornn et al., 2020a, b; Tabelin et al., 2021b)—is typically operated 

under neutral to alkaline conditions (i.e., pH > 7) to depress non-valuable sulfide minerals like pyrite, which 

makes the application of CME to flotation tailings more practical. Although Ti-based CME can passivate pyrite 

present in flotation tailings, there is an apparent limitation on its applicability due to the sluggish decomposition 

of Ti-catecholate complex (Park et al., 2018a). Other types of metal-catecholate complexes like [Al(cat)]+ and 

[Fe(cat)]+ have faster reaction kinetics for coating formation (< 2 days), but the coatings they formed were less 

stable than that of Ti-based CME (Li et al., 2019a; Park et al., 2018a, 2018b, 2019). 

Thus, the accelerated formation of stable coating remains a challenge to be solved in CME. To meet this 

need, the present study examined CME treatment of pyrite using two different types of complexes (i.e., Fe-

catechol and Ti-catechol complexes) with the aims of not only creating more stable coating composed of Fe—

Ti—O than Fe-oxyhydroxide formed by Fe-based CME but also accelerating coating formation process compared 

to Ti-based CME. The specific objectives of this study are three-fold: (1) to identify the stabilities of Fe-catechol 

and Ti-catechol mixtures, (2) to investigate the complex decomposition/coating formation occurring in the 

presence of pyrite, and (3) to evaluate the properties of coatings formed by Fe-catechol and Ti-catechol complexes. 

The first objective was clarified by ultraviolet-visible (UV-vis) light spectrophotometry while the second and third 

objectives were achieved by batch-type leaching experiments, surface characterization of residues using X-ray 

photoelectron spectroscopy (XPS), and electrochemical studies (e.g., linear sweep voltammetry (LSV), cyclic 

voltammetry (CV), and electrochemical impedance spectroscopy (EIS)). 

2. Materials and methods 

2.1. Stabilities of Fe-catechol and Ti-catechol complexes 

To check the stabilities of Fe-catechol and Ti-catechol complexes in mixed systems, solutions containing 1 

mM Fe3+, 1 mM Ti4+, and various concentrations of catechol (0–6 mM) were prepared using ferric nitrate 

nonahydrate (Fe(NO)3·9H2O), high purity (99.9%) Ti standard solution for ICP-AES (1000 mg/L Ti4+ in 1 M 
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H2SO4), and pyrocatechol. After adding Fe3+, Ti4+ and catechol (cat) into deionized (DI) water (18 MΩ cm, Milli-

Q® Integral Purification System, Merck Millipore, USA), solutions were magnetically stirred at 200 rpm under 

ambient conditions, their pH was adjusted to 8.0 ± 0.1 using dilute HNO3 and NaOH, and then allowed to stabilize 

for 10 min. The pH 8 was chosen because CME has been proposed for treating flotation tailings (pH > 7). At pH 

greater than 7, two types of Fe-catecholate complexes can be formed (i.e., [Fe(cat)2]– at pH < 9 and [Fe(cat)3]3– at 

pH > 9); however, between two complexes, only the former can create the surface protective coating on pyrite (Li 

et al., 2019a). Because of this, pH 8 was selected not only to synthesize [Fe(cat)2]– selectively but also to avoid 

the formation of [Fe(cat)3]3–. After this, solutions were filtered through 0.2 μm syringe-driven membrane filters 

(LMS Co. Ltd., Japan) to remove precipitates and polymerized organic molecules, and filtrates were immediately 

analyzed by atomic emission spectrometer (ICP-AES, ICPE 9820, Shimadzu Corporation, Japan) and UV-vis 

spectrophotometer (V-630, Jasco Analytical Instruments, Japan) in a single-crystal quartz cell between 350 and 

800 nm. For UV-vis measurements, Fe-Ti-cat solutions were diluted 10 times (i.e., 0.1 mM Fe3+ and Ti4+ with 

0.1–0.6 mM catechol). 

2.2. CME treatments of pyrite with Fe-catechol and Ti-catechol complexes 

The pyrite sample used in this study was obtained from Cerro de Pasco mine, Peru.  It was primarily crush 

ed by a hammer down to about 2 cm in diameter and hand picking was conducted to remove the visible impurities. 

Afterwards, the crushed pyrite sample was further crushed by a jaw crusher (BB 51, Retsch Inc., Germany), 

ground by a vibratory disc mill (RS 100, Retsch Inc., Germany), and screened to obtain a size fraction between 

106 and 150 μm in diameter. Prior to the experiments, pyrite sample was washed using the method developed by 

McKibben and Barnes (1986) to remove slime coatings as well as any oxidized layer formed during sample 

preparation and storage. This washing method involves ultrasonic desliming in ethanol, washing with 1 M HNO3, 

rinsing with DI water, dewatering with acetone, and drying in a vacuum desiccator. 

Three types of solutions were prepared for CME treatment: (i) 5 mM Fe3+ and 30 mM catechol, (ii) 5 mM 

Ti4+ and 30 mM catechol, and (iii) 5 mM Fe3+, 5 mM Ti4+ and 30 mM catechol. The pH of solution was fixed to 

8.0 where both Fe-catechol and Ti-catechol complexes are stable. One gram of washed pyrite and 10 mL of 

solution were put in a 50-mL Erlenmeyer flask and shaken in a constant temperature water bath (25°C) at 120 

strokes/min under oxic conditions. At predetermined time intervals, the suspensions were filtered through 0.2 μm 

syringe-driven membrane filters, then the filtrates were analyzed by ICP-AES. Meanwhile, the residue was 
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thoroughly washed with DI water, dried in a vacuum oven at 40°C for 1 day, then analyzed by XPS (JPS-9200, 

JEOL Ltd., Japan) to characterize the surface of pyrite after CME treatment. The XPS analysis was conducted 

using an Al Kα X-ray source (1486.7 eV) operated at 100 W (voltage = 10 kV; current = 10 mA) under ultrahigh 

vacuum conditions (~6.7 × 10−7 Pa). The collected XPS spectra were processed using CasaXPS software (version 

2.3.23). 

2.3. Electrochemical studies 

Oxidative decompositions of complexes in single and mixed complex systems were investigated by anodic 

linear sweep voltammetry (LSV) using a computer-controlled electrochemical measurement unit (SI 1280B, 

Solartron Instruments, UK). A conventional three-electrode system, consisting of a platinum (Pt) rod working 

electrode, a Pt wire counter electrode, an Ag/AgCl reference electrode filled with 3.3 M NaCl, was used in this 

study. A water-jacket type glass cell was connected to a recirculating thermostat water bath (BB400, Yamato 

Scientific Co. Ltd., Japan). Three types of solutions containing (i) 1 mM Fe3+ and 3 mM catechol, (ii) 1 mM Ti4+ 

and 3 mM catechol and (iii) 1 mM Fe3+, 1 mM Ti4+ and 6 mM catechol were prepared for LSV measurement. All 

solutions contained 0.1 M NaNO3 as supporting electrolyte and their pH was adjusted to 8 using dilute NaOH. 12 

mL of prepared solution was poured in the cell maintained at 25°C and deoxygenated by purging with N2 

(99.999% purity) for 30 min through a Teflon® tube. The position of tube tip was adjusted slightly above the 

surface of the solution prior to each experiment, and N2 was continuously introduced into the cell to keep an 

anoxic atmosphere during the measurement. The LSV measurement commenced after equilibration at the open 

circuit potential (OCP) at a sweep rate of 5 mV/s up to +0.8 V. 

For the comparison of coatings formed by Fe-catechol complex with and without Ti-catechol complex, the 

Pt electrode was pretreated by chronoamperometry at +0.8 V for 1 h in solutions containing (i) 5 mM Fe3+ and 15 

mM catechol, and (ii) 5 mM Fe3+, 5 mM Ti4+ and 30 mM catechol to induce the coating formation. A Pt electrode 

was used as a working electrode to evaluate the electrochemical properties of different coatings properly without 

interference from pyrite. After this, the pretreated electrode was taken out from the solution, washed with DI 

water, and then used as working electrode for electrochemical impedance spectroscopy (EIS), which was operated 

under the following conditions: DC bias, 0 V vs OCP; AC amplitude, 5 mV; AC frequency, 20,000 Hz to 0.1 Hz; 

electrolytes, dilute H2SO4 solution (pH 2.5). Moreover, cyclic voltammetry (CV) of pretreated electrode was 

carried out to evaluate redox properties of coatings. For CV measurements, the pretreated electrode was immersed 
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in deoxygenated 0.1 M NaNO3 solution, equilibrated at OCP, and then measured between –0.8 to +0.8 V at a scan 

rate of 5 mV/s. The scan direction was towards more negative potentials first (i.e., cathodic direction) because 

FeIII species in coatings cannot be further oxidized. 

3. Results and discussion 

3.1. CME treatment using Fe-catechol and Ti-catechol complexes 

Figure 1a shows the concentrations of Ti4+ and Fe3+ in solutions containing various concentrations of catechol 

at pH 8. Without catechol, both Ti4+ and Fe3+ were precipitated, but with catechol, their concentrations increased 

as the concentration of catechol increased. The higher solubilities of Ti and Fe could be attributed to the formation 

of metal-catecholate complexes with the appropriate number of catechol ligands. As shown in UV-vis spectra 

(Fig. 1b), two absorption bands were observed at around 380 and 580 nm, corresponding to the presence of 

[Ti(cat)3]2– and [Fe(cat)2]–, respectively (Li et al., 2019a; Park et al., 2018a). It is interesting to note that although 

both complexes can coexist, the formation of [Ti(cat)3]2– is more preferable at low concentration of catechol (1 

mM) than that of [Fe(cat)2]– (Fig. 1a). At higher concentrations of catechol, both Ti4+ and Fe3+ concentrations 

increased, reaching 0.95 mM and 0.81 mM, respectively, at 6 mM catechol. Based on this result, Fe-Ti-cat solution 

was prepared at the ratio of 1:1:6 to synthesize stable Fe- and Ti-catecholate complexes for CME treatment. 

 

Fig. 1. Effects of molar ratio of catechol to metal ions on the formation of Fe-catechol and Ti-catechol complexes: 

(a) dissolved Ti and Fe concentrations, and (b) UV-vis spectra. 



8 

 

To investigate the effects of Fe-catechol and Ti-catechol complexes on coating formation during CME 

treatment of pyrite, batch-type leaching experiments were conducted (Fig. 2). For comparison, CME treatments 

of pyrite in single complex systems—Fe-catechol only or Ti-catechol only—were also conducted as “controls”. 

Figure 2a shows the changes in dissolved Fe concentration with time. When only Fe-catecholate complex was 

present, dissolved Fe concentration gradually decreased with time and after 7 days, its concentration decreased 

by 60%. This decrease in dissolved Fe concentration likely occurred via sequential decomposition of [Fe(cat)2]– 

(i.e., [Fe(cat)2]– → [Fe(cat)]+ → Fe3+; Eqs. (4) and (5)), followed by precipitation of Fe3+ (Eq. (6).  

[Fe(cat)2]– + 2H+ + 1/2O2 = [Fe(cat)]+ + Q + H2O (4) 

[Fe(cat)]+ + 2H+ + 1/2O2 = Fe3+ + Q + H2O (5) 

Fe3+ + 3H2O = Fe(OH)3 + 3H+  (6) 

where Q is ortho-quinone (1,2-benzoquinone, C6H4O2), an oxidation product of catechol. In the case when two 

complexes coexisted, dissolved Fe concentration decreased rapidly; that is, after 4 days, Fe3+ concentration 

decreased by around 98% in Fe-Ti-catechol system (Fig. 2a).  

 

Fig. 2. CME treatments for pyrite in single (Fe-catechol or Ti-catechol) and mixed complex (Fe-Ti-catechol) 

systems: (a) dissolved Fe and (b) dissolved Ti concentrations with time. 
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Similarly, the decrease in dissolved Ti concentration was only achieved when two complexes were present 

(Fig. 2b). Park et al. (2018a) reported that Ti-catecholate complex is very stable, so it requires ca. 25 days for 

almost all the complexes to be decomposed on arsenopyrite surface. However, around 99% of dissolved Ti was 

precipitated within 7 days in Fe-Ti-catechol system, indicating Fe-catecholate complex catalyzed Ti-catecholate 

complex decomposition and coating formation (Eqs. 7 and 8). 

[Ti(cat)3]2– + 6H+ + 3/2O2 = Ti4+ + 3Q + 3H2O (7) 

Ti4+ + 4H2O = Ti(OH)4 + 4H+  (8) 

After 7-day treatments of pyrite in Fe-cat, Ti-cat, and Fe-Ti-cat systems, the residues were analyzed by XPS 

to characterize the nature of coating formed (Fig. 3). The XPS Ti 2p spectra of pyrite treated with Ti-cat and Fe-

Ti-cat (Fig. 3a) showed two peaks of Ti4+ corresponding to Ti 2p1/2 and Ti 2p3/2 at 464.0 and 458.4 eV, which 

indicate the existence of the Ti4+ oxidation state on their surfaces (An et al., 2017; Bahareh and Habibi, 2019; 

Regue et al., 2020). Meanwhile, deconvolution of Fe 2p3/2 spectra of pyrite treated with Fe-cat, Ti-cat, and Fe-Ti-

cat (Fig. 3b) illustrated the various Fe coordination and oxidation states present on their surfaces: (i) FeII—S of 

pyrite (706.9 eV) (Nesbitt and Muir, 1994; Qui et al., 2013; Tabelin et al., 2019b), (ii) FeIII—S of partially oxidized 

pyrite (709.0 eV) (Nesbitt and Muir, 1994; Tabelin et al., 2019b), (iii) FeIII—O of Fe-oxyhydroxides (713.2 and 

711.0 eV) (Grosvenor et al., 2004; Nesbitt and Muir, 1994; Park et al., 2021; Tabelin et al., 2019b), and (iv) FeIII—

SO4 (714.6 eV) (Park et al., 2021; Tabelin et al., 2020b). As shown in Fig. 3b, all treated pyrite samples showed 

strong signals of Fe-oxyhydroxides, which can be formed due to pyrite oxidation and/or the decomposition of Fe-

catecholate complex. The total percentage of FeIII—O in the Fe 2p3/2 spectra of pyrite treated with Fe-cat, Ti-cat, 

and Fe-Ti-cat were about 80%, 55%, and 70%, respectively, which indicate that the presence of Fe-catecholate 

complex facilitated the formation of Fe-oxyhydroxide on the surface of pyrite. Meanwhile, the Fe 2p3/2 spectrum 

of pyrite treated with Ti-cat and Fe-Ti-cat showed an additional peak at about 712.3 eV, which is assigned to 

FeIII—Ti—O (An et al., 2017; Bahareh and Habibi, 2019; Regue et al., 2020). The presence of both Ti4+ (Fig. 3a) 

and FeIII—Ti—O (Fig. 3b) implies that pyrite is most likely coated with FeIII
2TiIVO5. Lee et al. (2020) also reported 

that Fe2TiO5 can be synthesized electrochemically using Fe-catechol and Ti-catechol complexes. The formation 

of Fe—Ti—O coating was further confirmed by SEM-EDS of Pt electrode pretreated with Fe-catechol and Ti-

catechol complexes (Fig. S1). As can be seen in Ti 2p spectra (Fig. 3a), the intensities of Ti4+ observed in Fe-Ti-

cat are significantly stronger (i.e., 3.5 times) than those in Ti-cat case. This indicates that more Fe2TiO5 coating 
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was formed when the two complexes coexisted, which is in line with the results of ICP-AES analysis (Fig. 2). 

Moreover, the formation of Fe2TiO5 by [Ti(cat)3]2– and [Fe(cat)2]– are thermodynamically favorable because the 

standard Gibbs free energy change (ΔG0) of Eq. (9) calculated based on thermodynamic data listed in Table 1 was 

–126.8 kJ/mol. 

2[Fe(cat)2]– + [Ti(cat)3]2– + 4H+ + 7/2O2 → Fe2TiO5 + 7Q + 2H2O (9) 

 

Fig. 3. XPS analysis of pyrite treated by Fe-cat, Ti-cat, and Fe-Ti-cat systems: (a) Ti 2p and (b) Fe 2p3/2 spectra. 

Table 1. Standard Gibbs free energy of formation (ΔG0f) used in this study. 

Component ΔG0
f (kJ/mol) Reference 

H+ 0 Dean and Lange (1999) 

O2 0 Dean and Lange (1999) 

H2O –237.1 Dean and Lange (1999) 

H2cat –210.0 Dean and Lange (1999) 

Q –56.6 Horner and Geyer (1965)*1 

[Fe(cat)2]– –198.1 Avdeef et al. (1978)*2 

[Ti(cat)3]2– –342.5 Creutz and Chou (2008)*2 

Fe2TiO5 +4.9 Kumagai et al. (2018) 
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*1 ΔG0
f of Q was calculated from standard electrode potential of Q/H2cat reported in Horner and 

Geyer (1965) and ΔG0
f of catechol. 

*2 ΔG0
f of [Fe(cat)2]– was calculated from the stability constants determined by experiments by 

Avdeef et al. (1978). ΔG0
f of [Ti(cat)3]2– was calculated by the constant reported by Creutz and 

Chou (2008). 

To verify the detailed mechanisms of how Fe-catechol and Ti-catechol complexes are oxidatively 

decomposed in Fe-Ti-cat system and how the coexistence of two complexes accelerated their decompositions, 

electrochemical properties of Fe-cat, Ti-cat, and Fe-/Ti-cat complexes under oxidizing conditions were 

investigated by LSV (Fig. 4). As shown in the linear sweep voltammogram of Ti-catechol solution, there is an 

anodic peak (i.e., A1) observed at around 0.5 V, which corresponds to the oxidative decomposition of [Ti(cat)3]2– 

as follows: 

[Ti(cat)3]2– → Ti4+ + 3Q + 6e– (10) 

LSV of Fe-catechol solution shows two anodic peaks at 0.30 V (A*
1) and 0.46 V (A*

2). At pH 8, the dominant 

species is [Fe(cat)2]–, so the first anodic peak (A*
1) is considered as the oxidation of [Fe(cat)2]– to [Fe(cat)]+ (Eq. 

11). Afterwards, with increasing potential, [Fe(cat)]+ undergoes the oxidation process until all catechol molecules 

coordinated with Fe3+ are oxidatively decomposed (Eq. 12). 

[Fe(cat)2]– → [Fe(cat)]+ + Q + 2e– (11) 

[Fe(cat)]+ → Fe3+ + Q + 2e– (12) 

When Fe-catechol and Ti-catechol complexes coexisted in the solution, both A*
1 and A*

2 peaks appeared 

almost at the same potential as observed in LSV of Fe-catechol solution; however, an anodic peak of [Ti(cat)3]2– 

(A1) disappeared. Moreover, it is important to note that the current density of A*
2 was substantially increased. This 

increase in the current density of A*
2 could be speculated that [Fe(cat)]+ and [Ti(cat)3]2– were decomposed together 

(Eq. 13), indicating that the former enhanced the latter’s decomposition reaction, and thus the precipitation of Fe3+ 

and Ti4+ were accelerated when they coexisted (Figs. 2–4). 

[Fe(cat)]+ + [Ti(cat)3]2– → Fe3+ + Ti4+ + 4Q + 8e– (13) 
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Based on the results of leaching tests, XPS analysis, and LSV, it can be deduced that coexistence of Fe-

catechol and Ti-catechol complexes accelerated coating formation due to the change in oxidative decomposition 

process of Ti-catecholate complex, which is simultaneously decomposed with [Fe(cat)]+ (Figs. 2 and 4) and 

creates the coating composed of Fe—Ti—O (Fig. 3). 

 

Fig. 4. Linear sweep voltammograms of Fe-cat, Ti-cat, and Fe-Ti-cat solutions at pH 8. 

3.2. Electrochemical property of coating formed by Fe-catechol and Ti-catechol complexes 

Electrochemical impedance spectroscopic analysis was conducted to evaluate the properties of coatings 

formed in solutions containing Fe-cat and Fe-Ti-cat complexes. These two systems were chosen because they 

could form coatings during CME treatment for pyrite as confirmed in Fig. 2. In addition, EIS was also conducted 

using Pt electrode pretreated in the absence of any complexes, which is referred to as “control”. As shown in EIS 

spectrum of control, semi-circle corresponding to the presence of coating was not observed (Fig. 5a). In the case 

of Fe-catechol system, a semi-circle corresponding to the presence of resistor-capacitor (RC) circuit in the coating 

combining with an inclined line corresponding to the Warburg impedance was observed in EIS spectrum (Fig. 

5b). This result indicates that coating could be formed in Fe-cat system. In the case of Fe-Ti-cat system, EIS 

spectrum also showed a clear semi-circle but the Warburg impedance was not observed (Fig. 5c). Under the 

conditions investigated in this study, both Fe-cat and Fe-Ti-cat systems created passivating coatings based on the 

presence of RC circuit (Figs. 5b and 5c). 
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To compare the electrochemical properties of the coatings formed in Fe-cat and Fe-Ti-cat systems, EIS 

spectra were fitted with two equivalent circuit (EC) models: (i) a model consisting of solution resistance (Rs) in 

parallel circuit configuration to a capacitance (constant phase element (CPE), Qf) and resistance (Rd), and Warburg 

impedance (Ws) for EIS of Fe-cat system, and (ii) a model composed of solution resistance (Rs) in a parallel circuit 

configuration to a capacitance (CPE, Qf) and resistance (Rd) for EIS of Fe-Ti-cat system (see the insets in Fig. 5). 

Rd and CPE (Qf) refer to net resistance of coating “defect” areas and the capacitance of coating, respectively, while 

Ws represents for Warburg short corresponding to the diffusion with transmissive boundary. The EC parameters 

calculated by fitting EIS spectra using EC models are summarized in Table 2. The ZRe value at the starting point 

of each semicircle indicates solution resistance, and a semi-circle shape indicates the impedance of coating 

composed of both resistance and capacitance (Yuniati et al., 2015). The radius of the semi-circle represents the 

resistance of the coating. As shown in Table 2, Rd value of the coating formed in Fe-Ti-cat system was around 

1200 Ω, which is about five-fold higher compared with the Rd value measured in Fe-cat system, indicating that 

coating with higher resistance was formed in Fe-Ti-catechol solution. 

 

Fig. 5. Nyquist plots of EIS for Pt electrode pretreated by anodic polarization at 0.8 V for 1 h in solutions 

containing (a) no complex, (b) Fe-catechol, and (c) Fe-Ti-catechol. Note that insets refer to EC models for fitting 

the EIS data and scales of the plots are different. 

Table 2. EC parameters obtained by fitting EIS spectra with EC models (Fig. 5). 

 Rs (Ω) Rd (Ω) Qf-T Qf-P Ws-R (Ω) Ws-T Ws-P 

Fe-cat 652 237 5.33×10–5 0.80 1497 6.52 0.70 

Fe-Ti-cat 647 1199 3.71×10–5 0.74 – – – 

Note that “–” indicates parameters are not applicable to the EC model. 



14 

 

The redox properties of the coatings formed by Fe-cat and Fe-Ti-cat systems were also evaluated by CV. As 

shown in Fig. 6, a cyclic voltammogram of Pt electrode pretreated by Fe-catechol system shows that during 

cathodic sweep, a clear cathodic peak (C1) centered at –0.3 V appeared, which indicate that FeIII-oxyhydroxide 

coating was reduced as follows: 

Fe(OH)3 + e– → Fe(OH)2 + OH– (14) 

A succeeding anodic sweep showed a large anodic peak (A1) observed at 0.5 V corresponding to the anodic 

reaction of Fe(OH)2 as illustrated in Eq. 15. 

Fe(OH)2 + OH– → Fe(OH)3 + e– (15) 

However, when Pt electrode was pretreated by Fe-Ti-catechol system, anodic/cathodic behaviors were 

greatly changed; that is, both anodic and cathodic currents were dramatically decreased, indicating that the coating 

formed by Fe-catechol Ti-catechol complexes was more electrochemically inert than that formed by Fe-catechol 

complex only. 

 

Fig. 6. Cyclic voltammograms of Pt electrode pretreated in Fe-cat and Fe-Ti-cat systems. 

4. Conclusions 

This study investigated the effects of coexistence of Fe-catechol and Ti-catechol complexes on the complex 

decomposition and coating formation during CME treatment of pyrite. The findings of this study are summarized 

as follows: 
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1. At low concentration of catechol, Ti-catecholate complex was preferentially formed; however, both Fe-

catechol and Ti-catechol complexes were formed and stable when enough catechol molecules were 

present. 

2. The precipitation of Fe3+ or Ti4+ was dramatically accelerated when two complexes coexisted due to 

simultaneous decomposition of [Fe(cat)]+ and [Ti(cat)3]2–. 

3. XPS analysis showed that pyrite was coated with a mixture of Fe-oxyhydroxide and Fe2TiO5 in the Fe-

catechol and Ti-catechol mixture. 

4. EIS spectra implied that Fe-catechol and Fe-Ti-catechol systems created coatings based on the presence 

of semi-circles in Nyquist plots, and the resistance of coating formed by Fe-Ti-catechol system was 

five-fold higher than that formed by Fe-catechol system.  

5. CV results indicated that the coating formed in Fe-Ti-catechol system was more electrochemically inert 

than that formed in Fe-catechol system. 
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