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In this research, the regeneration cycle of cobalt chemical conversion waste liquid, the effects of oxidizing agents on 

solution service life, and the influence of oxidizing agents on the treatment of waste liquid was studied by the 

electrochemical performance test. The scanning electron microscopy (SEM) and electrochemical properties analysis was 

used to study conversion coatings. It was determined that the best oxidizing agent for the cobalt chemical conversion waste 

liquid was 9 g/L KBrO3. Conversion coatings were thicker and had a higher density when the specific gravity of reclaimed 

liquid and stock solution was between 1:2 and 1:1.  
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1. INTRODUCTION  

Currently aluminum alloys are the most commonly used 

class of non-ferrous metals in the industry [1 – 4]. But 

aluminum alloy surface is easily damaged, and prone to 

corrosion in the air [5]. In order to increase the corrosion 

resistance of aluminum alloys, a series of surface chemical 

conversion treatment measures are completed. In the past, 

hexavalent chromium coating was widely used [6 – 9], then 

countries around the world take strict measures to limit or 

disable chromate conversion solution containing Cr6+, 

because it belongs to primary carcinogen [10 – 13]. In the 

present, aluminum alloy chemical conversion coating tends 

to excellent film performance, non-toxic process, and 

environmental protection [14, 15], such as permanganate 

conversion [16 – 18], Ce-Mo-based conversion [19 – 21], 

rare-earth conversion [22 – 24], Ti/Zr based conversion 

[25, 26], silicate conversion [27, 28], cobalt conversion, and 

more. 

In many conversion systems, only the cobalt chemical 

conversion system can completely replace the Cr6+ [29, 30]. 

Because the trivalent cobalt ions are strong oxidizers, and 

the redox potential of Co3+/Co2+ is the closest to the 

equilibrium potential of Cr6+/Cr3+. Its conversion coating 

has great corrosion resistance and excellent adhesion 

strength. However, it has a high content of cobalt and large 

amounts of cobalt are used in aluminum alloy cobalt 

chemical conversion waste liquid. Therefore, recycling and 

repeated use of cobalt in waste liquid has high significance 

in research and market prospects. 

In this article, the regeneration cycle of cobalt chemical 

conversion waste liquid, the effects of film forming 

promoters on solution service life, and the influence of 

oxidizing agents on the treatment of waste liquid were 

studied by electrochemical performance test. If the 
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regeneration process was developed successfully, it also can 

be established on the basis of other electroplating system of 

regeneration cycle processes, and will also be significant in 

the environmental and economic benefits. 

2. EXPERIMENTAL 

The experimental material was 1020 pure aluminium 

with 20 mm×50 mm×0.25 mm dimensions. The samples 

were first degreased, then soaked in NaOH and HNO3 to 

remove the surface contamination, rinsed and dried between 

each step of the operation. 

The Co2+ concentration was 6.5021 mg/mL, and added 

3~12 g/L different types of waste recycling oxidants, which 

contained KClO3, KClO4, and KBrO3, then the pretreated 

samples were put into the above conversion solutions at 

80 ℃ for 30 minutes. Finally, the treated recovered liquid 

was used as a replenisher, mixed with the new liquid in a 

ratio of 5:1 to 1:5, and then the above film forming 

experiments were repeated. 

The electrochemical measurements were performed on 

a PGSTAT 302N electrochemical workstation, that was 

used to analyze the corrosion resistance of conversion film. 

Scanning electron microscopy (SEM, Hitachi S-3400NII) 

was working at 15 kV, and used to study the aluminium 

alloys surface morphology and microstructure of cobalt 

chemical conversion coating. 

3. RESULTS AND DISCUSSION 

3.1. Different concentration and type of oxidants 

effect on conversion coatings 

To select a suitable oxidant, the corrosion resistance of 

the conversion film can be judged by analyzing the 

comparative electrochemical experimental data. The 
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relative corrosion resistance parameters of the Tafel curves 

in Fig. 1 are shown in Table 1.  

Table 1. Corrosion parameters of Tafel curves in Fig. 1 

c, g/L Oxidant Ecorr, V Icorr, μA∙cm-2 Rp, kΩ∙cm-2 

3 
KClO4  – 0.16  0.49 × 10-2 325.19  

KClO3  – 0.76  5.17  11.79  

KBrO3  – 0.74  11.03  26.96  

6 
KClO4  – 0.62  1.17  7.39  

KClO3  – 0.59  2.11  21.33  

KBrO3  – 0.63  4.64  16.49  

9 
KClO4  – 0.60  2.26  11.04  

KClO3  – 0.64  2.29  14.06  

KBrO3  – 0.72  0.11 × 10-2 351.36  

12 
KClO4  – 0.57  1.76  13.73  

KClO3  – 0.74  2.57  12.31  

KBrO3  – 0.64  0.24  112.25  

In general, the magnitude of the value of the corrosion 

current intuitively reflects the ability of the conversion film 

to protect the substrate. When the amount of oxidant was 

3 g/L, the corrosion resistance of KClO4 was better than that 

of KClO3 and KBrO3. When the concentration was 6 g/L, 

the Rp (polarization resistance) of KClO4 was much smaller 

than KClO3 and KBrO3. When KClO3 was used as a 

recycling oxidant, the Ecorr (corrosion potential) and Rp were 

much higher than KClO4, and the corrosion resistance of the 

conversion film was the best. When the amount of oxidant 

was 9 – 12 g/L, the corrosion current and the polarization 

resistance of the conversion film were both larger than 

KClO4 and KClO3, when KBrO3 was used. However, when 

the amount was 9 g/L, the Icorr (corrosion current) of KBrO3 

reached the lowest at 0.0011 μA∙cm-2, but the highest 

polarization resistance of the conversion film was achieved 

at 351.36 kΩ∙cm-2, and the corrosion coatings was the best. 

Fig. 2 shows the equivalent circuit diagram. Rs is the 

solution resistance, which is between the reference electrode 

capillary and working electrode, Rp is the film resistor, and 

CPE is the dispersion effect on dual-capacity. 

 

Fig. 2. Equivalent circuit diagram of conversion coating in 

3.5 wt.% NaCl solution 

As shown in Fig. 3, the EIS diagram of conversion 

films, which were using KClO4 and KBrO3, had only one 

capacitance arc when the concentration of the oxidants in 

3 g/L, and used KClO4 had the largest capacitive arc 

diameter. While the EIS diagram of the conversion films 

with KClO3 had two capacitive arcs, the low-frequency 

capacitance arc is not complete and the capacitive arc 

diameter of the low-frequency region is larger than that of 

the middle-high frequency region. The EIS diagram of 

conversion films, which were using KClO4 and KClO3, had 

only one capacitance arc when the concentration of the 

oxidants was 6 g/L. 

  
a b 

  

c d 

Fig. 1. Tafel curves of the conversion coatings prepared with different concentrations of KClO3, KClO4, and KBrO3 to treated liquid 

wastes: a – 3 g/L; b – 6 g/L; c – 9 g/L; d – 12 g/L 
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Fig. 3. The EIS of the conversion coatings prepared by different concentrations of KClO3, KClO4 and KBrO3 in 3.5 % NaCl solution: 

a – 3 g/L; b – 6 g/L; c – 9 g/L; d – 12 g/L 
 

 

Fig. 4. Open-circuit potential of the conversion coatings prepared 

by treating the waste liquid with different oxidants at 

different concentration in 3.5 % NaCl solution 

Additionally, the conversion film using KClO3 had the 

largest capacitive arc diameter in the medium-high 

frequency area, and the conversion film using KBrO3 had a 

smaller capacitive arc diameter in the low frequency area. 

The EIS diagram of conversion films, which were using 

KClO3 and KClO4, were composed of two capacitance arcs 

when the concentration of the oxidants was 9 g/L. An 

inductive arc appeared in the low frequency region of the 

conversion films, which were using KBrO3, and the largest 

arc appeared in the medium-high frequency region. 

However, when KClO4 and KClO3 were used, there were 

two capacitive arcs in the EIS diagram, and the capacitive 

arc diameter in the medium-high frequency regions were 

smaller than that of KBrO3. 

The the open-circuit potential(OCP) of the coating was 

the highest when the oxidant was 3 g/L KClO4. The OCP of 

KClO3 was – 0.565 V when the concentration increased to 

6 g/L, which was lower than KClO4 and KBrO3. The OCP 

of 12 g/L KBrO3 was – 0.55 V, which was lower than 

KClO4 and KClO3. 

3.2. Concentration of reclaimed liquid effect on 

conversion coatings 

Fig. 5 showed the chemical conversion curves in 

different specific gravity. Table 2 showed the Ecorr, Icorr, and 

Rp parameters obtained from the polarization curve. 

Table 2. Corrosion parameters of Tafel curves in Fig. 4  

Specific gravity 

of recovering 

liquid 

Ecorr, V Icorr, μA∙cm-2 Rp, kΩ∙cm-2 

1/6 – 0.53  1.33  42.99  

1/3 – 0.56  1.00  45.78  

1/2 – 0.56  0.59  45.82  

2/3 – 0.58  2.93  28.36  

5/6 – 0.57  6.10  19.57  

The specific gravity of the reclaimed liquid equals the 

recovery in the liquid and the liquid mixing ratio, and the 

recovery in the liquid is the cobalt salt chemical conversion 

waste liquid after oxidation treatment. Under normal 

circumstances, the smaller the corrosion potential, the 

smaller the corrosion rate of the conversion coating, and the 

stronger the corrosion resistance of the cobalt conversion 

coating. The maximum Ecorr is – 0.53 V when the specific 

gravity of reclaimed liquid was 1/6, and the minimum Ecorr 



149 

 

is – 0.58 V when the specific gravity was 2/3. As the 

proportion of the reclaimed liquid in the mixture increased, 

the Ecorr trend initially shifted positively, then shifted 

negatively and changed less. Contrarily, the Icorr first 

decreased, then increased. The Icorr was at a minimum and 

its’ polarization resistance was maximal when the specific 

gravity was 1/2. These results indicated that the corrosion 

resistance of cobalt chemical conversion coatings was the 

best under these conditions, and the corrosion rate of the 

coatings was the lowest in nature. When the specific gravity 

increased to 2/3, the Icorr decreased to 2.93 μA∙cm-2, and the 

polarization resistance value of the conversion coatings 

decreased. The Icorr increases to 6.10 μA∙cm-2, the Rp 

decreases to 19.57 kΩ∙cm-2, and the corrosion resistance 

decreased significantly when the specific gravity reached 

5/6. 

 

Fig. 5. Tafel curves of the conversion coatings prepared in 3.5 % 

NaCl solution with different specific gravity 

Fig. 6 shows the EIS in different proportions.  

 

Fig. 6. The EIS of the conversion coatings prepared in 3.5 % NaCl 

solution with different specific gravity 

When the specific gravity increases to about 1/2, the 

capacitance arc diameter of the cobalt chemical conversion 

coatings in the middle frequency region is closer to the high 

frequency region, and without obvious changes. The 

capacitance arc diameter of the middle and high frequency 

regions began to decrease as the proportion of the reclaimed 

liquid in the mixed solution increased, and the low-

frequency region in the fourth quadrant showed significant 

inductive arc. It was indicated that the pitting corrosion 

occurs on the surface of the coatings, which led to the 

emergence of the inductance arc. That might be because the 

pH value of the solution decreased as the specific gravity of 

the reclaimed liquid increased, which leads to the 

appearance of H-, making small pores appear on the coatings 

surface. 

Fig. 7 showa the change of the open-circuit potential 

value of the cobalt chemical conversion coatings prepared 

in the mixed solution of the different specific gravity. The 

open-circuit potential was the lowest at 0.552 V when the 

specific gravity of the reclaimed liquid in the mixed solution 

was 1/6. The open-circuit potential value changes little with 

the increase of the specific gravity of the reclaimed liquid. 

The open-circuit potential value is reduced when the 

specific gravity was larger than 1/2, and the change trend 

corresponded to the change trend of the AC impedance. 
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Fig. 7. Open-circuit potential of the conversion coatings prepared 

in 3.5 % NaCl solution in different specific gravity  

As shown in Fig. 8, when the specific gravity was 1:6 

(Fig. 8 a1 and a2), there was a small amount of sediment and 

a larger gap on the surface. When the specific gravity was 

1:2 (Fig. 8 b1 and b2), there are some mulches and larger 

gaps appear on the coating surface. Simultaneously, the 

deposited layer of the conversion coatings is thicker and the 

outermost layer is looser. In Fig. 8 c1 to e2, the surface of 

the coatings had small and uniform pores, but when the 

specific gravity was 1:1 to 2:1 (Fig. 8 c1 – d2), some of the 

holes were filled, resulting in them having a high density. It 

is noticeable in Fig. 8 f that the conversion coatings 

prepared in the stock solution had a high density and a large 

amount of deposit on the surface. Additionally, the coating 

is thick and the outer layer is completely covered. 

Comparative to SEM, the closed area was the largest and the 

number of the voids was the least when the specific gravity 

was about 1:2, making it most reasonable to use the 

reclaimed liquid. 

4. DISCUSSION 

When KClO3 and KClO4 are chosen as oxidizer, a 

decomposition reaction will occur to produce Cl-, which will 

corrode the cobalt oxide in the film under acidic conditions. 

The main reaction equation is as follows [31, 32]: 

 2

--

3 3O2Cl2ClO ; (1) 



150 

 

    

a1 a2 b1 b2 

    

c1 c2 d1 d2 

    

e1 e2 f1 f2 

Fig. 8. SEM micrographs showing the surface and cross-section morphology of conversion coatings prepared in mixture solution with 

different specific gravity, the specific gravity of reclaimed liquid and stock solution was: a – 1:6; b – 1:2; c – 1:1; d – 2:1; e – 5:6; 

f – stock solution 

 

- -

4 22ClO 2Cl 2O   ; (2) 

O3HCl2Co6H2ClOCo 22

2-

32   ; (3) 

-3

2

2 2OH2Co2HOCo2   . (4) 

When the concentration of KClO3 and KClO4 is low, 

the O2 produced after the two are decomposed will convert 

bivalent cobalt in the conversion liquid to trivalent cobalt 

under acidic conditions, and the pH of the interface between 

the metal and the conversion liquid will be obtained. The 

recovery is favorable to the deposition of cobalt oxides with 

different valences, so the corrosion resistance of KClO3 and 

KClO4 is higher. The reaction equation is as follows [33]: 

-3

2

2 2OH2Co2HOCo2   . (5) 

The produced O2 is reacted with divalent cobalt under 

acidic conditions and converted to trivalent cobalt, resulting 

in the Eq. 4. Thus, after the addition of the oxidizing agent 

NaBrO3, the corrosion resistance of the film layer is 

gradually improved in the early stage of the cycle. 

5. CONCLUSIONS 

In the research the effect of oxidants on the cobalt 

chemical conversion liquid waste processing was studied. 

With the increase of oxidants’ concentration, the 

electrochemical performance and corrosion parameters of 

KBrO3 prepared conversion coatings was better than that of 

KClO4 and KClO3. The decomposition of NaClO3 and 

NaClO could produce Cl-, which will corrode Co2O3 and 

Co3O4 in the film layer, leading to poor corrosion resistance 

in the earlier film. While NaBrO3 could consume a part of 

H+, which is conducive to the deposition of Co2O3 and 

Co3O4. 

The reclaimed liquid was mixed with the stock solution 

by a certain specific gravity to form conversion coatings, 

and the electrochemical test is carried out on the surface. 

When the specific gravity of reclaimed liquid and stock 

solution was between 1:2 and 1:1, the conversion coatings 

had a double membrane structure, the surface of 

unconsolidated layers had a high density. Therefore, the 

corrosion resistance of the conversion coatings was the best. 
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