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106 Text S1. ABTS spectrophotometric method

107 1. The spectrophotometric determination of KMnO4 by ABTS

108 1mL of the buffer reagent (pH = 4.6, 10 mM acetate buffer) and 0.5 mL of ABTS 

109 reagent (0.2 mM) were added to a 10.0 mL colorimetric tube. Then, a sample containing 

110 diluted KMnO4 solution was added and the tube was filled to 5.0 ml by ultrapure water. 

111 After developing 15 s, the absorbance can be determined directly at 415 nm (ε = 31600 

112 cm-1M-1) (dilution multiple in the measured cuvette: n).

113 cKMnO4(mM) = A/ε × 1000 × n

114 2. Differential ABTS method

115  Take a 10.0 ml colorimetric tube, adding 1 ml of 0.27 M pH 4.6 acetate buffer, 0.5 

116 ml of 2.0 mM ABTS, 2.5 ml ultrapure water.

117  At the predetermined points in time, add samples (1000.0 μl each).

118  Develop 15 s, and then measure the absorbance spectrophotometrically by ABTS·+ 

119 at 415 nm.

120 The reaction of Mn(VII) with ABTS has a stoichiometry of 1 : 5 in excess of ABTS 

121 (2 mM), and the concentration of permanganate in sample can be calculated as follows:

122 cKMnO4(μM) = A/ε × 106

123 Where A is the absorbance of ABTS·+ at 415 nm, ε  is the molar extinction 

124 coefficient of ABTS·+ at λ = 415 nm (31600 cm-1M-1).

125 3. Direct ABTS method

126  Take a 10.0 ml colorimetric tube, adding 1 ml of pH 4.6 acetate buffer, 200.0 μl of 
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127 1M DMSO, 1.2 ml ultrapure water.

128  At the predetermined points in time, add samples (1000.0 μl each), shaking up with 

129 50 s static duration.

130  Add 0.5 ml of 2.0 mM ABTS and 100.0 μl of 1.0 mM KI, develop several minutes, 

131 and then measure the absorbance spectrophotometrically by ABTS·+ at 415 nm.

132 The reaction of Tl(III) with ABTS has a stoichiometry of 1 : 2 in excess of ABTS 

133 (2 mM), and the concentration of permanganate in sample can be calculated as follows:

134 cTl(III)(μM) = A/ε × 106 × 5/2

135 Where A is the absorbance of ABTS·+ at 415 nm, ε  is the molar extinction 

136 coefficient of ABTS·+ at λ = 415 nm (31600 cm-1M-1).

137

138
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139 Text S2. Preparation and Characterization of nMnO2

140 Preparation. KMnO4 solution purging with N2 was rapidly stirred with a magnetic 

141 stirrer, then the stoichiometric amount of Na2S2O3 solution was added dropwise 

142 according to Eq 1. Formed brown MnO2 colloids were continuously stirred over 12 h 

143 and stored in the dark at 4°C.

144                (1)3S2O3
2 - + 8MnO4

- +4OH -  → 5MnO2 +2H2O

145 Characterization. After reducing MnO2 by hydroxylamine hydrochloride, the 

146 concentration of Mn content was determined by ICP-MS (NexION300Q, PerkinElmer 

147 Corp.). The average oxidation state of MnO2 was obtained as by the iodimetric method1-

148 2 as Eq 2:

149                         (2)OSavg =  2 +
2A

εL[Mn]T

150 where A is the absorbance of the solution in excess of I− at 351 nm, ε is the molar 

151 absorptivity of tri-iodide ion (I3−) at 351 nm, L is the optical path length of the cuvettes 

152 (1 cm), [Mn]T is the total manganese concentration.

153



S8

154 Table S1. Equilibrium constants for thallium-related reaction

Reaction log K (25℃) Reference

Tl + + H2O = TlOH(aq) + H + -13.207 3

2Tl + + H2O = Tl2O(s) + 2H + -27.091 3

Tl + + SO4
2 - = TlSO4

- 1.37 3

2Tl + + SO4
2 - = Tl2SO4(s) 3.787 3

Tl3 + + H2O = TlOH2 + + H + -2.7 4

Tl3 + + 2H2O = Tl(OH)2
+ + 2H + -9.1 4

Tl3 + + 3H2O = Tl(OH)3(aq) + 3H + -16.5 4

Tl3 + + 4H2O = Tl(OH)4
- + 4H + -25.3 4

155

156 Table S2. XPS spectra analysis results of Mn 2p3/2 and Tl 4f7/2 on the oxidation of 

157 Tl(I) by KMnO4 at different time. [Tl(I)]0 = 2.0 mM, [KMnO4]0 = 1.0 mM, with 10.0 

158 mM tetraborate buffer, pH = 9, 25°C.a 

Time (min) Mn(II) (%) Mn(III) (%) Mn(IV) (%) Tl(I) (%) Tl(III) (%)
45 3.6 63.0 33.4 81.4 18.6
90 6.6 65.1 28.2 75.4 24.6
180 7.8 62.6 29.6 73.6 26.4

159 a correspongding figure as Figure S3.

160

161 Table S3. XPS spectra analysis results of Mn 2p3/2 and Tl 4f7/2 on the oxidation of 

162 Tl(I) by KMnO4 with MnO2 at different time. [Tl(I)]0 = 2.0 mM, [KMnO4]0 = 1.0 

163 mM, with 5.0 μM nMnO2 and 10.0 mM acetate buffer, pH = 5, 25°C.a

Time (min) Mn(II) (%) Mn(III) (%) Mn(IV) (%) Tl(I) (%) Tl(III) (%)
45 31.0 50 19.0 74.1 25.9
120 27.3 50.6 22.0 56.4 43.5
240 22.4 44.7 32.9 52.4 47.6

164 a correspongding figure as Figure S4.

165

166

167 Table S4. Apparent second-order rate constant of Tl(I) oxidation by KMnO4 under 
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168 alkaline conditions

pH kapp, permanganate (M-1s-1) a Half-life period (min) b

8.0 3.78±0.12 379.6±12.4
8.5 8.30±0.15 173.0±3.1
9.0 21.00±0.30 68.4±1.0
9.5 48.67±1.01 29.5±0.6
10.0 152.17±1.69 9.4±0.1

169 a Refer to the apparent second-order rate constant of Tl(I) oxidation by KMnO4 in Eq 3

170 b Presume the initial oxidant concentration is 1.0 mg/L (Mn content).

171

172 Table S5. The simulation of the autocatalytic model constants of Tl(I) oxidation by 

173 KMnO4 under acidic conditions a

pH k0 (M-1s-1) k1 (M-1s-1) R2

4.0 1.49 5.20 0.9887
5.0 1.90 14.40 0.9962
6.0 0.13 17.08 0.9915

174 a The autocatalytic model is shown as Eq 11.

175

176 Table S6. Order of HOCl in Tl(I) oxidation by HOCl

pH Order of [HOCl] R2

7.0 2.451 0.998
8.0 1.926 0.999
9.0 1.283 0.998

177

178

179

180

181

182 Table S7. Appearent pseudo-first-order reaction rate constants of Tl(I) oxidation by 
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183 10 mM chlorine

pH kapp, chlorine×10-3 (min-1) R2

5.0 59.3±2.78 0.970
7.0 53.8±1.06 0.998
7.5 35.9±0.07 0.999
8.0 12.9±0.02 0.999
8.5 7.4±0.08 0.999
9.0 6.4±0.08 0.999

184

185

186 Table S8. XPS spectra analysis results of Tl 4f7/2 on the oxidation of Tl(I) by HOCl 

187 with MnO2 at different time. [Tl(I)]0 = 2.0 mM, [HOCl]0 = 20.0 mM, with 5.0 μM 

188 nMnO2 and 10.0 mM acetate buffer, pH = 8.5, 25°C.a

Time (min) Tl(I) (%) Tl(III) (%)
45 26.5 73.5
90 21.9 78.1
180 20.7 78.7

189 a correspongding figure as Figure S15.

190

191

192

193

194

195
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197 Figure S1. Absorbance of ABTS·+ in Tl(III)-ABTS reaction. The reaction system was 

198 5.0 ml in total, including 1.0 ml of pH 4.6 acetate buffer and 0.5 ml of 2.0 mM ABTS. 

199 [Tl(III)]0 = 1.0-20.0 μM, 25°C.
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213 Figure S2. Performance of DMSO as the terminator in the oxidation of Tl(I) by HOCl. 

214 (a) 2.5 mM HOCl concentration determined by ABTS in 50.0 mM DMSO solutions; 

215 (b) absorbance of ABTS·+ in 50.0 mM DMSO solutions; (c) 10.0 μM Tl(III) 

216 concentration determined by ABTS in 50.0 mM DMSO solutions, buffered with 10.0 

217 mM tetraborate, pH = 8.5, 25°C.
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221 Figure S3. XPS spectra of Mn 2p3/2 on the Tl(I) oxidation by KMnO4 at (a) 45 min 

222 and (b) 90 min and (c) 180 min. [Tl(I)]0 = 2.0 mM, [KMnO4]0 = 1.0 mM, with 10.0 

223 mM tetraborate buffer, pH = 9, 25°C.
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227 Figure S4. XPS spectra of Mn 2p3/2 on the Tl(I) oxidation by KMnO4 at (a) 45 min 

228 and (b) 120 min and (c) 240 min. [Tl(I)]0 = 2.0 mM, [KMnO4]0 = 1.0 mM, with 5.0 

229 μM nMnO2 and 10.0 mM acetate buffer, pH = 5, 25°C.



S15

230
0 10 20 30 40 50 60

0.00

0.01

0.02

0.03
ln

 A
 (μ

M
-1

)

Time (min)

    pH 8

y=0.00045x
R2=0.99116

0 10 20 30 40
0.00

0.01

0.02

0.03

0.04     pH 8.5

y=0.000998x
R2=0.99752

ln
 A

 (μ
M

-1
)

Time (min)

231
0 2 4 6 8 10 12 14 16

0.00

0.01

0.02

0.03

0.04

y=0.00254x
R2=0.99801

    pH 9

ln
 A

 (μ
M

-1
)

Time (min)
0 1 2 3 4 5

0.00

0.01

0.02

0.03

y=0.00585x
R2=0.99589

    pH 9.5

ln
 A

 (μ
M

-1
)

Time (min)

232
0 2 4 6 8

0.00

0.04

0.08

0.12

y=0.01831x
R2=0.99894

    pH 10

ln
 A

 (μ
M

-1
)

Time (min)

233 Figure S5. Kinetics of the Tl(I) oxidation by KMnO4 under alkaline conditions. A = (

234 , where x represents the consuming [KMnO4]0([Tl(I)]0 -
3x
2 ))/([Tl(I)]0([KMnO4]0 -  x))

235 oxidant concentrations. [KMnO4]0 = 18.0 μM, [Tl(I)]0 = 30.0 μM, buffered with 10.0 

236 mM tetraborate, pH = 8-10, 25°C.
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Figure S6. Relation between pH and the apparent second-order rate constants of Tl(I) 

by KMnO4 under alkaline conditions. (a) Effect of pH on the apparent second-order 

rate constants of the Tl(I) oxidation by KMnO4; (b) simulation of kinetics model 

containing thallium species in the Tl(I) oxidation by KMnO4. [KMnO4]0 = 18.0 μM, 

[Tl(I)]0 = 30.0 μM, buffered with 10.0 mM tetraborate, pH = 8-10, 25°C.
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Figure S7. Relation between standard reduction potential and the second-order rate 
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Figure S8. Effect of Mn2+ on the Tl(I) oxidation by KMnO4 at (a) pH 5 and (b) pH 6. 

[KMnO4]0 = 18.0 μM, [Tl(I)]0 = 30.0 μM, buffered with 10.0 mM acetate, pH = 5-6, 

25°C. 
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Figure S9. Effect of Tl(III) on Tl(I)-KMnO4 reaction. [KMnO4]0 = 18.0 μM, [Tl(I)]0 

= 30.0 μM, pH was adjusted by HNO3, pH = 4, 25°C.
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Figure S10. Simulation of autocatalytic model in Tl(I) oxidation by KMnO4 (a) at pH 

4 and (b) at pH 5 and (c) at pH 6. [KMnO4]0 = 18.0 μM, [Tl(I)]0 = 30.0 μM, buffered 

with 10.0 mM acetate, pH = 4-6, 25°C.
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Figure S11. Effect of ionic strength on the oxidation of Tl(I) by KMnO4 under 

alkaline conditions. [KMnO4]0 = 18.0 μM, [Tl(I)]0 = 30.0 μM, buffered with 10.0 mM 

tetraborate, pH = 8.5, 25°C.
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Figure S12. Effect of Na+ on nMnO2 particle size. [Na+]0 = 0-50.0 mM, pH was 

adjusted by HNO3, pH = 4, 25°C.
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Figure S13. HOCl concentration impact on the oxidation of Tl(I) by HOCl (a) at pH 7 

and (b) at pH 8 and (c) at pH 9. [Tl(I)]0 = 30.0 μM, [HOCl]0 = 5.0-12.5 mM, buffered 

with 10.0 mM tetraborate, pH = 7-9, 25°C.
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Figure S14. Tl(I) oxidation by HOCl. (a) Relation between apparent first-order rate 

constants and chlorine species proportion under different pH; (b) Impact of pH on the 

apparent rate constants. [HOCl]0 = 10.0 mM, [Tl(I)]0 = 30.0 μM, buffered with 10.0 

mM acetate or 10.0 mM tetraborate, pH = 5-9, 25°C.
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Figure S15. Effect of ionic strength on Tl(I) oxidation by HOCl. [HOCl]0 = 10.0 mM, 

[Tl(I)]0 = 30.0 μM, buffered with 10.0 mM tetraborate, pH = 7, 25°C.
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Figure S16. XPS spectra of Tl 4f7/2 on Tl(I)-HOCl reaction at (a) 45 min and (b) 90 

min and (c) 180 min. [Tl(I)]0 = 2.0 mM, [HOCl]0 = 20.0 mM, with 5.0 μM nMnO2 

and 10.0 mM tetraborate buffer, pH = 8.5, 25°C.
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Figure S17. Polynomial curves fitting of additional MnO2 concentration and apparent 

second-order rate constants. [HOCl]0 = 10.0 mM, [Tl(I)]0 = 30.0 μM, buffered with 

10.0 mM sodium tetraborate, pH = 8.5, 25°C.
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Figure S18. Influence of pyrophosphate on the Tl(I) oxidation by HOCl with 

additional MnO2. (a) [HOCl]0 = 10.0 mM, buffered with 10.0 mM tetraborate, pH = 

8.5; (b) [HOCl]0 = 0.3 mM, pH was adjusted by HNO3, pH = 4. [Tl(I)]0 = 30 μM, 

[nMnO2]0 = 3.0 μM, 25°C.
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