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19

20 Fig.S1 EDX spectras of TiO2 NPs, TiO2 NTs, TiO2 NPs/ Sb (III), TiO2 NPs/ Sb 
21 (V), TiO2 NTs/ Sb (III), TiO2 NTs/ Sb (V) 
22
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23 Fig.S2 Changes of Zeta potentials of TiO2 NPs and TiO2 NTs before and after 

24 adsorbing Sb(III) and Sb(V). Adsorption capacity of TiO2 NTs is greater than that of 

25 TiO2 NPs. To compare adsorption of Sb(III) or Sb(V) on surfaces of TiO2 NPs or TiO2 

26 NTs, changes of Zeta potential of TiO2 NTs was less than for TiO2 NPs. Electrostatic 

27 interactions are the primary mechanism of adsorption of Sb(V) on TiO2 NMs.  

28 Positive charges on surfaces of TiO2 NMs were neutralized by compounds of Sb(V). 

29 Meanwhile, complexation played a dominant role in adsorption of Sb (III) on TiO2 

30 NMs.  Changes of Zeta potential of Sb(V) adsorbed onto TiO2 NMs may be due to 

31 forming a stable inner complex.14,15

32
33 Fig.S2 Zeta potentials of adsorption of Sb(III) and Sb(V) on TiO2 NPs and TiO2 
34 NTs
35
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36 The Dubinin−Radushkevich (D-R) isotherm model can be used to determine the 

37 nature of the adsorption process (physical or chemical).11 The linear equation of the 

38 D-R isotherm is expressed as Equation 1 and 2:15

39                     (1)ln 𝑄𝑒 = ln 𝑄𝐷𝑅 ‒ 𝛽𝜀2

40                      (2)𝜀 = 𝑅𝑇ln (1 + 1/𝐶𝑒)

41 where qe` is the amount of metal ions sorbed per unit weight of adsorbent (mol 

42 L-1), qm` is the maximum adsorption capacity (mol g-1), β is the activity coefficient 

43 related to the mean free energy of adsorption (mol2 J-2), R is the gas constant (8.314 J 

44 (mol K)-1); T is the thermodynamic temperature (K); and ε is the Polanyi potential.

45 The D-R isotherm model fits the equilibrium data well (Figure S3 and Table S2), 

46 R2 values were 0.95, 0.98, 0.97, 0.99 for Sb(III) and Sb(V) adsorption on TiO2 NPs 

47 and TiO2 NTs, respectively. The mean free energy of adsorption (E; kJ (J mol) -1) is 

48 expressed as Equation 3:

49               (3)
𝐸 =

1
2𝛽

50 The adsorption behavior might be predicted, whether physical or chemical 

51 process, from the E value, which in the range of 8-16 kJ mol-1 is ion-exchange 

52 reaction. The mean free energy of Sb(III) and Sb(V) adsorption on TiO2 NPs were 

53 8.07, 8.90 kJ mol-1 and on TiO2 NTs were 9.48 and 8.11 kJ mol-1, respectively, which 

54 indicated the both Sb(III) and Sb(V) adsorption are chemical process in nature.
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55

56 Fig.S3 Dubinin−Radushkevich (D-R) isotherm models of Sb(III) adsorbed on 
57 TiO2 NPs (a), Sb(V) on TiO2 NPs (b), Sb(III) on TiO2 NTs (c), Sb(V) on TiO2 NTs 
58 (d). adsorbent dose was 5 mg; the solution volume was 50 mL; pH was 2.2 ± 0.1
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59

60

61 Fig.S4 Adsorption thermodynamics of Sb(III) adsorbed on TiO2 NPs (a), Sb(V) 
62 on TiO2 NPs (b), Sb(III) on TiO2 NTs (c), Sb(V) on TiO2 NTs (d). adsorbent dose 
63 was 5 mg; the solution volume was 50 mL; pH was 2.2 ± 0.1; The temperature 

64 was 15, 20, 25, 30, 35 ℃

65
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66
67 Fig.S5 Desorption thermodynamics of Sb(III) adsorbed on TiO2 NPs, Sb(V) on 
68 TiO2 NPs, Sb(III) on TiO2 NTs, Sb(V) on TiO2 NTs. adsorbent dose was 5 mg; 
69 the solution volume was 50 mL; desorbing agent was 0.1 mol L-1 NaOH; The 

70 temperature was 15, 20, 25, 30, 35 ℃

71
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72

73 Fig.S6 Pseudo-first-order kinetic curves of Sb(III) adsorbed on TiO2 NPs (a), 
74 Sb(V) on TiO2 NPs (b) , Sb(III) on TiO2 NTs (c), Sb(V) on TiO2 NTs (d). Initial 
75 Sb(III) and Sb(V) concentration was 10 g L-1 - 10 mg L-1; adsorbent dose was 5 
76 mg; the solution volume was 50 mL; and pH was 2.2 ± 0.1
77

78 Pseudo-first-order kinetic models are expressed as Equation 4:

79                     (4) 𝑞𝑡 = 𝑞𝑒(1 ‒ 𝑒
‒ 𝑘1𝑡

)

80 Where qe is the amount of adsorbate at equilibrium (mg g-1); qt is the amount of 

81 adsorbate (mg g-1) at time t (min); and K1 (min−1) and K2 (g mg·min−1) are the rate 

82 constants for the pseudo first-order sorption, respectively.

83
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84  

85
86 Fig.S7 XPS spectras of Ti for TiO2 NPs, TiO2 NTs, TiO2 NPs/ Sb (III), TiO2 NPs/ 
87 Sb (V), TiO2 NTs/ Sb (III), TiO2 NTs/ Sb (V)
88
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89
90 Fig.S8 XPS spectras of C1s for TiO2 NPs, TiO2 NTs, TiO2 NPs/ Sb (III), TiO2 
91 NPs/ Sb (V), TiO2 NTs/ Sb (III), TiO2 NTs/ Sb (V)

92

93

94
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95
96 Fig.S9 XPS spectras of O1s for TiO2 NPs, TiO2 NTs, TiO2 NPs/ Sb (III), TiO2 
97 NPs/ Sb (V), TiO2 NTs/ Sb (III), TiO2 NTs/ Sb (V)

98
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99
100 Fig.S10 Optimized TiO2 {001} plane slab models for Sb(III) adsorption (a) and 
101 Sb(V) adsorption (b), optimized TiO2 {100} plane slab models for Sb(III) 
102 adsorption (c) and Sb(V) adsorption (d)
103

104 As shown in Figure. 10a, two O atoms of Sb(III) bond with two Ti atoms. The 

105 bond length of Ti-O is 2.20 and 2.30 Å, respectively. As shown in Figure. 10b, three 

106 O atoms of Sb(V) bond with two Ti atoms, the Ti-O length is 2.10 Å, 2.23 Å and 2.70 

107 Å, respectively.

108 Comparing to adsorption results of {001} facet, Sb(III) and Sb(V) adsorbed on 

109 {100} facet is slightly loose. As shown in Figure 10c and 10d, the adsorption pattern 

110 of Sb(III) adsorbed on {100} facet is same with the {001} facet. The Ti-O bond 

111 length is 2.38 Å and 2.79 Å. The two O atoms of Sb(V) adsorbed on Ti atoms 

112 respectively, Ti-O bond length is 2.47 Å and 3.10 Å. 
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113 Table S1 Comparison of performance of TiO2 NTs (present study) and various adsorbents for removal of Sb from water.
114

Adsorbents
Concentration range (initial 

concentration mg L-1)
pH

Dose
(g L-1)

Adsorption amount
(mg g-1)

References

Sb (III) Sb (V)

TiO2 NTs(Present study) 0.01-10 2.0-10.0 0.1 250.00 56.30 -

carbon nanofibers decorated 
with zirconium oxide (ZrO2)

10-500 7.0 ± 0.2 1.0 70.83 57.17 1

Activated alumina 5-75 2.0-11.0 1.0 - 38.00 2

Nanoscale zero-valent iron 0-20 4.0-10.0 2.0 6.99 1.65 3

Hematite coated magnetic
nanoparticle

1-20 4.1 0.1 36.70 - 4

Synthetic manganite 0.5-98 3.0 0.6 - 95.00 5

Iron-zirconium bimetal 
oxide

0-25 7.0 0.2 - 51.00 6

α-FeOOH - 2.0-12.0 25.0 - 48.70 7

Kaolinite 1 6.0 25.0 - 12.00 8

Diatomite 10-400 6.0 4.0 35.20 - 9
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Cyanobacteria 10 2.0–7.0 0.8-20.0 4.88 - 10

Zr-MOFs 2-500 2.3-9.5 0.8 136.97 287.88 11

α-MnO2

Nanofibers
10-500 4.0 0.5 111.70 89.99 12

Reduced graphene 
oxides/Mn3O4

10−1000 2.5−11.5 1.0 151.84 105.50 13
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116 Table S2 D-R isothem parameters for Sb(III) and Sb(V) adsorption on TiO2 NPs and TiO2 NTs.
D-R isotherm model

Adsorbed types qm’ (mol g-1) β (mol2 J-2) R2

Sb(III)+ TiO2 NPs 1.24 × 10-7 7.67 × 10-9 0.95
Sb(V)+ TiO2 NPs 1.28 × 10-6 6.31 × 10-9 0.98
Sb(III)+ TiO2 NTs 7.64 × 10-5 5.56 × 10-9 0.97
Sb(V)+ TiO2 NTs 1.20 × 10-5 7.61 × 10-9 0.99

117
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118 Table S3 Thermodynamics of adsorption of Sb(III) and Sb(V) on TiO2 NPs and TiO2 NTs

                                          -ΔG0(KJ mol-1)

Adsorbed types
ΔH0

(KJ mol-1)

ΔS0

(J mol-1K-1)
15℃ 20℃ 25℃ 30℃ 35℃

Sb(III)+TiO2 NPs 1.11 4.51 0.19 0.21 0.23 0.26 0.28

Sb(V)+TiO2 NPs 1.58 5.98 0.14 0.17 0.20 0.23 0.26

Sb(V)+TiO2 NTs 3.62 14.18 0.47 0.54 0.61 0.68 0.75

Sb(III)+TiO2 NTs 1.99 8.40 0.43 0.47 0.51 0.56 0.60

119
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120 Table S4 Efficiencies of removal of Sb by TiO2 NMs in natural water

Real water TiO2 NPs/Sb(III) TiO2 NPs/Sb(V) TiO2 NTs/Sb(III) TiO2 NTs/Sb(V)

TOC
mg L-1

UV
465/665

Adsorbed 
amount 
(mg g-1)

Removal 
efficiency

 (%)

Adsorbed 
amount 
(mg g-1)

Removal 
efficiency

(%)

Adsorbed 
amount

 (mg g-1)

Removal 
efficiency

 (%)

Adsorbed 
amount

 (mg g-1)

Removal 
efficiency 

(%)
Tap water 3.62 0.032 104.63 52 89.44 44 199.88 100 199.58 100

Landscape water 10.83 0.076 68.64 34 30.49 15 199.64 100 198.13 99
Treatment plant effluent 20.85 0.228 82.93 41 47.80 23 199.82 100 113.66 57

121
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