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Abstract 

Quantification of tin isotopes in environmental samples, particularly the radioactive 126Sn, 

is important for processes such as the biomonitoring of organotin species, long-term 

nuclear waste storage and treatment planning. The detection of 126Sn by mass 

spectrometric methods is, however, hampered by the presence of the stable 126Te isotope. 

Therefore, separation of tin from tellurium is crucial to minimize isobaric interferences 

that limit the quantification of 126Sn by Accelerator Mass Spectrometry (AMS) and other 

instrumental techniques. In the present study, three major accomplishments are discussed: 

i) development of an analytical strategy to separate tin from tellurium, ii) monitoring of 

anionic interferences in the separation of tin from tellurium, and iii) suppression of 126Te 

background to allow the detection of 126Sn by AMS. 

Section I (Chapter 2): 

In the first phase of the project, an analytical survey was carried out using four Eichrom 

resins (TRU, TEVA, UTEVA, and DGA) to identify a suitable solid phase 

chromatographic material to separate tin from tellurium. Standard metal solutions were 

spiked on batch tests in two acids (HCl and HNO3) at concentrations ranging from 0.20 to 

6.0 mol L–1, and the spiked analytes in solution were measured by ICP-MS. The 

distribution coefficient, KD (solid phase/aqueous phase) of tin and tellurium was then 

calculated for each resin. Results, HCl treatment from 0.20 to 6.0 mol L–1, reveal that the 

TEVA resin exhibited the highest KD  (27198 mL g-1) for the tin in HCl solution, 

followed by TRU (24239 mL g-1), DGA (10165 mL g-1), and UTEVA (3232 mL g-1) 

resins. However, the TRU resin demonstrated the lowest KD (431 mL g-1) for tellurium in 

similar acid conditions compared to other substrates (UTEVA 708 mL g-1, DGA 2230 mL 

g-1, and TEVA 3124 mL g-1). All four resins produced relatively small KD values (≤ 100 

mL g-1) for both tin and tellurium in aqueous HNO3 medium. A follow up of batch test, in 
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which the TRU resin was charged on Bio-Rad columns, showed retention of 99.78 ± 

0.39% tin and 59.31 ± 1.30% tellurium in the presence of dilute hydrochloric acid (~1.0 

mol L–1). Through a study of tin and tellurium desorption from TRU resin with different 

eluents, it was observed that aqueous hydrofluoric acid (~ 0.50 mol L–1) could wash down 

up to 92% of loaded tin, while tellurium desorption can be kept as low as 5%. The first 

phase of our work suggests that the TRU resin offers itself a promising solid phase 

chromatographic material for the separation of tin from tellurium, while aqueous 

hydrofluoric acid is shown to be an excellent eluent to selectively wash out of tin from 

the solid phase. 

Section II (Chapter 3): 

In the second phase of the project, experimental work was carried out to evaluate the 

effect of Cl– and SO4
2– interferences, the two major anions found in natural waters, in the 

separation of tin from tellurium. Following previous findings, powdered TRU (50–100 

μm) resin was used as an adsorbent. Laboratory prepared solutions containing Cl– and 

SO4
2– ions were spiked (single Cl–, single SO4

2–, and Cl–-SO4
2–-mixed spike) with 

standard solutions of tin and tellurium. Distribution coefficients for adsorbed tin and 

tellurium were then determined for each solution. An optimization of the reaction time 

producing the maximum metal-resin interaction was also evaluated. 

Results reveal that the average KD values for tin and tellurium in 3.0 mol L–1 hydrochloric 

acid are 5517 ± 406 and 1310 ± 50 mL g–1, respectively. In the case of tin, the Cl–-spike 

produced an increase in KD of 11% from that of the unspiked sample, whereas the mixed-

spiked sample faced a reduction of KD by 7% compared to that of the unspiked sample. 

The distribution coefficients of tellurium in the presence of tested anion spikes remained 

unchanged. This observation demonstrates that the distribution coefficients of tin and 

tellurium onto the solid phase is barely affected by the presence of Cl– and SO4
2– 
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contaminants (each present at concentrations of 70.0 mg L–1). Moreover, the adsorption 

of metal at very low acidic conditions onto the resin in presence of Cl– and SO4
2– spikes is 

favored at pH values from 4.0 to 5.0. In alkaline conditions, the resin was found to lose its 

stability. The TRU resin undergoes denaturation at 2.0 mol L–1 of NaOH, while a 

complete annihilation of resin structure occurred at 3.5 mol L–1 of base. 

The optimization of the reaction time producing the highest distribution coefficient of 

metals on the solid phase was carried out by observing batch tests up to 180 minutes of 

contact time. Results show that the optimum time for the best metal-resin interaction is 

around 90 minutes. More prolonged interaction time reduce the KD values for both tin and 

tellurium. 

A thorough adsorption-desorption study for tin and tellurium using TRU chromatographic 

resin with spiked field samples (surface and groundwaters) show that at least 99% tin is 

adsorbed in the presence of hydrochloric acid, while the adsorption of tellurium can be 

maintained at a level as low as 60%. Aqueous hydrofluoric acid can then selectively elute 

85% of tin (with a single wash of 100 mg of TRU resin) with tellurium release of less 

than 10%. Our proposed methodology can be applied successfully for the selective 

separation of tin from tellurium from surface and groundwater samples containing Cl– 

and SO4
2– ions. 
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Section III (Chapter 4): 

In the third phase of our project, a rigorous study was carried out to suppress the 126Te 

background for the detection of 126Sn by AMS. Laboratory prepared and commercially 

available SnF2 along with SnI2 were used in the preparation of AMS targets (SnF2 + PbF2 

and SnF2 + NaI + Ag). Beam-currents for SnF5
– and SnF2I

– molecular ions were 

measured from these targets in the A. E. Lalonde AMS laboratory. Results reveal that: 

- tin does not form a stable molecular-beam with iodine, iodine makes the ion-

source very unstable, no beam-current was detected with iodide species, even 

after mixing with silver powder, 

- the formation of large SnI2F
– molecular ion was not confirmed, no detectable 

signal was observed for this compound, 

- no stable beam-current was observed for TeF3
– and TeF5

– species, 

- the molecule SnF2 is a good ionic conductor, which produces stable SnF3
– 

current, 

- the sputtering capacity of SnF2 is very good and immediate, and SnF2 + PbF2 

target composition yields a long-lasting SnF3
– current, 

- the 126Sn/120Sn ratio with laboratory prepared SnF2 was measured as ~4.0 × 

10–9, a suppression of tellurium background to ppb-level, 

- the 126Sn/118Sn ratio with the SnF2 compound was found to be ~7.0 × 10–11, a 

drop of background by 2-orders of magnitude, 

- the 126Sn/118Sn ratio for the commercial SnF2 sample was measured as ~3.0 × 

10–12, a drop of background to parts per trillion-level. 

The observed ~10–12 background is the lowest value ever measured for the AMS 

quantification of 126Sn, even large AMS techniques have not reported lower 126Sn/118Sn 

ratios. Therefore, the SnF2 + PbF2 target composition is an excellent choice to produce 



vi 

stable molecular ion beams of tin and reducing interferences caused by the presence of 

126Te isotope during the detection of 126Sn by AMS. 

Keywords 

Tin isotopes, distribution coefficient, solid phase extraction, extraction chromatographic 

materials, TRU resin, metal adsorption-desorption, ICP-MS, anionic interferences on 

distribution coefficient, groundwater contamination, AMS detection of 126Sn, 126Te 

interference, suppression of 126Te background, AMS beam-current.  
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Chapter 1: 

 

Introduction 

 

1.1 Tin in the environment 

1.1.1 Tin in ancient time 

The name ‘tin’ is coined from the Anglo-Saxon language, with meaning of unknown 

origin.1 The chemical symbol of the element, Sn, is derived from the Latin word stannum 

that stands for alloy containing lead.2 The element was known to human civilization from 

prehistoric times as a component of the alloy bronze.3 The ‘Bronze Age’ can be traced 

back to ca. 3000–1200 BC, especially in Southeastern Europe.4 In China, during the 

Shang Dynasty in the late second millennium BC, a highly sophisticated bronze 

technology was developed which subsequently spread out over Asian countries and other 

regions of the world.5 The importance of bronze materials is now accredited in the field of 

chronological study, trade, warfare, craft production and many more.6 

1.1.2 Occurrence of tin 

Tin is a rare metal which is usually present as cassiterite (SnO2) commonly associated 

with granites.4 Tin can also be concentrated as sulfides, like stannite (Cu2FeSnS4), teallite 

(PbSnS2), canfieldite (Ag8SnS6), and cylinderite (PbSn4FeSb2S14).
7 The natural 

abundance of tin in the environment is quite low, the concentrations of tin in the earth 

crust range from 0.1–5.5 ppm.8–10 
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1.1.3 Importance of tin 

Tin metal is usually mixed with copper to make hard and tough alloys.5 Tin-bronze (alloy 

of ~ 90% copper and ~ 10% tin) was extensively used in weapons, tools, and ornaments.4 

Tin is used to produce a large number of organotin compounds which are extensively 

used in commercial applications,11 like wood preservation,12 industrial catalysts,13 

biocides,14 heat and light stabilizers for polyvinyl chloride (PVC) materials,15 and as 

fluids in electric transformers and capacitors.16 Tributyltin (TBT) has long been used as 

antifouling paint in ships and marine vessels.12,17 However, due to severe ecotoxicological 

threats, the application of TBT-based antifouling agents on ship paintings was banned in 

2008.13,18 

1.1.4 Tin in food 

The geochemical characteristics of tin are unique because of its mobilization and 

biomethylation to organotin species, such as tributyltin (TBT), dibutyltin (DBT), and 

monobutyltin (MMT).15,19 The human body is exposed to tin mainly from the 

consumption of seafood that contains butyltin species.15 However, tin can enter into 

human body from other sources as well. For example, studies reveal that organotin 

compounds leaching from polyvinyl chloride (PVC) and other household items enter into 

foodstuffs and cause adverse health effects.15 It is reported that up to 138 μg/L of Sn, as 

DBT, was found in wine samples of Canadian super markets.20 Another study says, 0.05 – 

0.15 μg/L of Sn, again as DBT, was detected in Portuguese wines.15 The present tolerable 

daily intake (TDI) of DBT is 5 μg of Sn/kg of body weight.20 
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1.2 Properties of tin 

1.2.1 Common properties of tin 

Some common properties of tin are presented in Table 1.1. One interesting characteristic 

of tin is that it possesses a magic number. The magic numbers are the result of filling a set 

of six sub-shells, the known magic numbers are 2, 8, 20, 28, 50, 82 and 126.21 

Table 1.1: Some common properties of tin. 

Parameter Value Ref. 

Atomic number, Z 50 [2] 

Atomic weight, reported in 1811 

by Gay-Lussac  

117.65 [22] 

Atomic weight, reported in 1991 

by IUPAC 

118.710(7) [23] 

Boiling point 2270 °C [2] 

Density, reported in 1902 7.300 [24] 

Electron affinity, eV 1.2 [25] 

Electronic configuration 1s22s22p63s23p63d104s24p64d105s25p2 [2] 

Electronegativity 1.96 [26] 

First discovery of tin isotope, 

reported in 1922 by Aston 

119–122Sn, 124Sn [27] 

Last discovery of tin isotope, 

reported in 2015 by Lorusso 

139Sn [28] 

Ionization potential, eV 7.3 [29] 

Melting point 231.9681 °C [2] 

Main oxidation states  +2, +4 [30] 

Valence 2, 4 [31] 

Specific gravity 5.75 (gray), 7.31 (white) [2] 

Number of isotopes discovered  41 [32] 

Number of stable isotopes 10, the greatest number of stable isotopes among 

all elements in the periodic table  

[33, 

34] 

Self-conjugated nuclide (N = Z) 100Sn,N = 50, Z = 50 [35, 

177] 

Doubly magic isotopes 100Sn,N = 50, 132Sn,N = 82 [36, 

37] 

Isotope with the smallest mass 

unit 

99Sn (98.948530 ± 540) [32] 



 

4 

Isotope with the largest mass 

unit 

139Sn (138.958730 ± 540) [32] 

Isotope with the shortest half-

life 

138Sn (210 ± 45 ns) [38] 

Isotope with the longest half-life  126Sn ((2.35 ± 0.2) × 106 y)) [39] 

 

1.2.2 Redox properties 

In normal environmental conditions, tin compounds are only sparingly soluble in water, 

and are likely to partition to soils and sediments.7 Tin can exist in both inorganic and 

organic forms;40 the common oxidation states of tin are: –II, 0, +II, and +IV.41 Although 

the precise oxidation state of 126Sn in nuclear waste and spent fuel is unknown, the 

divalent and tetravalent oxidations states are predominant species found in natural 

waters.42   

In normal natural conditions, Sn(II) is soluble at concentrations of <10–6 M, whereas the 

solubility of Sn(0) and Sn(IV) is very limited.43,44 

SnO2(s)   +   4H+   =   Sn4+   +   2H2O,   Ksp   =   2.1 × 10–8 

SnO(s)   +   2H+   =   Sn2+   +   H2O,   Ksp   =   11.8 

The most important considerations that affect the speciation of tin is pH.45 At elevated 

pH, tin (like arsenic) usually stays as anionic forms: SnO3H
–, SnO3

2–, and at pH 7.0 or 

below, cationic tin species predominate: Sn(OH)+ and Sn(OH)2
2+.40 At pH greater than 

2.0, the solubility of tin compounds is rather low.45 The pe-pH diagram of tin is presented 

in  Fig. 1.1.   
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Fig. 1.1 The pe-pH diagram of tin with a dissolved tin activity of 10–10 mol L–1.41 

 

In natural waters, both Sn(II) and Sn(IV) tend to hydrolyze to form aqueous species.41 For 

Sn(IV), the available aqua-complexes are SnO(OH)3
– at pH ≥ 8.0 and SnO(OH)2

0 at pH < 

7.0, whereas for Sn(II), the predominant species in normal pH is mainly SnO(OH)2
0,41 

along with the formation of polymeric forms of Sn(II), like Sn2(OH)2
2+ and Sn3(OH)4

2+.46 

 

1.3 Toxicity of tin compounds 

1.3.1 Factors affecting toxicity 

Tin is an essential element for plant and animal life, inorganic tin is considered as non-

toxic.47,199 Aquatic microorganisms, especially algae and cyanobacteria, can absorb tin 

compounds and transfer them to higher trophic levels, and undergo biomethylation.40 The 
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toxicity of tin compounds usually depends on the state of oxidation states, inorganic or 

organic forms, and the nature of organic moiety.19 Though inorganic tin is considered as 

non-toxic, organotin compounds, particularly butyltin species, are highly toxic.48 Usually, 

trialkyltins are more toxic than mono- or disubstituted congeners.48 Also, the length of 

alkyl group causes a sharp decrease of biocidal activity.48 

1.3.2 Toxicity to invertebrates  

Inorganic Sn(IV) compounds reportedly show severe toxicity to phytoplankton 

cyanobaterium, Synechocystis aquatilis.19,40 Living biota are extremely vulnerable to 

tributyltin toxicity.49 Many organotin compounds are susceptible to soil 

microorganisms.50 Reports reveal, TBT released from boat antifoulants is responsible for 

poor spatfall and shell thickening in cultivated oysters, Crassostrea gigas.51 Marine 

mollusc and common mussels are greatly at risk due to TBT induced aqua-toxicity.52,53 

TBT causes “imposex” – a phenomenon in which male sex characteristic develops on 

female – condition on marine biota, especially on gastropods,54 it is estimated that more 

than 260 species of gastropods are affected worldwide.55  

1.3.3 Toxicity to mammals 

Although exposure of butyltin compounds to human body and their toxic effects are not 

well documented, organotin compounds, as a whole, are considered as endocrine 

disrupting agents.20,56 Tributyltin is responsible for the growth inhibition and 

immunosuppressant effects on marine mammals.16,57 Trimethyltin causes 

neuroinflammation,58 nystagmus imbalance,59 cognitive impairment,60 ataxia,61 and 

seizures62 on mammalian bodies. Reports reveal, the administration of monomethyltin to 

pregnant rats produces impaired offspring with potential apoptotic risk.63 
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1.4 Isotopes of tin 

1.4.1 Discovery of tin isotopes 

Almost a century ago, F.W. Aston, while working with tin tetramethide on the “Half 

Tone” photographic plate at the Cavendish Laboratory, Cambridge, UK, surprisingly 

observed eight spectral lines on the newly installed (in 1919) mass-spectrograph, shown 

in Fig. 1.2, which correspond atomic weights of 116 (c), 117 (f), 118 (b), 119 (e), 120 (a), 

121 (h), 122 (g), and 124 (d). The letter in the bracket indicates intensity, corresponding 

to chemical weight of tin 118.7. He assumed that these lines might have appeared due to 

the presence of tin isotopes. However, the assignment of the extremely faint line 121 (h) 

was uncertain.27 
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Fig. 1.2 An early mass-spectrograph (1927). The mass analyzer was installed in 1919 

at the Cavendish Laboratory, Cambridge, UK. The resolving power of the 

instrument was sufficient to separate mass lines differing by about 1 in 130, and its 

accuracy of measurement was about 1 in 1000. X–(a) and (b) spectra display the 

even spacing of tin monomethide and xenon lines, while the (c) spectrum shows tin 

isotopes with long exposure time.63,178 
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1.4.2 Stable tin isotopes 

Approximately 3,500 stable and radio-nuclides have been identified so far,65 of which tin 

possesses 41 isotopes (mass range 99 to 139): 10 stable, 14 neutron-depleted, and 17 

neutron-rich isotopes.32,66 Tin has the greatest number of stable isotopes among all 

elements in the periodic table.33,67 Abundances of stable tin isotopes are presented in 

Table 1.2. 

Table 1.2: Abundances of stable tin isotopes.1 

Isotope 

Z = 50 

N A RMS 

nuclear 

charge 

radii 

(fm)* 

[68] 

Produced 

by 

[67] 

Modes of 

nucleosynthesis 

[69,70] 

 

Abundance (per 

cent) 

Aston 

(1936) 

[71] 

IUPAC 

(1997) 

[72] 

112Sn 62 112 4.5948 p–process Proton capture  1.1 0.97(1) 

114Sn 64 114 4.6099 p–process Proton capture  0.8 0.66(1) 

115Sn 65 115 4.6148 p–, r–, s–

processes 

Proton and 

neutron captures 

(rapid and slow) 

0.4 0.34(1) 

116Sn 66 116 4.6250 s–process Slow neutron 

capture 

15.5 14.54(9) 

117Sn 67 117 4.6302 r–, s–

processes 

Slow and rapid 

neutron captures 

9.1 7.68(7) 

118Sn 68 118 4.6393 r–, s–

processes 

Slow and rapid 

neutron captures 

22.5 24.22(9) 

119Sn 69 119 4.6438 r–, s–

processes 

Slow and rapid 

neutron captures 

9.8 8.59(4) 

120Sn 70 120 4.6519 r–, s–

processes 

Slow and rapid 

neutron captures 

28.5 32.58(9) 

122Sn 72 122 4.6634 r–process Rapid neutron 

capture 

5.5 4.63(3) 

124Sn 74 124 4.6735 r–process Rapid neutron 

capture 

6.8 5.79(5) 

 

1.4.3 Radioactive tin isotopes 

Short-lived tin isotopes: Among fortyone radioisotopes of tin,32 the ‘doubly magic’ 100Sn 

nucleus (N = 50 neutrons and Z = 50 protons) possesses completely occupied shells.73 The 

113Sn has a half-life of 115 days, while the half-life of 123Sn is 129 days.21 The half-life of 
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126Sn is much longer at ~105 y,74 other isotopes of tin possess half-lives in the order of 

hours to seconds.21 Table 1.3 summarizes all known tin isotopes and their decay 

properties. 

Table 1.3: Decay properties of tin isotopes.32,75,179 

Isotope 

 

(Z = 50) 

N Nuclear 

rms 

charge 

radii (fm) 
[68] 

Gram 

atomic 

weight (g) 

Half-life Beta-decay 

energy 

(MeV) 

Daughter 

isotope 

99Sn 49  98.948530# ... β+  = 13.430#  

100Sn 50  99.938500 1.16 s β+  = 7.030 100In 

101Sn 51  100.935260 1.97 s β+  = 8.310#  

102Sn 52  101.930290 3.8 s β+  = 5.760 102In 

103Sn 53  102.928100 7.0 s β+  = 7.660  

104Sn 54  103.923105 20.8 s β+  = 4.556 104In 

105Sn 55  104.921268 34 s β+  = 6.303  

106Sn 56  105.916957 1.92 m β+  = 3.254  

107Sn 57  106.915714 2.90 m β+  = 5.052  

108Sn 58 4.5605 107.911894 10.30 m β+  = 2.050 108In 

109Sn 59 4.5679 108.911293 18.0 m β+  = 3.859  

110Sn 60 4.5785 109.907845 4.154 h β+  = 0.628  

111Sn 61 4.5836 110.907741 35.3 m β+  = 2.453  

112Sn 62 4.5948 111.904825 STABLE   

113Sn 63 4.6015 112.905176 115.09 d β+  = 1.039 113In 

114Sn 64 4.6099 113.902780 STABLE   

115Sn 65 4.6148 114.903345 STABLE   

116Sn 66 4.6250 115.901743 STABLE   

117Sn 67 4.6302 116.902954 STABLE   

118Sn 68 4.6393 117.901607 STABLE   

119Sn 69 4.6438 118.903311 STABLE   

120Sn 70 4.6519 119.902202 STABLE   

121Sn 71 4.6566 120.904243 27.03 h β–  = 0.4031 121Sb 

122Sn 72 4.6634 121.903444 STABLE   

123Sn 73 4.6665 122.905725 129.2 d β–  = 1.4079 123Sb 

124Sn 74 4.6735 123.905277 STABLE   



 

11 

Table 1.3: Decay properties of tin isotopes (continued) 

Isotope 

 

(Z = 50) 

N Nuclear 

rms 

charge 

radii (fm) 

Gram 

atomic 

weight (g) 

Half-life Beta-decay 

energy 

(MeV) 

Daughter 

isotope 

125Sn 75 4.6765 124.907786 9.64 d β–  = 2.3599  

126Sn 76 4.6833 125.907659 235 ky β–  = 0.380 126Sb 

127Sn 77 4.6867 126.910390 2.10 h β–  = 3.229 127Sb 

128Sn 78 4.6921 127.910507 59.07 m β–  = 1.268 128mSb 

129Sn 79 4.6934 128.913482 2.23 m β–  = 4.038 129Sb 

130Sn 80 4.7019 129.913975 3.72 m β–  = 2.153 130Sb 

131Sn 81 4.7078 130.917053 56 s β–  = 4.717 131Sb 

132Sn 82 4.7093 131.917824 39.7 s β–  = 3.089 132Sb 

133Sn 83  132.923914 1.46 s β–  = 8.050 133Sb 

134Sn 84  133.928680 890 ms β–  = 7.587 134Sb 

135Sn 85  134.934909 515 ms β–  = 9.058  

136Sn 86  135.939990 350 ms β–  = 8.610# 137Sb 

137Sn 87  136.946550# 273 ms β–  = 10.270# 137Sb 

138Sn 88  137.951840# 150 ms β–  = 9.360# 137Sb 

139Sn 89  138.958730# 130 ms β–  = 100  

    # not purely experimental value 

 

Long-lived tin isotopes: 126Sn is the only long-lived radioisotope of tin, with a half-life of 

2.35 × 105 years.76 126Sn is a beta (βmax 252 keV) and gamma emitting radionuclide,39 it 

produces two short-lived daughters, 126mSb (19 min) and 126Sb (12.4 d), both emit γ-rays 

at the same energy (87.6 and 86.9 keV).39 The natural abundance of 126Sn/Sn in the 

Earth’s crust is approximately 10–14.77 Spontaneous fissions of 238U and 239Pu,78 nuclear 

weapon testing fallout,79 and nuclear fuel reprocessing plants79 are the main contributers 

to the anthropogenic input of 126Sn in the environment. Though the fission-yield of 126Sn 

is very low, only 0.065% by thermal neutron capture of 235U,80 its long half-life makes it 

one the most persistent anthropogenic radioisotopes in the environment.41,77 
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1.4.4 Half-lives of tin radioisotopes 

The half-life measurement of tin can be traced back to 1936 (April), done by R. Naidu at 

the Birkbeck College, UK. Geiger-Müller counters filled with air were irradiated with 

slow neutrons from a radon-beryllium source and the subsequent induced radioactivity of 

tin was measured. The experiment found two half-lives for the elemental tin (8 ± 2 

minutes and 18 ± 2 minutes),81 apparently having had no understanding of the half-lives 

of radioactive tin. A few months later (June 1936), J. J. Livingood,82 while working on 

the 5-MeV cyclotron in California reported the half-life of the 121Sn isotope, the very first 

attempt to measure the half-life of any tin isotope. He reported two half-lives for 121Sn: 24 

± 2 hours and 28 ± 2 hours. The present accepted half-life of 121Sn is 27.03 h.75 The half-

lives of all tin isotopes identified so far are presented in Table 1.3.  

1.4.5 Decay of tin isotopes 

126Sn decays to 126Te (Fig. 1.3) with a half-life of 2.35 × 105 years, via the formation of 

126Sb intermediate.76 The transition of 126Sn to 126Sb is followed by the emission of low-

energy gamma ray.77 In the solar system, 126Te is primarily produced by the decay of 

126Sn.83 In order to study the nucleosynthetic processes of 126Te, the elemental 

fractionation of the parent (Sn) from the daughter (Te) is important.84 

 

  



 

13 

 

Fig. 1.3 Decay scheme of 126Sn to 126Te.77 

1.4.6 Applications of tin isotopes 

Therapeutic applications: 117mSn (T½ = 13.76 d, γ = 159 keV, 86.4%) is a promising 

radionuclide with a wide ranges of diagnostic and therapeutic applications,85,86 especially 

for single photon emission computed tomography (SPECT).87 Unlike other therapeutic 

radioisotopes, e.g., 89Sr and 153Sm, 117mSn is not a beta-emitter, rather it decays through 

the emission of low-energy electrons (126.8, 129.4, and 151.6 keV) with very short  

ranges (0.22 – 0.29 mm) that can destroy body tumors without damaging healthy cells.88–

92 For its long half-life, higher than 153Sm (T½ = 46.3 h)93 and 186Re (T½ = 3.78 d),94 and 

low myelotoxic effect,95 117mSn isotope is particularly important in the post-therapy 
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imaging for the palliation of painful bone-metastases,85,96,97 radiosynovectomy,94 

radioimmunotherapy,98 atherosclerotic disease,91 leukemia,99 as well as bone and breast 

cancers.100,101 

Spectroscopic applications: Among ten stable isotopes of tin, three – 115Sn, 117Sn and 

119Sn – possess an odd number of neutrons and all of them have a nuclear spin of one-

half, I = ½. These isotopes are extensively used in solid state NMR,102–105 while 119Sn is 

widely used in Mössbauer spectroscopy.106–108 

 

1.5 Tellurium in the environment 

1.5.1 Abundances of tellurium 

Tellurium (Te) is a metalloid that is extensively used in electronic circuits and devices.109 

The name is derived from the Latin word Tellus, after the Roman goddess.1 Tin, 

tellurium, and lead are the three most highly enriched metals in atmospheric particulate 

matter compared against the Earth’s crust.110 However, the natural abundance of tellurium 

is very low,111 in the range of 1–5 μg/kg (ppb).112 Te is commonly found in sulfide and 

gold ores.113,114 Tellutium is considered non-esssential and non-beneficial to animals and 

plants.201  

1.5.2 General properties of tellurium 

Tellurium (like Cd and In) is a good indicator for estimating the role of sulfides in 

geological systems.115 The common oxidation states of tellurium are: –II, 0, IV, and 

VI.116 Some common properties of Te are presented in Table 1.4. 
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Table 1.4: Some common properties of tellurium. 

Parameter Value Ref. 

Atomic number, Z 52 [2] 

Atomic weight 127.60(3) [23] 

Abundance  0.027 ppm (27 ppb) [117] 

Boiling point 989.8 °C [2] 

Electronic configuration 1s22s22p63s23p63d104s24p64d105s25p4 [2] 

Electron affinity, eV 1.971 [25] 

Melting point 449.5 °C [2] 

Valence  2, 4, 6 [2] 

Specific gravity, 20 °C 6.24 [2] 

Number of isotopes 39 [32] 

Number of stable isotopes 8 [83] 

 Isotope with smallest mass unit 105Te (104.943300) [32] 

Isotope with largest mass unit 143Te (142.956760) [32] 

 

1.5.3 Redox properties of tellurium 

In environmental conditions, tellurium is found as telluride (Te2–, H2Te), tellurite (TeO3
2–, 

tellurious acid, H2TeO3), and tellurate (TeO4
2–, telluric acid, H2TeO4).

117–119 Te(VI) is 

more thermodynamically stable than Te(IV).117 The Eh–pH diagram of tellurium is 

presented in Fig. 1.4.120 In normal pH conditions, the Te(IV) form usually stays at a ratio 

of HTeO3
– : TeO3

2– of approx. 104 : 1.121 
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Fig. 1.4. Eh–pH diagram of tellurium.120 

 

1.5.4 Isotopes of tellurium 

Te has 39 radioisotopes (masses 105 to 143),32 among these, eight are stable (120Te, 122Te, 

123Te, 124Te, 125Te, 126Te, 128Te and 130Te).75,83 The half-life of 128Te is around (2.5 ± 0.3) 

× 1024 y, which is the largest measured half-life of all known radioisotopes.122 130Te also 

possesses a long half-life ((7.0 ± 1.0) × 1020 y).122 The longer half-lives of 128Te and 130Te 

virtually make them stable. The atomic masses and isotopic composition of stable 

tellurium isotopes are presented in Table 1.5. 
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Table 1.5: Atomic mases and isotopic compositions of tellurium.1 

 

Isotope Atomic mass/u Isotopic abundance, % 

(1998) 

[72] 

Mole fraction 

(2003 & 2016) 

[1, 123] 

120Te 119.904026(11) 0.09(1) 0.0009(1) 

122Te 121.9030558(29) 2.55(12) 0.0255(12) 

123Te 122.9042711(20) 0.89(3) 0.0089(3) 

124Te 123.9028188(16) 4.74(14) 0.0474(14) 

125Te 124.9044241(20) 7.07(15) 0.0707(15) 

126Te 125.9033049(20) 18.84(25) 0.1884(25) 

128Te 127.9044615(19) 31.74(8) 0.3174(8) 

130Te 129.9062229(21) 34.08(62) 0.3408(62) 

 

The major challenge in the determination of 126Sn by mass spectrometry is the isobaric 

interference of 126Te (18.84% abundance),72 a decay product of 126Sn. The stable 126Te 

isotope produces a strong background during the AMS quantification of 126Sn.124 

Fortunately, other short-lived daughter products of 126Sn, e.g., 126mSb (Z = 51, T½ = 19 

min) and 126Sb (T½ = 12 d), do not significantly interfere in the measurement of 126Sn.78 

 

1.6 Research goal and objectives 

1.6.1 Rationale of the present study 

The identification of tin radioisotopes in environmental samples is crucial for several 

reasons: 

- tin is considered as a potential candidate for the study of isotopic anomalies,67 

- tin is easily biomethylated by microorganisms.40 Methylated tin compounds are 

toxic to aquatic species and mammalian body,20 therefore, biomonitoring of isotopic 

organotins is of great importance, 
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- the long-lived isotope of tin, 126Sn (T½ ~105 y), draws much attention in nuclear 

waste disposal considerations.125 Moreover, the measurement of 126Sn in 

environmental samples is crucial for long-term nuclear waste storage 

strategies126,127 and nuclear waste treatment practices.39 

- the measurement of 126Te in the solar system requires a better understanding about 

the abundance of its parent isotope, 126Sn.84 

1.6.2 Specific research objectives 

Our present study will focus on two mains aspects: 

i) Separation of tin from tellurium to suppress isobaric interferences of Te during 

analysis by mass spectrometry, and 

ii) The AMS measurement of 126Sn in environmental samples. 
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Chapter 2: 

 

Separation of tin from tellurium 

 

2.1 Research background 

2.1.1 Importance of isobaric separation 

The measurement of the concentration of long-lived radionuclides in environmental 

samples is critical to assess their biological and ecological effects,128 and nuclear waste 

disposal management plan.129 Long-lived radionuclides are typically measured using 

mass spectrometry, like accelerator mass spectrometry (AMS)130 and inductively coupled 

plasma mass spectrometry (ICP-MS).131 These techniques require the separation of 

isobaric interferences from the isotope of interest. In this study, our goal is to measure the 

concentration of 126Sn in environmental samples by AMS. However, the presence of 

stable 126Te interferes during the AMS measurement of 126Sn.83,124 Therefore, the first 

phase of our project aims to separate tin from tellurium by chemical treatment. 

2.1.2 Selection of separating method 

 A separation or preconcentration of metal ions is necessary to avoid background 

interferences and in fixing the minimum level of detection. The most widely used 

techniques for separation include solvent extraction,132 anion exchange,133 membrane 

filtration,134 coprecipitation,135 cloud point extraction,136 and solid phase extraction.137 

Among these, solid phase extraction (SPE) is the most favored technique to researchers 

for its enhanced selectivity and sensitivity.138 SPE also offers advantages: the elution of 
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adsorbed analyte with small volume of solvent,139 high adsorption capacity,140 stability in 

severe conditions,141 cost effective,142 and ensures less extraction time.143 In our present 

study, we have selected solid phase extraction (SPE) technique to quantitatively separate 

tin from tellurium. 

2.1.3 Choice of instrumental technique 

In the laboratory, atomic absorption spectrometry,144 flame atomic absorption 

spectroscopy (FAAS),145 electrothermal atomic absorption spectrometry,146 graphite 

furnace atomic absorption spectrometry (GF-AAS),147 atomic fluorescence spectrometry 

(AFS),148 and inductively coupled plasma-mass spectrometry (ICP-MS)149 are the most 

widely used techniques for the routine analysis of metal ions. ICP-MS is often superior to 

other traditional techniques for its ultra-low detection capability150 and multi-elemental 

analyzing characteristics down to nanogram levels, Fig. 2.1.58,151 

 

Fig. 2.1 Detection limits by different techniques.58 
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2.2 Previous works on tin separation 

2.2.1 Separation of Sn element 

The analysis of bronze samples that contained a mixture of elements (Cu, Zn, Cd, In, Sn, 

Sb, Te, Pb) was carried out by Balliana et al.152 in dilute HCl medium. The elements were 

first separated on TRU-Spec anion exchange column in 1 M HCl, and then eluted by 1 M 

HNO3. The recovery of Sn was around 100%. 

Mason et al.4 have determined the composition of Sn isotope in 52 Balkan artifacts using 

MC-ICP-MS technique and found that tin content in artifacts was in the range of 2.1 to 

17.8 wt%. 

Ahn and Lee153 have extracted a mixture of Sn, Sb, Bi, As, Cu, Pb, and Zn on tri-n-

butylphosphate (TBP) and observed that the extraction of tin is 91% in 9.0 mol L–1 HCl, 

whereas the stripping of tin is 99% at 2.0 mol L–1 of NaOH. 

A preconcentration of tin from natural water samples was carried out by Costa et al.154 on 

oxidized multiwall carbon nanotubes and the characterization of the eluent was done by 

electrothermal atomic absorption spectrometry. The adsorbed tin was eluted by 2.7 mol 

L–1 of HNO3 and the elution was 91.5%. 

2.2.2 Separation of 126Sn 

Zhang et al.39 have developed a method for the separation of 126Sn isotope. Tin was 

precipitated as Sn(OH)4 in concentrated NH4OH, dissolved in HCl, and then transferred 

to a separatory funnel. The extraction of tin was done with methyl isobutyl ketone. 

Dulanská et al.125 have separated 126Sn isotope from radioactive waste samples using 

TEVA resin. Tin was first precipitated in ammonium sulfide in 0.5 mol L–1 HCl, passed 

through TEVA column, and then eluted with 2 mol L–1 HNO3. The tin fraction was 



 

22 

measured by gamma spectroscopy. The average activity of 126Sn was observed around 5 

Bq L–1. 

Andris and Beňa155 have separated 126Sn isotope using TBP chromatographic resin in 

hydrochloric acid medium at concentration of 6 mol L–1. Tin was quantitatively stripped 

off from the resin by 0.1 mol L–1 HCl. The characterization of 126Sn was done by gamma 

spectrometry. 

 

2.3 Experimental 

2.3.1 Solid phase extraction by resins 

The distribution coefficient of substrates (KD) into two phases can be exploited to 

separate a desired analyte from its interfering ions.128 The distribution coefficient was 

calculated as follows: 

KD  =  (metal retained per gram of resin)/(metal retained per mL of liquid) 

      =  mg/g ÷ mg/mL 

Therefore, the units of KD is mL g–1. 

In our present study, the distributions of tin and tellurium in solid (resin) phase and 

aqueous phase were studied on four chromatographic resins. Patented by the Eichrom 

Technologies Inc.156 the extraction resins are TRU (octylphenyl-N,N-di-isobutyl 

carbamoylphosphine oxide (CMPO) dissolved in tri-n-butylphosphate, TEVA (trialkyl, 

methylammonium nitrate or chloride), UTEVA (diphenyl, pentylphosphate or diamyl, 

amylphosphate), and DGA (N,N,N’,N’-tetra-n-octyldiglycolamide, or normal DGA resin). 

The structure of the resins studied is presented in Fig. 2.2. Specific aims of the study were 

to evaluate: i) the distribution coefficient, KD, of tin and tellurium on Eichrom resins, ii) 

appropriate substrates to separate tin from tellurium, and iii) the selective elution of tin 
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from the solid phase. The systematic assessment provides a solid foundation for the 

separation of 126Sn from 126Te and a subsequent measurement of 126Sn isotope by AMS. 

 

 

 

 

 

Fig. 2.2 Structures of Eichron resins.156  

 

2.3.2 Reagents and materials 

Analytical grade hydrochloric acid (37%, 12.03 mol L–1) and nitric acid (68–70%, 15.61 

mol L–1) were purchased from Fisher Scientific, Ottawa, ON, Canada. Hydrofluoric acid 

(48%, 27.19 mol L–1) was supplied by Sigma-Aldrich. Ultrapure water (18.0 MΩ) used 

for the preparation of eluents and dilution of samples was obtained from a Milli-Q 

purification system (Millipore, Bedford, MA, USA). Whatman filter papers (1.2 μm pore 

size, 25 mm diameter) were used to separate the resins from solutions in batch tests. 

Extraction resins were obtained in the form of 2.0 mL cartridges (50–100 μm) from 

Eichrom Technologies Inc. (Lisle, IL, USA). Tin (99.9995% pure Sn shot dissolved in tr. 

HNO3 and tr. HF, density = 1.00 g/mL) and tellurium (99.9928% pure Te powder 

dissolved in 10% (v/v) HNO3, density = 1.085 g/mL) standard solutions (1000 μg mL–1) 

were purchased from BDH Chemicals (Toronto, ON, Canada), internal stock solutions 

were prepared daily by serial dilution in 2% (v/v) nitric acid, dissolved in Milli-Q water 

(18.0 MΩ.cm at 25 ºC). The principal instrument used in this experiment is the Agilent 

TRU TEVA UTEVA DGA 
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8800 ICP-MS/MS. The centrifugation was done by an Eppendorf Centrifuge 5804 and a 

VWR standard analog shaker was used to mix the solutions during batch tests. 

 

2.3.3 Preparation of pH calibration solutions 

Seven pH solutions were prepared with pH ranging from 1.0–7.0. The pH of the solutions 

was measured using a Mettler Toledo multiparameter pH meter. The calibration of the pH 

meter was done against Mettler Toledo buffers at pH 4.00, 7.00, and 10.00. The pH 

adjustment was performed using 2% HNO3 (v/v) solution, also prepared in Milli-Q water. 

Table 2.1 presents the pH values of the prepared solutions. The observed potential was 

displayed by the instrument during the measurement of solution pH. 

Table 2.1: Observed pH values of prepared solution. 

Expected pH Observed pH Observed 

potential (mV) 

Temperature (°C) 

1.00 1.04 333.9 25 

2.00 2.03 281.0 25 

3.00 3.03 224.4 25 

4.00 4.01 175.9 25 

5.00 5.03 121.5 25 

6.00 6.04 67.7 25 

7.00 7.04 13.4 25 

 

2.3.4 Determination of KD values by batch test 

The KD (metal adsorbed per gram of solid resin over metal retained per milliliter of water) 

values for tin and tellurium were determined as follows: 20 mL disposable plastic liquid 

scintillation vials were charged with 100 mg of resin – TRU, TEVA, UTEVA, or DGA – 

followed by the addition of 200 μL of standard tin and tellurium solutions (equivalent to 

5.0 μg tin and 5.0 μg tellurium, the internal standard solutions were prepared in 2% HNO3 



 

25 

(v/v), diluted by Milli-Q water, 18.0 MΩ.cm at 25 ºC). Sample vials were treated with 

either hydrochloric or nitric acid at concentrations ranging from 0.20 to 6.0 mol L–1, total 

volume was adjusted to 10 mL. These vials were placed in a shaking bath for 2 hours, the 

contents were then transferred to 15-mL centrifugate tubes (Fisher Brand) and 

centrifugated for 15 min at 3600 rounds per minute. After filtration of the supernatant and 

appropriate dilution, the subsequent analysis was carried out by ICP-MS. Calibration 

curves (for tin and tellurium) were prepared daily for each batch of sample with 

concentrations of 20, 40, 60, 80, and 100 ppb of either tin or tellurium. The calibration 

blank, analyte free, was also prepared in 2% HNO3 (v/v), again diluted by Milli-Q water. 

The blank was subtracted from the sample reading. A typical calibration curve is shown 

in Fig. 2.3. Also, the ICP-MS/MS detection conditions are presented in Table 2.2. 

 

 

 

 

 

 

 

Fig. 2.3 Calibration curves for tin and tellurium. 
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Table 2.2: ICP-MS/MS detection conditions. 

Parameter Value 

RF power 1550 W 

Plasma gas flow 15 L min–1 

Nebulizer gas flow 1.05 L min–1 

Auxiliary gas flow  1.0 L min–1 

Nebulizer pumping  0.27 mL min–1 

Acquisition time  60 s 

Dwell time 0.1 s 

Number of replicates 3 

  

2.3.5 Preparation of column test 

After the measurement of KD values from batch test, the TRU resin was chosen as the bed 

material and aqueous hydrochloric acid as the loading acid. 10-mL polypropylene Bio-

Rad columns (9 cm high, conical 0.8 × 4 cm with 30 μm porous bed support) were rinsed 

thoroughly with 2% (v/v) nitric acid to remove any fine particle adhered on the resin bed, 

and then washed with Milli-Q water. After air drying, the test columns were packed with 

TRU resin (50 to 300 mg) and rinsed with 20 mL Milli-Q water to remove any very fine-

grained particles adhered on the resin. Packed columns were loaded with 10 mL of 1.0 

mol L–1 hydrochloric acid, containing 5.0 μg tin and 5.0 μg tellurium. Elutions were 

accomplished under gravity, at normal laboratory temperature (22 °C), with a typical flow 

rate of 1.8 mL per min. The optimal packing volume was determined to be 200 mg of 

TRU resin (1.1 cm high). The loaded metal was eluted with hydrofluoric acid at 

concentrations ranging from 0.20 to 6.0 mol L–1. Each washing of the resin was 

accomplished with 10 mL of acid solution, and consecutive washings were performed up 

to four times. The eluent washes were stored in separate tubes and processed for ICP-MS 

measurement. To minimize trace interferences of Sn and Te from the matrix, a blank run 
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was carried out, which was subtracted from the sample reading. The blank was prepared 

following the same experimental protocol adopted for the sample, except the addition of 

analytes.   

 

2.4 Results and discussion 

2.4.1 Batch test and distribution coefficients 

KD values of Sn in HCl solution: The distribution coefficient, KD (metal adsorbed per 

gram of solid resin over the amount retained per mL of liquid) of TRU, TEVA, UTEVA, 

and DGA resins were calculated for each experiment. All four resins exhibited small KD 

values at low concentrations of HCl, with the lowest observed being 151 ± 21 mL g–1 for 

DGA at 0.20 mol L–1, shown in Fig. 2.4 (Appendix 7.5). Two resins–TEVA and 

UTEVA–showed an increase of KD while increasing the concentrations of HCl, but 

exhibited a drop at 6.0 mol L–1 HCl. The highest peak in KD of TEVA (41996 ± 204 mL 

g–1) and UTEVA (6014 ± 276 mL g–1) were found at HCl concentrations of 2.0 and 5.0 

mol L–1, respectively. TRU and DGA resins had higher KD values at elevated 

concentrations of acid (6.0 mol L–1). The highest KD of TRU is 47662 ± 259 mL g–1 while 

that of DGA is 24121 ± 84 mL g–1. Tin in hydrochloric acid solution produced much 

larger KD values for all four resins studied. The high KD value of TRU (47662 ± 259 mL 

g–1) demonstrates that the adsorption capacity of tin onto this resin in hydrochloric acid 

solution is approximately 15 times higher than that of the UTEVA resin (3232 mL g–1). 

The optimal adsorption of metal onto TEVA resin is expected at low concentrations of 

acid. To determine 126Sn isotope using TEVA resin, Dulanská et al.127 loaded tin on the 

resin in 1.0 mol L–1 hydrochloric acid. 
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Fig. 2.4 KD values of tin onto different resins in presence of hydrochloric acid (0.20 

to 6.0 mol L–1). 

KD values of Te in HCl solution: The KD values of tellurium in hydrochloric acid 

solution are much lower than that of tin on all resins except for TEVA. The distribution of 

tellurium on TEVA (KD, 3124 mL g–1) is comparable to that of tin on the UTEVA resin 

(KD, 3232 mL g–1). In general, the KD value for the substrates increase with increasing 

acid concentration up to a maximum of 6.0 mol L–1 HCl, as shown in Fig. 2.5 (Appendix 

7.10). The largest value is 9724 ± 248 mL g–1 for TEVA, followed by DGA (5774 ± 144 

mL g–1), UTEVA (1571 ± 180 mL g–1), and TRU (1197 ± 88 mL g–1) resins. TRU resin 

shows the lowest KD for tellurium. The ratio of individual KD at the highest acid 

concentration (6.0 mol L–1) over the lowest acid (0.20 mol L–1) for TRU, TEVA, 

UTEVA, and DGA resins were 5.7, 66.7, 5.8, and 30.2, respectively. This information 

tells us that the adsorption of tellurium onto TEVA resin is highly affected by the 

concentration of loading acid. Similar effects were observed in cases of TRU and 

UTEVA resins. A close inspection on the KD value of TRU resin reveals that tellurium 
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adsorption experiences a drop at lower concentrations of hydrochloric acid, but exhibits 

higher values at elevated acid concentrations. A comparison of the overall KD values 

suggests that the adsorption of tellurium on the TRU resin is the lowest and is also less 

affected by variations in acid concentrations up to 2.0 mol L–1 of HCl. 

 

Fig. 2.5 KD values of tellurium onto different resins in presence of hydrochloric acid 

(0.20 to 6.0 mol L–1). 

KD values of Sn in HNO3 solution: Unlike the adsorption of tin in hydrochloric acid, 

which usually increases with increasing acid concentration, the adsorption of tin in 

aqueous nitric acid decreases with increasing concentrations of nitric acid, as 

demonstrated in Fig. 2.6 (Appendix 7.15). All four substrates have produced a similar KD 

at 6.0 mol L–1 nitric acid (44–49 mL g–1). At 0.20 mol L–1 nitric acid, the UTEVA resin 

has exhibited the highest KD (487 ± 33 mL g–1), followed by DGA (164 ± 8 mL g–1), TRU 

(111 ± 4 mL g–1), and TEVA (107 ± 3 mL g–1) resins. On increasing the concentration of 

loading acid, a sharp decrease of KD is observed for the UTEVA resin. The ratio of KD at 

0.20 mol L–1 acid to that at 6.0 mol L–1 for UTEVA resin is 10.9, and this ratio is 3.3 for 
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DGA, 2.5 for TRU, and 2.2 for TEVA resin. TEVA resin possesses the lowest ratio 

among all other substrates studied. The overall KD values suggest that the adsorption of 

tin onto UTEVA resin in the presence of aqueous nitric acid is more favored at low 

concentrations of HNO3 (less than 1.5 mol L–1). The adsorption behaviors of tin on both 

TRU and TEVA resins are alike and are less affected by the acid concentration. A 

comparative study on the KD value of tin in these two acid media (HCl and HNO3) reveal 

that tin is preferably adsorbed in aqueous hydrochloric acid. The observation also shows a 

poor tin retention capacity on the solid phase loaded with nitric acid. 

 

Fig. 2.6 KD values of tin onto different resins in presence of nitric acid (0.20 to 6.0 

mol L–1). 

KD values of Te in HNO3 solution: Like the adsorption of tin in hydrochloric acid 

medium, KD values of all four substrates decrease when the acid concentration increases 

as indicated in Fig. 2.7 (Appendix 7.20). At 0.20 mol L–1 acid, the UTEVA resin exhibits 

the highest KD (323 ± 9 mL g–1), followed by DGA (262 ± 6 mL g–1), TRU (251 ± 8 mL 

g–1), and TEVA (235 ± 7 mL g–1) resins. Both TRU and DGA resins possess similar 
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adsorption properties at low acid concentration. The TEVA resin, however, shows the 

lowest average KD (54 mL g–1) among all four substrates studied, it also has the smallest 

KD (26 ± 5 mL g–1) at 6.0 mol L–1 nitric acid. Although the adsorption of tellurium onto 

UTEVA resin at 0.20 mol L–1 acid is slightly higher compared to other substrates, the 

average KD values demonstrate two distinct resin pairs: TRU–UTEVA and TEVA–DGA. 

The TRU–UTEVA group possess almost double adsorption capacity (average KD, 107.5 

± 0.50 mL g–1) than the TEVA–DGA pair (average KD, 59 ± 5 mL g–1). The UTEVA 

resin experiences a sharp decline of KD on bumping the acid concentration. At lower 

concentrations of acid, below 2.0 mol L–1, the overall adsorption is highly affected by a 

small increase of acid concentration, however, this scenario becomes steady (KD values 

remain stable) from 3.0 to 6.0 mol L–1 acid treatment. In fact, the UTEVA resin has the 

largest adsorption coefficient for both tin (KD, 487 ± 33 mL g–1) and tellurium (KD, 323 ± 

9 mL g–1) in aqueous nitric acid solution. For TEVA and DGA resins, no sharp change of 

tellurium adsorption is observed by increasing the acid concentration. 

 

Fig. 2.7 KD values of tellurium onto different resins in presence of nitic acid (0.20 to 

6.0 mol L–1). 

0

100

200

300

400

0 1 2 3 4 5 6 7

TRU TEVA UTEVA DGA

HNO3 (mol/L)

Te
-K

D
(m

L/
g)



 

32 

KD values of Sn in different pH solutions: The KD values of tin for TRU, TEVA, 

UTEVA, and DGA resins over the entire acidic pH ranges (1.0–7.0, prepared in 2% 

HNO3 (v/v)) were calculated for each experiment in a batch test, presented in Fig. 2.8 

(Appendix 7.25). In general, the distribution coefficient of Sn increases with increasing 

pH, which implies that the adsorption of Sn on the solid phase gets increased at elevated 

pH. However, at pH 6.0, the UTEVA and DGA resins show a drop of KD before they 

increased once more at pH 7.0. The TRU resin shows a steady rise of KD from pH 1.0 to 

6.0, then a drop at pH 7.0 (512 ± 101 mL g–1). For the TEVA resin, a sharp increase of KD 

was also observed from pH 1.0 (92 ± 13 mL g–1) to pH 2.0 (592 ± 90 mL g–1), and again 

from pH 3.0 (494 ± 26 mL g–1) to pH 5.0 (1188 ± 388 mL g–1); demonstrating the highest 

KD value observed among all four resins. At pH 6.0, the TEVA resin has exhibited a 

further drop of KD (1150 ± 453 mL g–1), which was continued till the attainment of the 

neutral condition of pH 7.0 (901 ± 75 mL g–1). At pH 4.0, the TEVA, UTEVA, and DGA 

resins all produced similar KD values (average 670 ± 23 mL g–1), which are almost double 

that of the TRU resin (322 ± 68 mL g–1). The UTEVA and DGA resins have experienced 

a similar bump of KD from pH 1.0 to 4.0, after this point, they have shown a reverse 

adsoptive nature of Sn–the former got a sharp rise of KD whereas the latter has displayed 

a gradual drop. It is worth mention that at the neutral pH of 7.0, two resins–UTEVA and 

DGA–have demonstrated a rise of KD, whereas the other two–TRU and TEVA–have 

suffered a sharp drop. 
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Fig. 2.8 KD values of tin in different pH solutions (pH 1.0–7.0). 

KD values of Te in different pH solutions: The KD values of tellurium for TRU, TEVA, 

UTEVA, and DGA resins over the entire acidic pH ranges (1.0–7.0, again prepared in 2% 

HNO3 (v/v)) were calculated for each experiment in a batch test, presented in Fig. 2.9 

(Appendix 7.30). All study materials have demonstrated an increase of KD with increasing 

pH, the highest KD value was observed at pH 7.0 for UTEVA (129.9 ± 18 mL g–1). At pH 

3.0, the TEVA and UTEVA resins have felt a drop of KD, whereas the TRU resin has 

experienced a similar drop at pH 4.0 (322 ± 68 mL g–1). At pH 3.0, the TRU, UTEVA, 

and DGA resins have produced similar KD values (average 104 ± 2 mL g–1), while the 

TEVA resin has exhibited a much lower KD (93 ± 5 mL g–1). At pH 2.0 and 4.0, two KD 

maxima were observed for UTEVA (114 ± 33 mL g–1) and DGA (123 ± 12 mL g–1) 

resins, respectively. Interestingly, the distribution curve for the TRU and the DGA resins 

become linear from pH 5.0 to 7.0, the average KD in this pH range was found as 108.65 ± 

0.55 mL g–1 for TRU it was 112.62 ± 0.83 mL g–1. This result implies that the TRU and 

the DGA resins possess pH independent adsorptive characteristics of Te from pH 5.0 to 
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7.0. On the other hand, in this pH range, UTEVA shows an upward tendency of KD with 

increasing pH, whereas TEVA exhibits a downward trend. The overall results show that, 

tellurium produces a relatively smaller KD values (101 ± 5 mL g–1) compared to tin (558 ± 

143 mL g–1); just as with higher concentration HCl and HNO3 treatments. It is also clear 

that the distribution of tellurium onto different study materials is the highest at pH around 

4.0. 

 

Fig. 2.9 KD values of tellurium in different pH solutions (pH 1.0–7.0). 
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Fig. 2.10 (Appendix 7.31). Therefore, the adsorption study of either tin or tellurium on 

the column bed in presence of aqueous nitric acid was abandoned. The TEVA resin 

possesses the highest adsorption capacity of tin in HCl (KD, 27232 mL g–1), however, its 

tellurium retention capacity is also high (KD, 3124 mL g–1). On the other hand, the TRU 

resin produced the lowest tellurium adsorption capacity (KD, 431 mL g–1) in similar 

concentrations of HCl treatment, shown is Fig. 2.11 (Appendix 7.32), though its tin 

adsorption coefficient is slightly lower than that of TEVA resin (24239 mL g–1 for TRU 

compared to 27232 mL g–1 for TEVA). The ratio of the distribution coefficient of tin over 

that of tellurium in hydrochloric acid medium are, respectively, 56.2, 4.6, 8.7, and 4.6 for 

the TRU, TEVA, UTEVA, and DGA resins. Interestingly, both UTEVA and DGA resins 

yield the same ratio, shown in Fig. 2.12 (Appendix 7.33). The much higher KD ratio 

observed in TRU resin indicates a superior selectivity for tin over tellurium. For this 

reason, TRU resin, conditioned with high concentration HCl, is chosen as the optimal 

column substrate for separation of tin from tellurium in this study. 

 

Fig. 2.10 KD values of tin and tellurium onto different resins in presence of nitric 

acid (0.20 to 6.0 mol L–1) solution. 
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Fig. 2.11 A comparison of KD values of tin and tellurium onto different resins in 

presence of hydrochloric acid (0.20 to 6.0 mol L–1) solution. 

 

 

Fig. 2.12 Ratio of Sn and Te KD values onto different resins in presence of 

hydrochloric acid (0.20 to 6.0 mol L–1) solution. 
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2.4.3 Mechanism of adsorption 

Unlike liquid-liquid extraction, where partitioning of solutes takes place in two 

immiscible liquids, the solid-phase extraction encounters the partitioning of solutes 

between a solid (sorbent) and a liquid phase.142 The most common interactions in SPE 

involve the van der Waals or dispersive force, hydrogen bonding, dipole-dipole 

interactions, and cation-anion interactions.208,209 In our present study, the TEVA resin has 

showed the highest adsorption of tin in 1.0 mol L–1 of HCl, which can be attributed to the 

strong dispersive forces acting between the Sn2+ ion and the non-polar alkyl groups of the 

sorbent. On the other hand, the relatively higher adsorption of tin onto the TRU resin can 

be attributed by the strong dipole-ion interactions operating between the resin and the tin 

metal. In addition, the conformational disposition of TRU resin (Fig. 2.2) favours in the 

formation of six-membered stable tin-sorbent adduct. 

  

2.4.4 Column loading  

Optimization of packing quantity: The previous batch experiments were done with 100 

mg of resin and a mixture of 10 μg tin and tellurium (5.0 μg each). In the column test, an 

optimization of the packing material is important to ensure better adsorption and elution 

efficiency. Bio-Rad polypropylene columns were charged with TRU resin at amounts 

ranging from 25 to 300 mg. Packed columns were loaded with solution containing 5.0 μg 

of tin and 5.0 μg of tellurium along with an appropriate amount of 1.0 mol L–1 of HCl, the 

total volume was adjusted to 10 mL. The adsorption characteristic of the column bed 

reveals that it is capable of retaining up to 99.78 ± 0.39 % of tin with 100 mg of resin, 

shown in Fig. 2.13 (Appendix 7.34). However, with 200 mg material, the adsorption of 

tin can be as high as 99.95 ± 0.17 %, whereas the adsorption of tellurium in similar 
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experimental condition is about 60.98 ± 1.26 %. For this reason, the column test was 

performed with 200 mg of TRU resin. 

 

 

Fig. 2.13 Column packing with TRU resin and adsorptions of tin and tellurium. 

Optimization of column loading solution: The distribution coefficient of tin on TRU 

resin was found to increase with increasing the concentration of hydrochloric acid, up to 

5.0 mol L–1 (Fig. 2.4). However, at elevated concentrations of acid (≥ 3.0 mol L–1), the 

adsorption of tellurium also increases. The KD value of tellurium up to 3.0 mol L–1 HCl is 

relatively low (average 149 mL g–1), whereas at 3.5 mol L–1 it almost doubles (302 mL g–

1). At low concentration of HCl (≤ 3.0 mol L–1), we expect a high adsorption of tin and a 

low retention of tellurium. The loading of tin and tellurium on the column bed was 

performed at 1.0 mol L–1 of HCl. 
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2.4.5 Metal elution from the column bed 

Column wash by HCl solution: The packed column loaded with tin and tellurium was 

first washed with 20 mL Milli-Q water to wash down fine dust particles adhered on the 

column bed, followed by the hydrochloric acid treatment with concentrations ranging 

from 1.0 to 12.0 mol L–1, the average leaching of tin was 1.79 ± 1.31% whereas the 

average leaching of tellurium was 2.07 ± 0.76%, shown in Fig. 2.14 (Appendix 7.35). 

Unlike other two washing media (HNO3 and HF), the elution of tellurium is higher than 

that of tin in HCl solution. 

 

 

Fig. 2.14 Elution of tin and tellurium with hydrochloric acid (1.0 to 12.0 mol L–1). 
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the leaching of tin outweighs the leaching of tellurium, giving almost the same average 

value. The leaching of tin at 0.50 mol L–1 HNO3 was 17.00%, and at 6.0 mol L–1, it was 

48.50%, a threefold increase. The leaching of tellurium at similar acidic conditions was 

changed by 58%, which indicate that the washing of tellurium by HNO3 is much less 

affected than tin by increasing the concentrations of nitric acid. 

 

 

Fig. 2.15 Elution of tin and tellurium with nitric acid solution (0.50 to 6.0 mol L–1). 

Column wash by HF solution: Finally, the elution experiment was performed using 

hydrofluoric acid (HF) at concentrations ranging from 0.20 to 6.0 mol L–1. Results reveal 

that the percentage of both tin and tellurium elution increase with increasing 

concentrations of hydrofluoric acid and vice versa. The average fraction of tin wash, for 

the entire range of acid concentrations, from the resin was 95.09 ± 2.19%, while that of 

tellurium was 13.02 ± 4.71%. At 0.20 mol L–1 of HF, tin elution was 88.91% while 

tellurium elution was 4.54%. At 6.0 mol L–1 of acid, tin and tellurium elution were 

97.21% and 19.46%, respectively, as shown in Fig. 2.16 (Appendix 7.37). 
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Fig. 2.16 Elution of tin and tellurium from TRU column by hydrofluoric acid (0.20 

to 6.0 mol L–1). 

A comparison of metal elution: The average eluted fraction of tin in HCl (12.03 mol L–

1), HNO3 (15.61 mol L–1) and HF (27.19 mol L–1) media were 1.79 ± 1.39, 32.45 ± 13.99, 

and 95.09 ± 2.22%, respectively, whereas the corresponding values for tellurium were 

2.07 ± 0.76, 30.68 ± 6.30, and 13.02 ± 4.71%. Although, the leaching of tellurium in HCl 

solution is the lowest (2.07%), it exhibits a very low elution of (only 1.79%) tin in the 

wash. In aqueous HNO3, the leaching of tin and tellurium is well below 50%, Fig. 2.17 

(Appendix 7.38). In aqueous HF medium, the leaching of tin is around 95% while the 

leaching of tellurium is 13%. A comparison on elution profile demonstrates that the 

aqueous HF offers a bright promise in the selective desorption of tin from the column bed 

maintaining a low level of tellurium release. 
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Fig. 2.17 A comparison on the average percentage of tin and tellurium wash by HCl, 

HNO3, and HF across all concentrations. 

2.4.6 Optimization of eluent volume 

Loaded metals were washed off with aqueous HF (0.20–6.0 mol L–1), using 10.0 mL on 

each washing treatment. After the first wash with 10.0 mL hydrofluoric acid, the average 

elution of tin was 85.5%, whereas tellurium elution was 6%. At the end of fourth wash, 

with the same volume of HF, the corresponding elution were 95% and 13%, respectively. 

As the number of washings increases, the percentage of metal elution (both tin and 

tellurium) also goes up, as shown in Fig. 2.18 (Appendix 7.39). However, with additional 

washing treatments, there is a greater chance of significant tellurium contamination in the 

effluent. Therefore, an optimization of washing volume is necessary to ensure a selective 

separation of tin. Our desire is to keep the tellurium content as low as possible in the 

wash effluent, while maintaining a high recovery of tin. 
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Fig. 2.18 Percent of tin and tellurium elution with the number of wash treatment. 

2.4.7 Optimization of eluent condition 

Keeping four washes of 10 mL, increasing the concentration of hydrofluoric acid leads to 

an increase of tin elution from the column bed, but at the same time, it also increases the 

elution of tellurium. A similar observation, increasing the percent of extraction with 

increasing acid concentration, was also observed by Ahn and Lee,153 while doing solvent 

extraction of tin from a mixture of metals using TBP. They found 68% Sn(IV) extraction 

at HCl concentration of 1.0 mol L–1 and the recovery was raised to 93.6% at 8.0 mol L–1 

HCl. Zhu et al.157 have reported that in speciation of Sn(II) and Sn(IV) adsorbed on anion 

exchange resin (as Cl––type), the recovery of total tin was 98.7–101.7%. Another report 

says that the cloud point extraction of tin using 8-hydroxyquinoline and Triton X-114 

gave 85.0–112.0% recovery of tin for water samples.158 

In our present study when the hydrofluoric acid concentration is increased from 0.20 to 

1.5 mol L–1, the percent of tin elution goes up from 89% to 95%, and the corresponding 

percentage of tellurium release shifts from 4.5% to 11%. The ratio of the percent tin 
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elution to that of tellurium from 0.20 to 1.5 mol L–1 acid treatment declines from 19.6 to 

8.4, which means that the selectivity of tin separation drops by 57%. At still higher 

concentrations of acid treatment, the selectivity diminishes rapidly, Fig. 2.19 (Appendix 

7.40). In 1.0 mol L–1 hydrofluoric acid, tellurium elution is 7.4%, while the eluent has 

12% of tellurium at 2.0 mol L–1 HF, although the tin elution remains almost the same, 

94.5% and 95%, respectively. Columns eluted with hydrofluoric acid having 

concentrations of 2.5 and 3.5 mol L–1 show a small change in the ratio of tin-tellurium in 

the eluent. At 4.0 mol L–1 of HF, the tellurium release is more than 15%, resulting a 

decrease in separation efficiency. Good separation is, therefore, favoured at low 

concentrations of hydrofluoric acid. 

 

Fig. 2.19 Selectivity of tin and tellurium separation with increasing eluent 

concentration (0.005 to 6.0 mol L–1). 
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Fig. 2.19. In addition, washing treatments of more than four times release higher amounts 

of tellurium from the column bed causing a decline of the ratio of tin wash over tellurium 

wash, shown in Fig. 2.20 (Appendix 7.41).  At 0.10 mol L–1 of HF, the percent of tin 

elution is 77% and that of tellurium is 3.6%. On the other hand, at 0.50 mol L–1 of HF, the 

percent of tin and tellurium elution, respectively, 92% and 5%. We can conclude here that 

a good recovery of tin can be ensured at 0.50 mol L–1 of HF (92% Sn and 5% Te) and the 

best selectivity of tin and tellurium separation is achieved at 0.10 mol L–1 of HF (77% Sn 

and 3.6% Te). Sun and Li151 have separated seven elements from seawater by N-benzoyl-

N-phenylhydroxylamine (BPHA) supported on microporous acrylic ester polymeric resin 

and then eluted by HF, the recovery of tin was 99% with 6 mol L–1 HF/1 mol L–1 HCl. In 

our present study, the elution of tin from the column bed with 6 mol L–1 HF is 97%, 

similar to that found by Sun and Li.151 Our report, however, demonstrates an optimum 

condition of eluent concentration to suppress the elution of tellurium, maximizing the 

relative release of tin from the column bed. 

 

Fig. 2.20 The drop of separation efficiency with the number of washing treatments. 
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2.5 Conclusions 

Our present study has developed a strategy to separate tin and tellurium using a solid 

phase extraction technique. The overall results are promising and can be applied for the 

separation of 126Sn from 126Te. Therefore, rare 126Sn isotope can be analyzed by high 

resolution mass spectrometry, including accelerator mass spectrometry, by minimizing 

interference from the abundant isobar 126Te. Among the four Eichrom resins studied, the 

TRU resin is the most effective extraction material to be used for the separation of tin 

from tellurium. In solutions of aqueous nitric acid, the extraction of both tin and tellurium 

by different resins (TRU, TEVA, UTEVA, and DGA) are rather poor (KD < 100 mL g–1). 

On the other hand, when loaded in hydrochloric acid both tin and tellurium have much 

higher distribution coefficients (KD > 16,000 mL g–1 for Sn and KD > 400 mL g–1 for Te) 

on all resins. The distribution coefficient of tin onto the TRU resin column is favored in 

presence of aqueous hydrochloric acid (1.0 mol L–1), whereas the elution of tin is ensured 

by washing with dilute hydrofluoric acid. Elevated concentrations of HF increase the 

elution of tin as well as the elution of tellurium. Therefore, the optimization of the 

concentration of eluting solution and the number of washing attempts are essential. Our 

present study reveals that 99.78 ± 0.39% tin adsorption and 59.31 ± 1.32% Te adsorption 

can be achieved with 200 mg of TRU resin in a solution of 1.0 mol L–1 hydrochloric acid. 

Using 0.50 mol L–1 HF, approximately 92% of tin can be eluted with 4 × 10 mL of 

washings (HF having a concentration of 0.5 mol L–1), keeping the tellurium leaching 

around 5%. 

…………………………………………… 
A part of this chapter has been published as “M. M. Rahman, C. MacDonald & R. J. Cornett. (2018). 

Separation of tin from tellurium: performance of different extraction chromatographic materials, Separation 

Science and Technology, 53(13): 2055–2063. 
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Chapter 3: 

 

Interferences of chloride and sulfate ions in the 

separation of tin from tellurium 

 

3.1 Research background 

3.1.1 Principal ions in water 

Natural waters contain a large number of solutes, however, seven major ions contribute at 

least 90% of the dissolved solids in groundwater: four cations – Na+, Ca2+, K+, Mg2+, and 

three anions – Cl–, SO4
2–, and HCO3

–.159,160 These ions are present at concentrations 

ranging from 1.0 to 1000 mg L–1.161 Other naturally occurring ions, which are usually 

present at concentrations less than 0.10 to 10.0 mg L–1, include Fe2+, NO3
–, F–, and Sr2+, 

as well as neutral or uncharged compounds like dissolved silica (H4SiO4).
159,160 

3.1.2 Chloride and sulfates in water 

Worldwide marine salt deposits (especially chlorides and sulfates) are mainly derived 

from the climate-mediated solar evaporation of saturated seawater.162 In fact, chloride and 

sulfate are the most abundant anionic species, even the first and the third most abundant 

ions, respectively, in seawater (Cl– = 55%, Na+ = 30.62%, and SO4
2– = 7.72% by 

wt).162,163 Chloride and sulfate possess many environmental implications, both of them, 

for example, increase the rate of iron corrosion by destabilizing the anti-corrosion film 

formed onto the iron surface.161 Also, high levels of Cl–, SO4
2–, HCO3

–, and NO3
– reduces 

the reactivity and longevity of zero-valence iron metal in the treatment of contaminated 

groundwater.164,165 
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3.1.3 Origin of groundwater salinity 

Geochemical processes are mainly responsible for the high concentrations of SO4
2– and 

Cl– in groundwater interfaces. The most important such processes include gypsum 

(CaSO4.2H2O) dissolution and pyrite (e.g., arsenopyrite, FeAsS) oxidation.166,167 As 

groundwater salinity is geogenic, occurrences of mineral deposits make up a salinity 

threat to groundwater reservoirs. In coastal regions, aquifers, with hydraulic connections 

to saline seawater, are mostly vulnerable to saline water intrusion. Salinity contamination 

of well groundwater further back from the sea (i.e., upper catchment) may also take place 

due to density-driven flow. Groundwater pumping, along with other anthropogenic 

activities, including industrial input like tannery and dye industries, introduces huge 

amounts of saline water into fresh water ecosystem.168,169  

3.1.4 Health impacts of chloride and sulfate 

Low concentrations of chloride are not considered harmful to the human body, however, 

elevated concentrations of Cl– gives water a bitter taste.167 The WHO recommended 

drinking water standard for Cl– is 250 mg L–1, while that for SO4
2– is 400 mg L–1.170 

High-levels of chloride consumption may cause adverse health complications like 

hypertension, blood pressure, osteoporosis, ventricular hypertrophy, renal stone and 

asthma.167,171 High concentrations of sulfate may disrupt water balance and ion-exchange 

processes.172 Sulfate concentrations above the maximum threshold imposes health risk, 

like diarrhea. The most important consequence of SO4
2– reduction is that it produces 

corrosive and toxic hydrogen sulfide (H2S).173,174 

3.1.5 Impacts of Cl– and SO4
2– on the measurement of Te and Sn in water 

The quantifiation of metals in water with salinity contamination is difficult mainly for the 

presence of chloride and sulfate species. Chloride and sulfate are the two major anions 
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present almost in all natural waters.162,163 Therefore, the effect of these two ions on the 

separation of tin from tellurium poses a great implication. Also, the analysis of Sn, and in 

particular 126Sn in environmental waters, is also complicated with elevated concentrations 

of Cl– and SO4
2– anions, which affects the column separation of the 126Te isobar.204–207 

 

3.2 Experimental 

3.2.1 Reagents and materials 

Preparation of NaCl solution: NaCl (mol wt 58.44, Sigma Aldrich) was kept overnight 

at 60 °C and 1,000 ppm stock solution (100.0 mL) was prepared by dissolving 0.1634 g 

of salt into an appropriate amount of deionized water. 

Preparation of Na2SO4 solution: Anhydrous Na2SO4 (mol wt 142.04, J. T. Baker Inc.) 

was placed in the oven (60 °C) for overnight and 1,000 ppm stock solution (100.0 mL) 

was prepared by dissolving 0.1463 g of the salt into an appropriate amount of deionized 

water. 

Other common reagents and ancillary lab stuffs are essentially the same as described in 

chapter 2. 

3.2.2 Metal adsorption and desorption 

Preparation of batch test: The distribution coefficient, KD, for tin and tellurium was 

determined as follows: 15 mL disposable plastic centrifuge tubes (Fisher Brand) were 

charged with 50 mg of TRU resin, followed by the addition of 200 μL standard tin 

(matrix: tr. HNO3 and tr. HF, density = 1.00 g/mL) and tellurium (matrix: 10% (v/v) 

HNO3, density = 1.085 g/mL) solutions (equivalent to 5.0 μg tin and 5.0 μg tellurium). 

The internal standard solutions of tin and tellurium were prepared in 2% HNO3 (v/v), 

diluted by Milli-Q water (18.0 MΩ). Sample tubes were treated with hydrochloric acid at 
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concentrations ranging from 0.20 to 6.0 mol L–1, the final volume was adjusted to 10.0 

mL. Additionally, chloride and sulfate (70.0 mg L–1 each) solutions were added in 

separate tubes (for single anion test), along with a mixed charge (70.0 mg L–1 each of Cl– 

and SO4
2– solution). Again, a blank run was carried out to minimize traces of matrix 

interferences. The blank was prepared following the same experimental protocol adopted 

for sample preparation, except the addition of analytes. The blank run was substracted 

from the sample reading. Calibration curves for tin and tellurium were prepared daily for 

each batch of sample with concentrations of 20, 40, 60, 80, and 100 ppb of either tin or 

tellurium. The tubes were placed in a shaking bath for 90 minutes, and then centrifugated 

for 15 minutes at 3600 rounds per minute. After filtration of the supernatant and 

appropriate dilution, the subsequent analysis of tin and tellurium was carried out by ICP-

MS. 

Preparation of column test: 15 mL polypropylene Bio-Rad columns were packed with 

100 mg of TRU resin, the column materials were washed with 10 mL of distilled water to 

remove fine dusts adhered on them. In 15 mL disposable centrifuge tubes, the column 

solutions were prepared by mixing standard solutions of tin (5.0 μg) and tellurium (5.0 

μg), followed by the addition of appropriate amounts of Cl– and SO4
2–-spikes. Again, the 

solutions were charged with 3.0 mol L–1 of hydrochloric acid, i.e., the loading acid, the 

final volume was adjusted to 10 mL. 

Arrangement for column wash: The loaded columns were washed with hydrofluoric 

acid at concentrations of 0.50 to 6.0 mol L–1. The washing treatment in chapter 2 was 

accomplished with 10 mL of HF, and up to four such washings were performed to ensure 

the maximum amount of tin release, this time, however, the washing treatment was 

confined to once only, with the same volume of acid solution (10.0 mL). Both aliquots, 

from adsorption and desorption studies, were collected in separate tubes, and were 
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submitted, after sufficient dilution, for ICP-MS analysis of tin and tellurium. Three 

replicates were measured against an experimental blank. The blank was prepared 

following the same procedure adopted for the sample with an exclusion of tin and 

tellurium addition. 

Addition of field water: For the determination of distribution coefficients (KD) of tin and 

tellurium, field water (surface and groundwater) samples were spiked in volumes of 2-,  

3-, 4-, and 5-mL, followed by the addition of standard solutions of tin and tellurium 

metals. In cases of desorption studies, field waters were added to lab solutions at amounts 

of 2-, 4-, and 6-mL. 

3.2.3 Collection of environmental samples 

Polypropylene sample bottles were washed with 2% HNO3 (v/v), followed by a thorough 

rinse with the sample water (three times). The surface water (500.0 mL) was collected 

from the Ottawa River (Canada), from an arms-length depth beneath the top water level.  

The groundwater (1.0 L) sample was taken from an Ottawa (Canada) private tube-well 

(the 420-ft deep tube-well, installed in a roacky place, has been in operation for 13-years). 

The sample was collected from the wellhead, prior to any filtration or treatment system. 

Water samples were acidified with 2% HNO3 (v/v, 1.50 mL/100 mL), however, an 

unacidified sample was kept for the chromatographic test of anions.  

3.2.4 Chromatographic test of anions 

The detection of Cl– and SO4
2– ions was carried out by ionic liquid chromatographic 

column (Dionex DX120 Ion Chromatograph). Unacidified surface and groundwater 

samples were filtered (Whatman mixed cellulose ester membrane filter, 1.2 μm, 25 mm) 

to remove suspended particles, and then the waters were diluted to two-times and five-

times, respectively, with deionized water. Deionized water was used as the sample blank. 
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A triplicate run was done to ensure reproducibility. Calibration curves for the 

chromatographic test of anions are presented in Fig. 3.1. 

 

 

 

 

 

 

 

Fig. 3.1 Calibration curves for the measurement of chloride and sulfate anions. 
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3.3.1 Concentrations of chloride and sulfate in tested water 

The concentrations of anionic species in waterbodies can vary widely from region to 

region; for example, the typical concentrations of Cl– and SO4
2– in river water have been 

reported as 2.40 and 8.47 mg L–1, respectively, whereas the corresponding values in 

groundwater were presented as 58.60 and 53.70 mg L–1.159 Another observations says that 

surface water Cl– and SO4
2– concentrations have been measured as 1989 and 290 mg L–1, 

respectively, while that for groundwater were found as 95.30 and 48.00 mg L–1.175 In 

southeast Asia, the average pre-monsoon Cl– and SO4
2– concentrations in groundwater 

were detected as 288 and 272 mg L–1, respectively.167 Generally, the groundwater Cl– 

concentration near the Indian Ocean is well above the 300 mg L–1 level, but in East 

African regions, it can fluctuate from as low as 19.00 mg L–1 to as high as 3603 mg L–

1.169 Also, river water polluted by acid mine drainage in southwest Spain had shown a 
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concentration of SO4
2– up to 8460 mg L–1.200 In our present study, the river water had a 

concentration of Cl– as 29.97 mg L–1 and that for SO4
2– as 9.78 mg L–1, the corresponding 

values in groundwater were measured as 71.42 and 69.95 mg L–1 (Appendix 7.42). 

 

3.3.2 Effects of chloride and sulfate ions on KD 

The KD values of tin: The distribution coefficient, KD, of tin onto TRU surface was 

evaluated in presence of chloride and sulfate solutions in hydrochloric acid medium at 

concentrations from 0.20 to 6.0 mol L–1. Disposable centrifuge tubes (15 mL, Fisher 

Brand) were charged with standard tin and tellurium solutions (5.0 μg each) and the tubes 

were placed in the shaking bath for 90 minutes. In addition, laboratory prepared Cl– and 

SO4
2– solutions were spiked in a set of three different tubes: the first one with 70.0 mg L–1 

of Cl–, the second one with 70.0 mg L–1 of SO4
2– and the third one with a mixture of 70.0 

mg L–1 of Cl– and 70.0 mg L–1 of SO4
2– solutions. The final volume was adjusted to 10.0 

mL. The spiked solutions were also allowed to keep under the same shaking treatment as 

did for the unspiked standard solutions. 

The KD values of tin for the unspiked, Cl–-, SO4
2–-, and Cl–-SO4

2–-mixed spikes were 

calculated in batch tests, presented in Fig. 3.2 (Appendix 7.47). It is worth mention that 

the measurement of KD values in chapter 2, Fig. 2.3, for example, was determined with 

100 mg of TRU resin and the samples were placed in the shaking bath for 120 minutes. 

However, the present observation was carried out with 50 mg of resin, to keep wastes as 

low as possible, and the shaking treatment was optimized to 90 minutes. Results reveal 

that the Cl–-spike has produced the highest KD, followed by the SO4
2–, Cl–-SO4

2–-mixed, 

and the unspiked sample. At the initial point of acid treatment (0.20 mol L–1), the samples 

have exhibited relatively smaller KD values (average 159 ± 69 mL g–1), after that all of 

them undergo a sharp inflation. The peak point was achieved at 3.0 mol L–1 of HCl 
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(average KD 5517 ± 406 mL g–1), and then they have experienced a slow recess till the 

very end of acid treatment (6.0 mol L–1). The highest KD was produced by the Cl–-spike 

(9623 ± 996 mL g–1), observed at 3.0 mol L–1 of HCl.  Also, at 3.0 mol L–1 of acid, the 

Cl–- and the SO4
2–-spikes possess almost the same KD values, 8815 ± 387 and 8836 ± 950 

mL g–1, respectively. 

In general, the adsorptive nature of tin on the solid phase in presence of Cl– and SO4
2– 

spikes follow an identical behavior with that of the unspiked sample. Having a close look 

on the distribution curve, it is evident that there are two distinct sets of curves: Cl– and 

SO4
2– spikes and the unspiked and mixed spiked samples. The former set possesses 

relatively higher KD values (5827 ± 216 mL g–1) compared to the latter group (5207 ± 253 

mL g–1). It is interesting that at 4.0 mol L–1 of hydrochloric acid, all four samples have 

produced almost similar KD values (7750 ± 153 mL g–1). However, at 6.0 mol L–1 of acid, 

the Cl–-spike has led to an enhancement of KD by 19% than that of the mixed spike. 

Again, at 5.0 mol L–1 of HCl, the unspiked, Cl–-, and the mixed-spiked samples gave 

comparable adsorptions of tin (KD 5143 ± 51 mL g–1). 

 

 Fig. 3.2 KD values of tin in presence of chloride and sulfate spikes in HCl medium. 
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The KD values of tellurium: The adsorptive nature of tellurium on the resin bed is a little 

bit different from that of the tin retention. At low concentrations of HCl (0.20 to 2.5 mol 

L–1), the KD values of all samples first declined, giving the lowest adsorption at 1.5 mol 

L–1 of HCl, and then increases up to 5.0 mol L–1, shown in Fig. 3.3 (Appendix 7.52). 

After that, the KD values have dropped at 6.0 mol L–1 of HCl. The KD values of tellurium 

for the unspiked, Cl–-, SO4
2–-, and the Cl–-SO4

2–-mixed spiked samples were measured in 

different concentrations of HCl (0.20 to 6.0 mol L–1).  Although the first three samples 

have produced a similar KD, but the unspiked sample has shown a different adsorptive 

behavior after 2.0 mol L–1 of HCl. While the Te-KD values of spiked samples have shown 

a sharp increase at 2.5 mol L–1 of acid, the unspiked sample exhibited a slow rise at 3.0 

mol L–1 of HCl. 

The overall distribution of tellurium in TRU resin shows an S-shaped (sigmoid) curve 

which has three distinct regions, caused by the treatment of 0.20 to 2.0, 2.0 to 4.5, and 4.5 

to 6.0 mol L–1 of HCl. The first portion of the curve possesses a poor dependency of KD 

on the concentrations of loading acid, whereas the other two segments have a strong 

correlation with the concentration of loading acid. However, the unspiked sample 

manifests a little variation of KD on the concentration of acid up to 2.5 mol L–1. Unlike 

other spiked samples, having displayed the maximum KD value at around 4.5 mol L–1 of 

acid, the unspiked sample has demonstrated a maximum KD value at 5.5 mol L–1 of HCl 

(average 3609 ± 84 mL g–1).  
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Fig. 3.3 KD values of tellurium in presence of chloride and sulfate spikes in HCl 

medium. 

A comparison of tin and tellurium KD: The KD values for tin and tellurium in aqueous 

hydrochloric acid were measured for each experiment at HCl concentrations of 0.20 to 

6.0 mol L–1, presented in Fig. 3.4 (Appendix 7.53). In the case of tin, the Cl–-spike has 
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mixed-spiked sample has suffered a decrease in KD of 7% compared to the unspiked one. 
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Cl– and SO4
2– contaminants (each present at concentrations of 70.0 mg L–1). On the other 
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same. The average KD value of tellurium for the unspiked, Cl–-, and SO4
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methodology can be applied successfully to measure the degree of tin adsorption onto the 

TRU resin in presence of chloride and sulfate anions with very little interfering effects.  

 

Fig. 3.4 A comparison of KD values between tin and tellurium produced in HCl 

medium. 
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g–1), 90 (357 ± 57 mL g–1), and 75 (452 ± 40 mL g–1) minutes of shaking treatment. The 

graph also shows that all three spiked solutions gave much lower KD values (235, 286, 

and 289 mL g–1, respectively) than that of the unspiked tin (363 mL g–1). After 90 

minutes of shaking, the KD values of spiked solutions (except the chloride one) decline 

rapidly. In fact, the chloride-solution has produced the lowest average KD (235 ± 65 mL 

g–1) among all four samples. This result represents an understanding on the evaluation of 

maximum KD of tin, which can be visualized by optimizing the contact time between 75 

to 105 minutes or at around 90 minutes. After the saturation point, the degree of tin 

adsorption onto the resin surface decreases with increasing the analyte-substrate 

interaction time. A recent observation says that the maximum sorption (98%) of Sn(II) 

onto Amberlite XAD-2 resin in presence of alkaline solution (pH 9.5) took place at 120 

minutes of contact time.140 

 

Fig. 3.5 KD values of tin with respect to different contact times. 
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The KD values of tellurium: In this case, the maximum KD values for the unspiked, 

chloride-, sulfate-, chloride-sulfate mixed spikes were observed, respectively, after 75 (32 

± 7 mL g–1), 60 (40 ± 6 mL g–1), 105 (30 ± 1 mL g–1), and 90 (35 ± 3 mL g–1) minutes of 

shaking time, Fig. 3.6 (Appendix 7.63). The KD values for these solutions follow the 

order: Cl–- (27.64 mL g–1) > Cl–-SO4
2–-mixed (26.29 mL g–1) > unspiked- (24.56 mL g–1) 

> SO4
2–- (18.70 mL g–1) spikes. Like the adsorption of tin, the solutions have also 

demonstrated the highest distribution of tellurium in the solid phase between 75 to 105 

minutes of shaking period. However, the chloride-spike has exhibited the maximum 

adsorption within 60 minutes of contact time. This is, in fact, the minimum contact time 

that gave the highest KD among all four observations. In addition, the chloride-spike has 

produced the lowest KD observed (8 ± 3 mL g–1) at the end of a batch test (180 minutes). 

As with Sn-KD, the Te-KD values of all treatments decline gradually after 100-minutes of 

execution. In practice, a 90-minute shaking period is enough for both tin and tellurium to 

produce the highest retention of metals onto the resin surface. Again, like the adsorption 

of tin, a prolonged analyte-substrate interaction may cause a breakage of dipole-ion force 

operating between the resin and the metal ion. Therefore, the subsequent studies have 

been carried out by placing the batch materials into the shaking bath for an optimum 

contact time of 90 minutes. 
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Fig. 3.6 KD values of tellurium with respect to different contact times. 
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similar pattern has also been shown by the Cl–- and the SO4
2–-spikes (KD is 271 ± 10 mL 

g–1). At pH 6.0, the SO4
2–- and the mixed-spikes have also experienced a drop of KD, and 

then have displayed a sharp rise. While the KD values of SO4
2–- and the mixed-spikes 

have increased at pH 7.0 (360 ± 96 and 623 ± 217 mL g–1, respectively), the other two 

solutions have demonstrated a drop in KD. Over the entire pH ranges observed, only the 

unspiked sample has experienced a single drop at pH 4.0, but other three samples have 

exhibited a double-drop of KD at pH values from 4.0 to 7.0. Fig. 3.8 (Appendix 7.69) also 

shows that the average highest KD (511 ± 52 mL g–1) for all spiked and the unspiked 

samples was found at pH level of around 5.0. Cigala et al.176 have observed that tin forms 

two major species with SO4
2– ions: SnSO4(aq) and Sn(SO4)2

2–. The SnSO4(aq) form 

predominates in the very acidic conditions, pH < 3.5. On the other hand, tin forms SnCl4
2–

, SnCl+, and SnCl2 species at highly acidic environments, at pH < 1.44,46     

 

 

Fig. 3.7 Effects of pH on the KD values of tin in presence of chloride and sulfate ions. 
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Fig. 3.8 Variation of the average KD values of tin for all spiked and unspiked 

samples. 

 

The KD values of tellurium: The KD values of tellurium for the unspiked, Cl–-, SO4
2–-, 

and the Cl–-SO4
2–-mixed-spiked samples in TRU resin for the entire pH ranges (1.0 to 

7.0) were measured for each experiment following the same protocol adopted for tin, 

presented in Fig. 3.9 (Appendix 7.74). Like the distribution of tin, the adsorption of 

tellurium onto the solid phase gets increased with increasing pH of solution. From pH 1.0 

to 6.0, the unspiked and the Cl–-spiked samples display similar behavior, but at pH 7.0, 

the former gets a sharp increase of KD, whereas the latter experiences a quick drop. The 

average KD of these two samples from pH 2.0 to 6.0 were found as 162 ± 6 and 163 ± 18 

mL g–1, respectively. The SO4
2–-spiked sample has shown an inflation of KD from pH 1.0 

to 2.0 (152 ± 8 mL g–1 to 229 ± 66 mL g–1), but on increasing the pH of solution from 2.0 

to 6.0, it undergoes a steady slash of KD to produce the minimum value (194 ± 23 mL g–

1). Again, at pH 6.0, the KD value of the SO4
2–-spiked sample has received a sharp 

inflation and has attained a value of 257 ± 32 mL g–1 (at pH 7.0). The Cl–-SO4
2– mixed-
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spiked sample has exhibited an increase of KD while increasing the pH of solution from 

1.0 to 5.0, after that point, it shows a drop of KD until the neutral pH of 7.0 (216 ± 5 mL 

g–1). The overall distribution curve shows that the adsorption of tellurium in presence of 

Cl– and SO4
2– contaminants onto the resin surface is favored at pH 4.0 to 5.0. 

 

Fig. 3.9 Effects of pH on the KD values of tellurium in presence of chloride and 

sulfate ions. 
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values compared to the values obtained in the vials. The unspiked, Cl–-, SO4
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KD values of 5386, 6049, 5674, and 5029 mL g–1, respectively, and the corresponding 

values found in the vial (vertical alignment) follows as 1761, 3116, 2421,  and 1901 mL 

g–1, Fig. 3.10 (Appendix 7.79). The unspiked sample shaken in the tube shows an 

inflation of KD by 206%. The Cl–-, SO4
2–-, and the mixed-spiked samples have also 

garnered inflations in KD by 94, 134, and 165%, receptively. The unspiked, SO4
2–-, and 

the mixed-spiked samples treated in the vial at hydrochloric acid concentrations of 0.50 to 

3.0 mol L–1 have exhibited similar adsorptive nature, but the SO4
2–-spike has shown an 

inflation of KD after the treatment of 3.0 mol L–1 of HCl. The Cl–-spiked sample shaken in 

the vial has produced the highest average KD (3116 mL g–1) among all other vial-samples. 

 

Fig. 3.10 KD values of tin in different shaking orientations in presence of chloride 

and sulfate ions, ‘h’ stands for horizontal and ‘v’ for vertical alignments. Note that 

unlike the batch experiment of Chapter 2, where the packing material was 100 mg 

with shaking time of 120 minutes, in this case, 50 mg of TRU resin was charged in a 

shaking period of 90 minutes.   
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The KD values of tellurium: Like the KD values of tin, noticeable changes in the KD 

values of tellurium have also been observed when the shaking orientations were changed. 

The general trend of Te-KD values in the tube (horizontal alignment) stays nearly 

constant: Cl–-SO4
2–-mixed spike (1385 ± 1370 mL g–1) > Cl–-spike (1292 ± 1214 mL g–1) 

> unspiked (1283 ± 1426 mL g–1) > SO4
2–-spike (1281 ± 1243 mL g–1), whereas the 

corresponding values for the vial (vertical alignmnet) decreases as: unspiked (965 ± 1051 

mL g–1) > Cl–-SO4
2–-mixed spike (679 ± 654 mL g–1) > Cl–-spike (457 ± 497 mL g–1) > 

SO4
2–-spike (397 ± 385 mL g–1), Fig. 3.11 (Appendix 7.84). The most important change 

was observed in the case of SO4
2–-spike, where the tube has produced 3.22-times more KD 

than that of vial, an inflation by 222%. The Cl–-spike shaken in the tube has also 

experienced a similar inflation of KD (184%). The Cl–-SO4
2–-mixed spike and the 

unspiked samples, treated in the tube, have produced 104 and 33%, respectively, more KD 

than that of vial. The overall result of KD for Te demonstrates that the unspiked sample 

receives the minimum impact on the change of shaking position, whereas the effect 

caused, due the change of orientation, for the spiked-samples is very high.    

After a thorough study on the present results, it is apparent that the horizontal shaking, 

placing the materials in the tube and positioned along the direction of movement (0° 

position) ensures a well mixing and the spiked elements get maximum interaction with 

the surface of the adsorbent. Therefore, this position has produced a higher KD. On the 

other hand, the content in the vial, positioned vertically along the direction of shaking 

movement (90° position), is insufficient to thoroughly mix the contents, meaning getting 

less metal-resin interaction and produces smaller KD values. For this reason, the 

subsequent sample treatment has been carried out placing the reaction mixture in the 

disposable centrifuge tubes (horizontal shaking). 
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Fig. 3.11 KD values of tellurium in different shaking orientations in presence of 

chloride and sulfate ions, ‘h’ stands for horizontal and ‘v’ for vertical alignments. 

 

3.3.6 Distribution coefficients with surface water addition 

The KD values of tin: Surface water (collected from Ottawa River) was spiked with 

standard solutions of tin and tellurium at amounts of 2-, 3-, 4-, and 5-mL of surface water 

and then the distribution coefficient of individual element has been determined under 

normal experimental conditions (addition of 5.0 μg of tin and 5.0 μg of tellurium treated 

at HCl concentrations of 0.20 to 6.0 mol L–1, the final volume was adjusted to 10.0 mL 

with deionized water).  

Results of KD values for the entire ranges of acid concentrations (0.20 – 6.0 mol L–1 of 

HCl) for the unspiked, 2-, 3-, 4-, and 5-mL-surface water spikes were presented in Fig. 

3.12 (Appendix 7.90). In general, the KD value increases with increasing the 

concentration of acid up to 4.0 mol L–1 of HCl (for the 0-spiked sample, it is 4.5 mol L–1), 

and then goes down up to the very end of acid treatment (6.0 mol L–1). The 2-mL spiked 

sample has produced the highest average KD, whereas the 5-mL spike gave the lowest 
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value. In fact, the 5-mL spike has demonstrated the lowest KD throughout the whole 

ranges of acid treatment. Although the 3-mL spike has exhibited a relatively slow 

inflation up to 4.0 mol L–1 of acid, but it has shown a change after this point, giving the 

highest average KD from 4.5 to 6.0 mol L–1 (38191 ± 5072 mL g–1). From 5.5 to 6.0 mol 

L–1, the 0-spiked and the 4-mL spike have shown almost identical drops of KD, 26682 ± 

3503 and 27025 ± 2880 mL g–1, respectively, and a similar observation was also noticed 

for the cases of 2-, and 3-mL spiked samples, 31921 ± 3403 and 33176 ± 3608 mL g–1, 

respectively. The overall result demonstrates that the spiked-samples show a decreasing 

trend in KD with increasing volume of surface water addition: Sn-KD for 2 mL > 3 mL > 4 

mL > 5 mL. In fact, the 5-mL spike has yielded the lowest observed KD among all spiked 

and unspiked samples. Fig. 3.13 (Appendix 7.91) shows the effect of surface water 

addition on the KD values of tin.  

  

Fig. 3.12 KD values of tin in presence of surface water. Again, the amount of batch 

materials and shaking times are different from those presented in Chapter 2.  
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Fig. 3.13 The effect of surface water addition on the KD values of tin. 

 

The KD values of tellurium: The KD values of tellurium in presence of unspiked and 

spiked samples follow the order: 3-mL (1164 ± 1031 mL g–1) > 5-mL (1140 ± 974 mL g–

1) > 2-mL (1089 ± 905 mL g–1) > 4-mL (1087 ± 896 mL g–1) > 0-spike (1032 ± 872 mL 

g–1), Fig. 3.14 (Appendix 7.97). It is interesting that the 2-mL- and the 4-mL-spiked 

samples have produced almost the same KD (1088 ±1.56 mL g–1). Identical behaviors 

were also noticed in cases of 3-mL- and 5-mL-spiked samples (KD 1152 ±17 mL g–1). The 

0-spike sample has produced the lowest KD among all samples studied. 

The graph manifests that the adsorptive nature of tellurium on the TRU resin is 

independent of the concentration of HCl from 0.2 to 2.0 mol L–1. After 2.0 mol L–1 of 

HCl, the KD value increases as per the S-shaped sigmoid-curve up to 5.0 mol L–1, and 

then goes down. At the highest point of KD (5.0 mol L–1 of HCl), the 3-mL-spiked sample 

shows the maximum value (2568 ±100 mL g–1). In summary, the overall distribution of 

tellurium on the solid phase increases in presence of surface water, but unlike the 
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adsorption of tin, where the distribution goes down with increasing amounts of surface 

water, the distribution of tellurium is rather sporadic. 

 

Fig. 3.14 KD values of tellurium in presence of surface water. 

 

3.3.7 Distribution coefficients with groundwater addition 

The KD values for tin: Like the surface water treatment, groundwater (collected from an 

Ottawa private house installed in a rocky place) was spiked with standard solutions of tin 

at amounts of 2-, 3-, 4-, and 5-mL (the very similar experimental conditions adopted for 

surface water, in order to comply with the overall experimental sequence, groundwater 

spikes were taken in terms of volume instead of sample mass). The KD values for the 0-, 

2-, 3-, 4-, and 5-mL-spikes were measured for each spike, presented in Fig. 3.15 

(Appendix 7.103). This observation dictates that the 3-mL-spike has produced the highest 

KD, whereas the 0-spike has the lowest. From 0.20 to 1.5 mol L–1 of HCl, all study 

samples have exhibited similar inflations of KD, though the 0-spike has kept maintaining 

the lowest value. At 4.0 mol L–1 of HCl, the samples invariably show the highest value of 

KD, and then a recession is observed. From 3.0 to 5.0 mol L–1 of HCl treatments, the 

samples exhibit a symmetric inflation or deflation of KD on either side of the peak point 
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observed at 4.0 mol L–1. At 4.5 mol L–1 of HCl, the 2- and 4-mL spikes have produced 

almost the same KD (average 25053 ± 776 mL g–1). Again, from 5.0 to 6.0 mol L–1 of 

HCl, both 2- and 5-mL spikes have demonstrated similar rates of deflation on KD, their 

averages were: 24429 ± 422 mL g–1 (at 5.0), 20978 ± 401 mL g–1 (at 5.5) and 19789 ± 

200 mL g–1 (at 6.0 mol L–1 of HCl). In addition, at 3.0 mol L–1 of HCl, 2-, 4-, and 5-mL 

spikes have almost similar values of KD (23344 ± 833 mL g–1). The overall scenario of KD 

values for tin in presence of groundwater spike indicates that the distribution of tin onto 

the solid phase increases slightly, and the 3-mL spikes produces the highest KD, followed 

by the 5-, 4-, and 2-mL spikes.    

 

Fig. 3.15 KD values of tin in presence of groundwater. 
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spiked samples have exhibited the maximum KD at 4.5 mol L–1 of HCl, except the 0-

spike, which shows the maximum adsorption of tellurium at 5 mol L–1 (1009 ± 25 mL g–

1). A close inspection on the overall distribution curve reveals that the samples have 

experienced a drop of KD at 1.5 mol L–1 of acid treatment. At the peak point of KD graphs, 

2-, 3-, and 4-mL spikes gave similar results (1433 ± 34 mL g–1), and an analogous 

behavior was also observed from 3.0 to 4.0 mol L–1 of HCl. At 3.5 mol L–1, they have 

produced comparable results (871 ± 34 mL g–1). A similar adsorptive nature of tellurium 

was also displayed by these samples at 6.0 mol L–1 (1051± 25 mL g–1). The overall 

distribution curve shows three distinct regions: the relatively flat region (0.2 to 2.0), the 

growth region (2.5 to 4.0), and the depletion region (4.5 to 6.0 mol L–1 of HCl treatment). 

The combined average value of KD for the 0- and 5-mL spikes (729 ± 49 mL g–1), 

observed at 6.0 mol L–1 of HCl, is almost one-half of the average KD of 2-, 3-, and 4-mL 

spikes (1483 ± 24 mL g–1) appeared at 5.5 mol L–1 of HCl.   

 

 

Fig. 3.16 KD values of tellurium in presence of groundwater. 
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Comparison between tin and tellurium adsorption: A comparison on the adsorptive 

behaviors of tin and tellurium on TRU resin in presence of groundwater spike reveals that 

the adsorption of tin increases with increasing the amount of water added, Fig. 3.17 

(Appendix 7.110). Among the four groundwater spikes studied so far, the 3-mL volume 

shows the highest retention of tin in the solid phase, followed by the 5-mL and 3-mL 

volumes. On the other hand, the highest adsorption of tellurium is exhibited in presence 

of 4-mL spike. Both tin and tellurium have demonstrated the lowest adsorptive capacity 

on the column bed with the zero-addition of groundwater. Similar adsorptive natures of 

tin are viewed in presence of 2- and 4-mL spikes (17559 ± 88 mL g–1). Also, an 

analogous attitude is also discerned for the tellurium adsorption in presence of 2- and 3-

mL spikes (18668 ± 171 mL g–1). Tables 3.1 (Appendix 7.111) and 3.2 (Appendix 7.112) 

summarize the observed KD values of tin and tellurium for both surface and groundwater.  

 

Fig. 3.17 A comparison of on the KD values of tin and tellurium in presence of 

groundwater (GW). 
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Table 3.1: KD values of tin and tellurium in presence of surface water. 

Amount of 

Sn added  

(mg L–1) 

Volume of 

water 

added 

(mL) 

Equivalent 

conc of Cl– 

added  

(mg L–1) 

Equivalent 

conc of SO4
2– 

added  

(mg L–1) 

Observed KD  

(mL g–1) 

Sn Te 

0.50 0.0 0.00 0.00 23274 1752 

0.50 2.0 5.99 1.96 29546 1832 

0.50 3.0 8.99 2.93 27256 1997 

0.50 4.0 11.99 3.91 25704 1745 

0.50 5.0 14.99 4.89 20670 1853 

 

Table 3.2: KD values of tin and tellurium in presence of groundwater. 

Amount of 

Sn added  

(mg L–1) 

Volume of 

water 

added 

(mL) 

Equivalent 

conc of Cl– 

added  

(mg L–1) 

Equivalent 

conc of SO4
2– 

added  

(mg L–1) 

Observed KD  

(mL g–1) 

Sn Te 

0.50 0.0 0.00 0.00 13756 473 

0.50 2.0 14.28 13.99 16931 691 

0.50 3.0 21.42 20.99 19264 682 

0.50 4.0 28.57 27.98 14631 705 

0.50 5.0 35.71 34.98 16648 581 

 

3.3.8 Adsorption-desorption of tin and tellurium with Cl–- and SO4
2–-spikes 

Column loading: The column packing in chapter 2 was optimized with 100 mg of TRU 

resin, this time, however, the packing load was kept to 50 mg of resin to keep wastes as 

low as possible. The packed columns were charged with solutions containing: i) 5.0 μg of 

Sn, 5.0 μg of Te, 70.0 mg L–1 of Cl–, and 3.0 mol L–1 of HCl, ii) 5.0 μg of Sn, 5.0 μg of 

Te, 70.0 mg L–1 of SO4
2–, and 3.0 mol L–1 of HCl, and iii) a mixed sample with 5.0 μg of 

Sn, 5.0 μg of Te, 70.0 mg L–1 of Cl–, 70.0 mg L–1 of SO4
2–, and 3.0 mol L–1 of HCl. 

Again, the total volume was adjusted to 10.0 mL. Additionally, very similar experimental 

conditions were maintained as described in chapter 2 for the adsorption-desorption 

studies of tin and tellurium. 
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Loading condition: A thorough study on the distribution coefficients of tin and tellurium 

reveal that the maximum KD for tin was found at HCl concentrations of around 3.0 mol L–

1, while tellurium has shown the highest KD near the HCl concentration of 5.0 mol L–1. 

The average adsorption of tin in 3.0 mol L–1 of hydrochloric acid is more than 98%, 

whereas the adsorption of tellurium is close to 60%. Our desire is to keep the amount of 

tin in the solid phase as high as possible maintaining a lower concentration of tellurium. 

Therefore, the adsorption of metals on the resin bed was carried out in presence of 3.0 

mol L–1 of hydrochloric acid. 

Washing treatment: In chapter 2, the optimization of washing condition was executed by 

treating the loaded metal with hydrofluoric acid at concentrations of 0.20 to 6.0 mol L–1. 

It was also found (chapter 2) that the maximum average desorption of tin (95.09 ± 2.22%) 

can be ensured after the 4th wash of adsorbed metals, taking 10-mL of HF at a time, 

maintaining a total volume of 40 mL of washed out solution. Moreover, it was also 

observed that the 1st wash with 10-mL of HF releases an average of around 86% of tin. 

Since the optimization of washing volume and a follow up metal desorption was practiced 

in a greater detail in chapter 2, in the present study, the washing treatment was restricted 

to once only with 10 mL of hydrofluoric acid at concentrations of 0.50 to 6.0 mol L–1.        

Adsorptions of tin and tellurium with Cl–- and SO4
2–-spikes: The average adsorption of 

tin and tellurium with Cl–- and SO4
2–-spikes was found as 99.17 ± 0.35 and 62.48 ± 

4.15%, respectively, Fig. 3.18 (Appendix 7.115). Tin with a 0-spike has shown an 

adsorption of 98.74 ± 0.07%, which is the lowest among all other spiked samples. This 

was also found true in case of tellurium, the 0-spike gave the lowest adsorption (57.94 ± 

1.80%) compared to the spiked samples (average 63.99 ± 3.48%). While the SO4
2–-spike 

has demonstrated the maximum adsorption of tin (99.59 ± 0.32%), the Cl–-SO4
2–-mixed 

spike has shown the highest value for tellurium (67.86 ± 2.12%). Interestingly, the Cl–-
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spike has exhibited an intermediate adsorption for both tin and tellurium, 99.12 ± 0.09 

and 63.04 ± 2.18%, respectively. In addition, the Cl–- and the mixed-spiked samples have 

produced a comparable adsorption of tin (average 99.16 ± 0.07%). On the other hand, 

tellurium has followed increasing trend of adsorption in the order: 0-spike (57.94 ± 1.80) 

< SO4
2–-spike (61.09 ± 1.45) < Cl–-spike (63.04 ± 2.18) < Cl–-SO4

2–-mixed spike (67.86 ± 

2.12%).  

 

Fig. 3.18 Adsorptions of tin and tellurium in 3.0 mol L–1 of HCl solution in presence 

of chloride and sulfate ions. 

 

The desorption of tin with Cl–- and SO4
2–-spikes: The average desorption of tin washed 

by the treatment of hydrofluoric acid at concentrations of 0.50 to 6.0 mol L–1 for the 0-, 

Cl–-, SO4
2–-, and Cl–-SO4

2–-mixed spikes was found as 80.12 ± 2.20, 77.65 ± 5.16, 84.45 

± 5.83, and 85.82 ± 5.51%, respectively, Fig. 3.19 (Appendix 7.120). Note that the 

percent of metal released out was calculated for a single wash only with 10 mL of HF. 

Results show that the desorption of tin for the spiked samples are higher than that of the 
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unspiked sample, except for the Cl–-spike, which exhibited a drop of tin in the wash. At 

0.50 mol L–1 of HF, the desorption of tin for the Cl–-spike was the lowest (70.28 ± 

3.92%), and the SO4
2–-spike has produced the highest (79.33 ± 2.83%) release. The 

maximum desorption of tin (95.56 ± 2.09%) was noticed for the SO4
2–-spike treated at 6.0 

mol L–1 of HF, followed by the mixed-spike (94.01 ± 1.02%), again treated with 4.0 mol 

L–1 of HF. On the other hand, at 6.0 mol L–1 of HF, the unspiked and the Cl–-spike have 

demonstrated almost similar desorption of tin, 84.13 ± 2.27 and 84.57 ± 2.89%, 

respectively. In case of SO4
2–-spiked sample, the desorption of tin has experienced a big 

effect on the change of HF concentrations. At 0.50 mol L–1 of HF, the desorption of tin 

was 79.33%, whereas at 6.0 mol L–1, it was found as 95.56%, an increase of 20% 

desorption. A close inspection on the desorption profile of tin reveals that the percent of 

washing increases with increasing the concentration of HF for the Cl–-spike, whereas the 

0-spike shows a steady wash from 1.0 to 4.0 mol L–1 of HF. The SO4
2–-spike has also 

shown an increase of washing efficiency with increasing the concentration of HF, expect 

for the 3.0 mol L–1 of HF treatment, which shows a lower desorption (80.54 ± 11.18%). 

Again, the Cl–-SO4
2–-mixed spike has demonstrated an increase of tin wash with 

increasing concentrations of HF from 0.50 to 4.0 mol L–1, beyond this point, a drop of 

desorption was observed. 
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Fig. 3.19 The desorption of tin by hydrofluoric acid treated at concentrations of 0.50 

to 6.0 mol L–1. 

 

The desorption of tellurium with Cl–- and SO4
2–-spikes: The average desorption of 

tellurium washed by the treatment of hydrofluoric acid at concentrations of 0.50 to 6.0 

mol L–1 for the 0-, Cl–-, SO4
2–-, and Cl–-SO4

2–-mixed spikes was found as 20.95 ± 3.53, 

21.05 ± 3.47, 23.82 ± 4.65, and 16.78 ± 3.67%, respectively, Fig. 3.20 (Appendix 7.125). 

In general, like the desorption of tin, the percent of tellurium washed out also gets 

increased with increasing concentrations of hydrofluoric acid. However, the Cl–-spike 

shows a drop in the percent of tellurium in wash from 5.0 mol L–1 (25.94 ± 1.42%) to 6.0 

mol L–1 (24.24 ± 2.07%) of HF. At 0.50 mol L–1 of HF, the desorption of tellurium for the 

mixed-spike is the lowest (11.91 ± 0.73%), whereas the percent wash for the SO4
2–-spike 

is the highest (19.17 ± 3.14%). The maximum desorption of tellurium was found for the 

SO4
2–-spike (30.82 ± 2.70%) treated at HF concentration of 6.0 mol L–1. On increasing 

the concentration of HF, the SO4
2–- and the mixed-spikes have exhibited an increase of 

tellurium desorption, but the 0- and the Cl–-spikes have shown a drop of desorption. At 
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6.0 mol L–1 of HF, the desorption of the 0-spike and the mixed-spike have increased 76 

and 87%, respectively, against that of the 0.50 mol L–1 acid treatment, whereas the 

desorption of the Cl–-spike has increased by only 52%. Also, at 2.0 mol L–1 of acid, a 

similar desorption of tellurium was observed in cases of 0-, Cl–-, and SO4
2–-spikes 

(average 20.31 ± 0.11%). Again, at 4.0 mol L–1 of acid, the 0- and the Cl–-spike gave 

almost identical result (average 22.30 ± 0.28%). The overall results of tellurium wash 

demonstrate that both the Cl–- and SO4
2–-spikes have shown higher percentage of 

tellurium release with respect to the 0-spike, whereas the mixed-spike has produced a 

lower percentage of desorption.   

 

Fig. 3.20 The desorption of tellurium by hydrofluoric acid treated at concentrations 

of 0.50 to 6.0 mol L–1. 

 

3.3.9 Adsorption-desorption of tin and tellurium with surface water spikes 

Adsorptions of tin and tellurium: The average adsorption of tin and tellurium was found 

as 99.30 ± 0.23 and 63.27 ± 1.62%, respectively, Fig. 3.21 (Appendix 7.128). For both tin 

and tellurium, the spiked solutions gave a little higher adsorption compared to the 
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unspiked sample. Interestingly, tellurium has exhibited an elevated percentage of 

adsorption on increasing the volume of spikes, 62.74 ± 2.88% for 2-mL spike and 65.25 ± 

5.15% for 6-mL spike. For tin, on the other hand, the adsorption with 2-mL spike is the 

highest (99.48 ± 1.02%), followed by the 6-mL (99.38 ± 0.06%) and 4-mL (99.36 ± 

0.77%) spikes. Moreover, the average adsorption of tellurium for the spiked samples was 

observed as 63.90 ± 1.27%.    

 

Fig. 3.21 The adsorptions of tin and tellurium in 3.0 mol L–1 of HCl solution in 

presence of surface water. 

 

The desorption of tin with surface water spikes: The average desorption of tin washed 

by the treatment of hydrofluoric acid at concentrations of 0.50 to 6.0 mol L–1 for the 0-, 2-

, 4-, and 6-mL spikes was found as 86.89 ± 8.96, 84.29 ± 3.98, 87.22 ± 5.52, and 83.54 ± 

4.39%, respectively, Fig. 3.22 (Appendix 7.133). Again, the wash treatment was 

performed only once with 10 mL of HF. In general, the percentage of tin wash increases 

with increasing the concentration of hydrofluoric acid. The surface water had a Cl– 

concentration of 29.97 mg L–1, while that for SO4
2– was 9.78 mg L–1. The corresponding 
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values for groundwater were 71.42 and 69.95 mg L–1. As the project aim was to monitor 

the success of our proposed methodology to separate tin from tellurium in normal 

environmental conditions, the surface water (with much less analyte content than that of 

the laboratory standards) was chosen as a test case. A similar testing experiment was also 

carried out with groundwater spikes. Results show that the 4-mL spike gave the highest 

desorption than that of the unspiked sample, whereas the 2-mL and the 6-mL spikes have 

exhibited lower percentages of tin wash. At 0.50 mol L–1 of HF, the 4-mL spike gave the 

maximum desorption (80.79 ± 2.54%), and the 0-spike has produced the lowest (72.76 ± 

5.85%) in wash. At 1.0 mol L–1 of HF, the spiked samples have exhibited rather an 

identical washing behavior, the average tin release was 81.16 ± 0.49%. A similar 

observation was also noticed at 3.0 mol L–1 of acid, all three spiked samples have 

demonstrated comparable desorption of tin (average 84.83 ± 0.81%). At 6.0 mol L–1 of 

HF, the percentage of tin release increases by 31, 15, 18, and 16% for the 0-, 2-, 4-, and 6-

mL spikes, respectively, against the values observed at 0.50 mol L–1. It is also clear that 

the 0-spiked sample has produced almost double wash of tin than that of the 2-mL spike 

when the concentration of HF increases from 0.50 to 6.0 mol L–1. The 4-mL spike, though 

gave a relatively poor wash (average 86.95 ± 5.98%) at low concentrations of acid, up to 

4.0 mol L–1. A big jump in the percentage of tin release (93.65 ± 3.33%) is seen after the 

concentration of acid has been raised to 5.0 mol L–1. Again, the onward trend of tin 

release for the 4.mL spike was continued (95.24 ± 2.72%) up to the highest tested 

concentration of HF (6.0 mol L–1). On the other hand, a bump of acid concentration by 

only a single unit, from 1.0 to 2.0 mol L–1, the washing of tin for the 0-spiked sample has 

increased by 20%, the highest inflation observed between two adjacent points. 
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Fig. 3.22 The desorption of tin by hydrofluoric acid (0.50 to 6.0 mol L–1) in presence 

of surface water. 

 

The desorption of tellurium with surface water spikes: The average desorption of 

tellurium washed by the treatment of hydrofluoric acid at concentrations of 0.50 to 6.0 

mol L–1 for the 0-, 2-, 4-, and 6-mL spikes was found as 18.06 ± 7.06, 11.49 ± 4.46, 13.54 

± 4.53, and 17.45 ± 3.95%, respectively, Fig. 3.23 (Appendix 7.138). At 0.50 mol L–1 of 

HF, the 0-spiked sample gave the lowest tellurium wash (6.46 ± 2.61%), whereas the 6-

mL spike has shown the highest (12.46 ± 0.76%) desorption. With an increase of HF 

concentration from 0.50 to 1.0 mol L–1, the desorption of tellurium for the 0-spiked 

sample has increased by 98%, but the 6-mL spike gave an inflation of only 10%. In 

general, the percentage of tellurium wash increases with increasing concentrations of HF. 

However, the 0-spike sample has experienced a small drop of tellurium wash from 4.0 to 

5.0 mol L–1 of HF (22.35 ± 2.86 to 21.60 ± 3.37%). A similar small drop of elution was 

also observed in case of 6-mL spike, the percent desorption was dropped from 17.36 ± 

2.60 to 15.16 ± 0.76% when the concentration of acid has been changed from 3.0 to 4.0 
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mol L–1. A change in HF concentration from 0.50 to 6.0 mol L–1 causes a bump of 

tellurium desorption by 302% for the 0-spiked sample, whereas the 2-, 4, and 6-mL spike 

undergo an increase of desorption by 210, 126, and 87%, respectively. Additionally, the 

2-mL spike has experienced a slash tellurium release by 0.35% when the concentration of 

acid has increased from 4.0 to 5.0 mol L–1. The 4-mL spike has also suffered a small drop 

of wash after changing the concentration of acid from 4.0 to 5.0 mol L–1. It is evident 

from the elution curve that the overall increase of tellurium wash has started after treating 

the sample with 3.0 mol L–1 of hydrofluoric acid. 

 

Fig. 3.23 The desorption of tellurium by hydrofluoric acid (0.50 to 6.0 mol L–1) in 

presence of surface water. 

 

3.3.10 Adsorption-desorption of tin and tellurium with groundwater spikes 

Adsorptions of tin and tellurium: The average adsorption of tin and tellurium was found 

as 99.17 ± 0.35 and 62.48 ± 4.15%, respectively, Fig. 3.24 (Appendix 7.141). Again, the 

groundwater had a Cl– and SO4
2– content of 71.42 and 69.95 mg L–1, respectively, quite 

different from that of surface water (29.97 and 9.78 mg L–1, respectively). The present 
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observation aims to draw a comparative study on the effectiveness of our methodology to 

separate tin from tellurium in two different testing conditions. In case of groundwater, the 

adsorption increases with the addition of groundwater spikes for both the elements. The 

spiked samples have exhibited an increase of adsorption by 0.58% for tin and 10.46% for 

tellurium. Tin has shown a drop of adsorption from 99.59 ± 0.32 to 99.21 ± 0.07% when 

the spike volume has changed from 4- to 6-mL Tellurium also shows a similar change, 

the 2-mL spike gave more adsorption (63.04 ± 2.18%) than that of the 4-mL spike (61.09 

± 1.45%). In addition, the adsorption of tellurium with the 6-mL spike has increased by 

17% compared to the value observed for the unspiked sample. 

 

 

Fig. 3.24 The adsorptions of tin and tellurium in 3.0 mol L–1 of HCl solution in 

presence of groundwater. 
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The desorption of tin: The average desorption of tin washed by the treatment of 

hydrofluoric acid at concentrations of 0.50 to 6.0 mol L–1 for the 0-, 2-, 4-, and 6-mL 

spikes was found as 79.38 ± 7.21, 83.65 ± 3.64, 82.03 ± 4.77, and 80.18 ± 7.24%, 

respectively, Fig. 3.25 (Appendix 7.146). The highest desorption of tin (90.06 ± 6.84%) 

was viewed with the unspiked sample treated at 6.0 mol L–1 of HF, whereas the lowest 

wash was observed for the 6-mL spike washed by 0.50 mol L–1 of acid. In fact, samples 

washed with 0.50 mol L–1 of acid gave the lowest average elution (72.65 ± 4.54%), and 

samples treated with 6.0 mol L–1 of HF gave the highest elution (average 88.37 ± 1.16%). 

However, for the 2-mL spiked sample, a change in the concentration of HF from 5.0 to 

6.0 mol L–1 has caused a little increase in the percent desorption of tin (average 87.38 ± 

0.14%). Again, although the overall desorption of tin increases with increasing the 

concentration of HF, the 2-mL spike has experienced a slash of tin wash when the 

concentration of HF has increased from 1.0 to 2.0 mol L–1 (dropped from 82.86 ± 10.41 to 

79.31 ± 9.37%). The 4-mL spiked sample also shows a drop of tin wash from 80.70 ± 

4.83 to 80.46 ± 4.56% though the concentration of HF has been changed from 1.0 to 2.0 

mol L–1. Clearly, the average inflation of tin wash due to an increase of acid concentration 

was visualized only with low acid treatment, from 1.0 (72.65 ± 4.54%) to 2.0 mol L–1 

(77.36 ± 5.24%), a change of nearly 6.5%. A close look on the desorption curve reveals 

that the overall wash of tin is relatively higher at elevated concentrations of hydrofluoric 

acid. However, the 2- and 4-mL spikes have shown an elevated amount of tin release at 

1.0 mol L–1 of acid. Moreover, the 4-mL spike gave ≥ 80% elution of tin at HF 

concentrations of 1.0 mol L–1 or more. 
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 Fig. 3.25 The desorption of tin by hydrofluoric acid (0.50 to 6.0 mol L–1) in presence 

of groundwater. 

The desorption of tellurium: The average desorption of tellurium washed by the 

treatment of hydrofluoric acid at concentrations of 0.50 to 6.0 mol L–1 for the 0-, 2-, 4-, 

and 6-mL spikes was found as 12.09 ± 6.25, 9.58 ± 3.99, 12.27 ± 7.81, and 8.79 ± 7.53%, 

respectively, Fig. 3.26 (Appendix 7.151). In general, like the elution of tin, the desorption 

of tellurium increases with an increase of HF concentration. However, discrepancies were 

viewed in cases of the unspiked and 2-mL spiked samples. The former has experienced a 

small drop of wash from 5.0 (18.89 ± 5.05%) to 6.0 mol L–1 of HF (17.88 ± 5.80%), 

whereas the latter has exhibited a little change in elution at 3.0 (10.08 ± 2.44%) to 4.0 

(9.52 ± 5.40%) mol L–1 of acid wash. The lowest elution of tellurium was observed in 

case of 6-mL spike (2.72 ± 0.49%) treated at 0.50 mol L–1 of HF, and the highest 

desorption (25.74 ± 2.92%) was achieved with the 4-mL spike treated at 6.0 mol L–1 of 

acid. Also, at 6.0 mol L–1 of HF, the unspiked and the 2-mL spiked samples gave a 

comparable result, average wash is 17.73 ± 0.22%. The 2-mL and the 4-mL spiked 

samples treated at 2.0 mol L–1 of acid also gave similar washes, 7.51 ± 5.71 and 7.20 ± 
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4.26%, respectively. Moreover, from 0.50 to 2.0 mol L–1 of HF, the overall elution of 

tellurium is relatively low (average 5.42 ± 1.51%). In fact, the 6-mL spike gave a smaller 

wash from 0.50 to 4.0 mol L–1 of acid (average 4.59 ± 1.49%). However, after 4.0 mol L–1 

of HF, the 6-mL spike has produced an inflation of tellurium wash by 160%. It is 

promising that at 0.50 mol L–1 of HF, all spiked and the unspiked samples have exhibited 

very low levels of tellurium elution (average 4.05 ± 1.43%). Among the four sets of 

samples studied, the 6-mL spiked sample presents a small desorption of tellurium, except 

the 6.0 mol L–1 point as well as the previous low trend.  

 

 

Fig. 3.26 The desorption of tellurium by hydrofluoric acid (0.50 to 6.0 mol L–1) in 

presence of groundwater. 

 

3.3.11 Desorption experiment with field samples: a comparative study 

The desorption of tin with field samples: A comparison on the desorption performance of 

tin in presence of real field samples reveals that the desorption of tin by treating with 

aqueous hydrofluoric acid shows a comparable result between the unspiked and the 
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spiked samples, Fig. 3.27 (Appendix 7.152). In the present study, the surface water had 

29.98 ± 0.09 mg L–1 of Cl– and 9.78 ± 0.03 mg L–1 of SO4
2– ions, whereas the 

groundwater contained 71.42 ± 1.57 mg L–1 of Cl– and 69.95 ± 1.69 mg L–1 of SO4
2– ions. 

Although the groundwater contained twice the amount of Cl– and 7-times more SO4
2– 

than that of the surface water, the percent of tin elution decreases only by 4.19%. It is 

worth mention that the adsorption of tin for both surface and groundwater has remained 

essentially the same. 

 

 

Fig. 3.27 A comparison on the desorption performance of tin in presence of field 

water, ‘SW’ stands for surface water, and ‘GW’ for groundwater. 

 

The desorption of tellurium with field samples: The average desorption of tellurium for 

surface water is 15.13 ± 3.19%, while that for groundwater is 10.68 ± 1.76%, Fig. 3.28 

(Appendix 7.153). Note that the adsorption of tellurium for surface and groundwater was 

63.27 ± 1.62 and 62.48 ± 4.15%, respectively. Our goal is to ensure the lowest percentage 

of tellurium release from the column bed while maintaining a high level of metal in the 
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solid phase. The elution of tellurium for the 0-spike surface water was found as 18.06 ± 

7.06% and that for the spiked samples was observed as 14.16 ± 3.03%. This result implies 

that the release of tellurium in presence of surface water can be reduced by 27%, which 

offers a great promise. On the other hand, the corresponding elution of tellurium with the 

0-spike and the spiked groundwater samples was found as 12.09 ± 6.25 and 10.21 ± 

1.82%, respectively. We can satisfactorily conclude here that our proposed methodology 

for the separation of tin from tellurium is equally applicable in the treatment of real field 

water.  

 

Fig. 3.28 A comparison on the desorption profile of tellurium in presence of field 

water, ‘SW’ stands for surface water, and ‘GW’ for groundwater. 

 

Separation of tin from tellurium from natural water: The performance of our present 

proposal to separate tin from tellurium in cases of real field water was evaluated from the 

percent desorption of tin and that of tellurium. The overall result demonstrates that using 

the TRU resin as the column bed, we can ensure more than 99% of tin adsorption loading 

with hydrochloric acid, while keeping the tellurium retention as low as 60%. The dilute 
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hydrofluoric acid can selectively wash off at least 85% of adsorbed tin (single wash), and 

the tellurium release can be kept to less than 10%. This strategy can be applied 

successfully in case of real field water samples. Again, the TRU chromatographic resin 

can be exploited in the separation of tin from tellurium in presence of Cl– and SO4
2– ions. 

It is justifiable to say that the current methodology offers a bright promise in the 

separation of tin from tellurium from contaminated field water, particularly surface and 

groundwaters contaminated with Cl– and SO4
2– anions. 

 

3.4 Conclusions 

Chloride and sulfate are the two major anions present in almost all waterbodies. In our 

present study, experimental work has been carried out to evaluate the effect of chloride 

and sulfate anions on the separation of tin from tellurium. The distribution coefficients of 

tin and tellurium on the TRU chromatographic resin were determined in presence of 

laboratory prepared chloride and sulfate solutions along with real field samples (surface 

and groundwater). In addition, the adsorption-desorption behaviors of tin and tellurium 

have also been tested with spiked surface and groundwaters. 

Results reveal that the distribution of tin and tellurium on the TRU resin loaded with 

aqueous hydrochloric acid is poorly affected by the presence of chloride and sulfate ions 

at concentrations of up to 70 mg L–l. The adsorption of the spiked metal on the solid 

phase remained unchanged. 

The optimum contact period for the maximum adsorption of tin in the solid phase is about 

90 minutes, a prolonged interaction between the metal and the adsorbate reduces the 

metal-retention capacity of the solid resin. At pH 4.0 to 5.0, tin shows the highest 

adsorption on TRU resin. 
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The shaking orientation does matter on the distribution of spiked metals in solid phase. A 

horizontal shaking, placing the materials in the centrifuge tube and positioned along the 

direction of movement, ensures better mixing of materials and hence produces higher 

distribution coefficients of both tin and tellurium. 

The adsorptions of tin in the solid TRU resin in presence of hydrochloric acid and spiked 

real field samples (surface and groundwater) is greater that 99%, whereas the adsorption 

of tellurium is around 60%. The adsorption of tin onto TRU resin is favored due to the 

strong dipole-ion interaction operating between the phospho-ketone group of resin and 

the Sn(II) ion. In addition, the conformational disposition of TRU resin supports in the 

formation of six-membered stable tin-sorbent adduct. On the other hand, the more 

electronegative tellurium does not form effecrive bonding interactions with the polar 

moiety of the substrate. As a result, the resin possesses relatively limited capacity to 

adsorp tellurium compared to the retention of tin.   

The desorption study reveals that hydrofluoric acid can selectively elute 85% (a single 

desorption with 100 mg packing material) of tin, while maintaining the tellurium release 

by 10% or less. The technique is well suited in cases of contaminated surface and 

groundwaters. The result of our present adsorption-desorption study shows that the TRU 

chromatographic resin offers a bright promise for the selective separation of tin from 

tellurium for water samples containing Cl– and SO4
2– ions. 
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Chapter 4: 

 

AMS detection of 126Sn 

 

4.1 Background information 

4.1.1 Basic principle of AMS 

The accelerator mass spectrometry (AMS) is an ultrasensitive technique that can measure 

certain long-lived radioisotopes (e.g., 3H, 10Be, 14C, 26Al, 36Cl, 41Ca, 53Mn, 126Sn, 129I, 

236U, 237Np, and 239Pu) at very low abundances (10–12–10–15) with very high sensitivities 

(down to 103 – 105 atoms/sample).180–183 The AMS technique, Fig. 4.1, generally uses a 

tandem electrostatic, like Van de Graaff or solid state, accelerator to measure the isotopic 

ratio of radionuclides.180,183 In the case of 14C/12C, for example, the radioactive isotope 

(14C) is measured by counting ions, whereas the more abundant stable isotope (12C) is 

recorded by measuring the electric current from the Faraday detector.183 A tandem-based 

AMS system basically follows: i) the production of negative ions from the caesium-

sputter ion source, ii) acceleration of molecular negative ions from ground potential to 

high positive voltage, iii) changing of negative ions to positive ion by stripping off 

electrons at low gas pressures and then the dissociation of molecular ions, iv) acceleration 

of positive ions back to the ground potential, v) removal of unwanted background ions by 

electric and magnetic fields, and vi) identification and counting of individual isotopes 

with nuclear detectors.180,183–185 
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Fig. 4.1 Schematic diagram of the 10 MV accelerator mass spectrometer (AMS) 

system at the Lawrence Livermore National Laboratory.186 Note that other systems 

could use a gas filled canal instead of a foil for molecular dissociation and charge 

changing. 

4.1.2 Facts on 126Sn 

Tin possesses 41 radioactive isotopes, and 126Sn is the only long-lived radioisotope of tin 

having a half-life of ~105 y. Most other tin isotopes possess half-lives in the order of 

hours to seconds, and two with half-lives of days: 113Sn (115 d) and 123Sn (129 d).  The 

long-lived isotope 126Sn is a member of the group of the seven longest-lived abundant 

products of uranium fission: 79Se (T½ = 2.95 × 105 y),187 93Zr (T½ = 1.13 × 106 y),188 99Tc 

(T½ = 2.1 × 105 y),189 207Pd (T½ = 6.5 × 106 y),190 126Sn (T½ = 2.35 × 105 y),76 129I (T½ = 

1.614 × 107 y)191 and 135Cs (T½ = 1.6 × 106 y).192 Usually, these long-lived fission 

products can undergo neutron transmutation, a phenomenon of successive neutron 

capturing to become a short-lived isotope, which, in turn, transforms to a stable isotope of 

another element.193 However, most 126Sn does not undergo transmutation, but rather 

slowly decays to stable 126Te.194 
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4.1.3 Issues with 126Sn detection 

Unlike other long-lived fission products, 99Tc, for example, which has a fission-yield of 

about 6.13%,195 126Sn has a very low fission yield, 0.059 to 0.065%.80,196 produced from 

the spontaneous fission of 235U. Moreover, since 126Sn is heavier than all stable and short-

lived isotopes of tin, it is highly unlikely to produce 126Sn by photodisintegration 

reactions on other tin isotopes. This is because the neutron threshold of 126Sn is higher 

than those of low-mass stable isotopes, like 119Sn or 117Sn. As a result, 

photodisintegration reaction (γ, n) can produce only stable (the masses of all stable tin 

isotopes are lower than 126Sn) or short-lived isotopes of tin.197 126Sn has two interfering 

isobars: stable 126Te and 126Xe. Fortunately, 126Xe is not extracted effectively from the ion 

source, since noble gases do not form stable negative ions.78 Therefore, the paramount 

obstacle for the precise determination of 126Sn concentrations in samples is the 

interference of 126Te.  

4.1.4 Present state of 126Sn detection 

Kutschera et al.124 conducted the first AMS measurement of 126Sn at the Argonne ATLAS 

National Laboratory. They claimed that isobaric 126Te can be separated from 126Sn at high 

energies (400 MeV) using a magnet filled with nitrogen gas and a gas ionization chamber. 

However, due to the complexity of the measuring procedure, no absolute concentration of 

126Sn was determined. 

Gartenmann et al.78 have measured the 126Sn/Sn ratio in extracted spent fuel rods from 

nuclear power plants at the ETH Zurich AMS facility. The ratio was measured as (9.23 ± 

0.87) × 10–6. It is assumed that crustal rocks contain 126Sn/Sn ratio of approximately 10–

14.77 
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Shen et al.79 have developed an AMS methodology for the determination of 126Sn from 

the fission product wastes. They claimed that up to 400 nA beam current of 126Sn can be 

achieved by using a combined target of SnF2 and extracting SnF3
–, while reducing the 

126Te interference by 2 – 3 orders of magnitude. 

Asai et al.80 have determined the 126Sn content in highly contaminated radioactive waste 

dumped from a spent nuclear fuel solution using isotope dilution inductively coupled 

plasma mass spectrometry (ID-ICP-MS). The measured concentration of 126Sn in the 

spent nuclear fuel solution was found as 0.74 ± 0.14 ng/g. 

4.2 Experimental details 

4.2.1 Our strategic plan to detect 126Sn 

(A) Choosing the AMS target 

In the present study, we have planned to conduct three experiments on different AMS 

targets containing fluoride and iodide molecular ions in various mass compositions. The 

halogen elements, with high electronegativity, can provide good negative ions and can 

produce high beam-current. The unique advantage in chosing these two elements from the 

halogen group of periodic table is that both 19F (100%) and 127I (100% abundance) are 

monoisotopic elements. On the other hand, chlorine has two stable isotopes: 35Cl (76%) 

and 37Cl (24%), bromine has two (79Br (51%) and 81Br (49%)) isotopes as well. 

In our present study, the molecular ions to be tested for beam current include: i) 126SnF5
–, 

ii) 126Sn127I19F2
– (mass 291) and iii) 126Sn127I2

19F–. 

(i) Experiment #1 on SnF5
– molecular ion 

The compound SnF2 is prepared in the laboratory via wet chemical process; the 

molecular ion 126SnF5
– is formed from a mixed target matrix of SnF2 and PbF2. 
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Limitations of this study: 

Though we are hoping to achieve reasonable beam current from the 126SnF5
– 

molecular ion, there are a couple sources of uncertainty, like  

a) Possible interferences may arise from 95Mo– ions (stable 95Mo 15.87% 

abundance, may exist in sample matrix): 95MoSn– (95 + 126  = 221) vs SnF5
– 

(126 + 19 × 5 = 221). 

b) Another uncertainty from tellurium contamination from PbF2 (99.9%). 

(ii) Experiment #2 on 126Sn127I19F2
– molecular ion 

Powder SnF2, NaI, and Ag is mixed. 

Approximate mol ratio: SnF2 + NaI + Ag :: 1 : 1 : 1 

Approximate mass ratio: 1 : 1 : 1 

Molar masses: Sn = 118.710; I = 126.9045; F = 18.9984; Na = 22.98977; 

Ag = 107.8682; SnF2 = 156.707; SnI2 = 372.519; 

NaF = 41.98817; NaI = 149.89424 

Mass calculation 

126Sn127I19F2
– = 126 + 127 + 19 × 2 = 291 

Limitations of this study: 

Again, there are possible uncertainties associated with with the test, like 

a) The compound ion 126Te127I19F2
– also possesses the same molecular mass 

(126 + 127 + 19 × 2 = 291) as the target (126Sn127I19F2
–), and this ion may 

produce additional beam current causing a potential masking on 126Sn127I19F2
– 

current.  

b) Also, the compound ion 126Te165Ho– (165Ho, 100% natural abundance), with 

the same molecular mass (126 + 165 = 291), may also contribute to the ion 

beam. 
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c) The detection of +5 ions (Sn5+ or Te5+) should be clean for all 118Sn, 125Te, 

126Sn, and 126Te. 

Experiment #3 on 126Sn127I2
19F– molecular ion 

Powder SnI2, NaF, and Ag will be mixed. 

Approximate mol ratio: SnI2 + NaF + Ag :: 1 : 1 : 1 

Approximate mass ratio: 1 : 1 : 1 

 

Mass calculation: 

126Sn127I2
19F– = 126 + 127 × 2 + 19 = 399 

Limitations of this test: 

This experiment may cause certain setbacks, like 

a) The compound ion 126Te127I2
19F– also possesses an identical molecular mass 

(126 + 127 × 2 + 19 = 399), which may exist. 

b) The detection of +5 ions should be clean for all 118Sn, 125Te, and 126Sn + 126Te 

isotopes. 

c) In addition, the molecular ion 126Sn127I2
19F– may be very low or no sputter 

yield. 

d) Since 126Sn127I2
19F– is a heavy molecule compared to the mass of 126Sn, it is 

likely to produce a poor sputter yield. 
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(B) Choosing the appropriate ion charge 

In the AMS technique, it is crucial to select the right charge of the isotope of interest; in 

our case, an appropriate selection of 126Snq+ is worth consideration. The line of argument 

for the selection of q+ charge follows as: 

(i) In case of q = +1: 

However, the molecular ion [M]+1 is common with large number of ions, 

therefore, q+1 charge selection will produce feeble output. 

(ii) In case of q = +2: 

In this case, m/q becomes 63 (= 126/2), there is a strong probability from 

63Cu1+ interferences, therefore, this charge selection carries a poor merit. 

(iii) In case of q = +3: 

A possible interfering effect may arise due to 42Ca1+, 84Se2+ or 168Er4+ ions. 

(iv) In case of q = +4: 

M/q becomes 31.5, an encouraging choice, there is a good chance to overcome 

possible interferences. 

(v) In case of q = +5: 

M/q becomes 25.5, again, there is a good chance to overcome isobaric 

interferences. 

 

(C) Efficiency expectation 

The efficiency expectation is almost inversely proportional to the state of isotopic charge, 

a smaller charge selection most likely would produce a high yield. However, depending 

upon the accelerator configuration, the terminal voltage and the stripper gas pressure, one 

can obtain higher efficiency for higher charge states. For the A. E. Lalonde-AMS 

accelerator (University of Ottawa), the highest efficientcy is expected to be at charge state 
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+3 and that higher and lower charge states are expected to be less efficient. Also, heavier 

ions are easier to get into higher charge states than lighter ones. 

In our present study, we expect that 

with q = +1, there is a likelihood of high efficiency, 

with q = +2, there is a probability of high efficiency, 

with q = +3, still we expect a good yield, at least 10%, 

with q = +4, the efficiency may be very poor, 

with q = +5, may give a vey low efficiency, the efficiency could drop as low as 1%. 

Although a smaller charge selection possibly could yield a good result, there is a burning 

issue with the low background and high sputter yield. In the case of AMS detection of 

radioisotopes, in our case 126Sn, it is essential to optimize the experimental condition in 

such a way that will produce a low tellurium background giving a reasonable tin-beam 

current. Therefore, a suitable charge selection would be of Sn5+, even though the expected 

efficiency is very low (may be 1% or below). 

 

(D) Tuning the target condition 

In the current project plan, two experiments were performed on the iodide target and one 

on fluoride, but since the iodine-based molecular ions (126Sn127I19F2
– and 126Sn127I2

19F–) 

are heavier compared to the mass of tin, tuning the target condition is necessary to 

encourage the production of sufficient heavy-ions. 
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i) In case of 126Sn127I19F2
– target: 

Step 1: 118SnIF2
–  → 118Sn5+ 

Step 2: 125TeIF2
–  → 125Te5+ 

Step 3: (126Sn, 126Te)IF2
– → (126Sn, 126Te)5+ 

Then, we will calculate the ratio of 126Sn/118Sn. 

If  126Sn/118Sn   ≤    10–11, or less, it will work fine, the 126Te has not entered 

significantly with the 126Sn. 

 

 

 

 

ii) In case of 126Sn127I2
19F– target: 

Step 1: 118SnI2F
–  → 118Sn5+ 

Step 2: 125TeI2F
–  → 125Te5+ 

Step 3: (126Sn, 126Te)I2F
– → (126Sn, 126Te)5+ 

Then, we will calculate the ratio of 126Sn/118Sn. 

Again, if   126Sn/118Sn   ≤    10–11, or less, it will work fine. 

 

 

 

 

 

 

 

We expect a ratio of: 

(126Sn/118Sn)background   ≤    10–11 

We expect a ratio of: 

(126Sn/118Sn)background   ≤    10–11 
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(E) Our specific goals 

(i) Determination of 126Sn/Sn detection limit. 

(ii) If it works, a comparison on cases with +5 and +3 ion detection will be 

performed. 

(iii) SSI run for 3 beams. As more parameter of the accelerator system than 

simply the injection magnet need to be adjusted for this measurement, the 

slow isotope switching is used to allow all parameter to stabilize before the 

measurement is taken. 

a) 118SnX–   →   118Sn+q in FC, 

b) 125TeX–   →   125Te+q, 

c) (126Te, 126Sn)–   →   (126Te, 126Sn)+q 

(iv)      Choosing the best beam. 

 

4.2.2 Target preparation 

(A) AMS run with laboratory samples  

(i)  Preparation of SnF2 sample 

The first AMS beam current was monitored with the laboratory prepared SnF2 samples. 

SnF2 sample was prepared as follows: 0.6174 g tin ribbon was dissolved in 27.6 mol L–1 

HF (10.0 mL) in a porcelain crucible, and the solvent was evaporated by an electric 

heater. The product was dried at 400 °C in a vacuum furnace for 1.0 hour.  

(ii) Preparation of SnF2 target 

Five AMS targets were prepared, as follows, with an approximate SnF2 to PbF2 (PbF2 

was added as the fluorine source) ratio of   1 : 6, shown in Table 4.1. 
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Table 4.1: Composition of SnF2 target. 

Sample # SnF2 (mg) PbF2 (mg) SnF2/PbF2 ratio 

MR-1 5.1 30.6 1 : 6.00 

MR-2 5.5 38.2 1 : 6.95 

MR-3 7.3 49.8 1 : 6.82 

MR-4 5.3 43.0 1 : 8.11 

MR-5 6.2 43.4 1 : 7.00 

 

(B) AMS run with commercial samples 

(i) Preparation of SnF2 target 

Reagent grade SnF2 (99.5%, mol wt 156.71) was purchased from Sigma-Aldrich. Four 

AMS targets have been prepared with the following compositions: 

SnF2 + NaI + Ag :: 54.3 mg + 43.2 mg + 241.0 mg Ag 

(ii) Preparation of SnI2 target 

Anhydrous SnI2 (99.9%, mol wt 372.52) was purchased from Sigma-Aldrich. Four AMS 

targets have been prepared with the follow compositions: 

SnI2 + NaF + Ag :: 66.6 mg + 53.5 mg + 481.0 mg Ag 

4.2.3 AMS Settings for 126Sn detection 

(i) General setting 

- Ion source voltages = 7/28 for SnIF2
–, 7/23 for SnI2F

– 

- Terminal voltage 2.5 MV for all runs 

- Detector isobutene pressure = 17.25 mBar for all, Amplifiers ∆E = 20–

12.0 for all runs 
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Ef = 20–12.0 for Sn+5 and Ef = 40–12.0 for Sn+3 (126Sn+3 was not tried, 

which did not work in earlier tests because of intense 42Ti+1 ions, so was 

not considered worth mention) 

- Ionizer = 19 A, Cs = 80 °C and Quick Cool = ON (to control Cs flux) for 

all (iodine run condition) 

- All H (horizontal) slits = 1.00/1.00; Stripper = 5 × 10–3 mBar (if needed, 1 

× 10–2 for Sn+3) 

(ii) Experiment with 126Sn127I19F2
– 

- Ion source and detector setting for this case is the same as in (i) 

- AMS tuning for 127I–   →   127I+5 

- If necessary, the use of Cu-clusters to calibrate MA1 (magnetic analyzer) 

- AMS tuning for 118Sn127I19F2
–   →   118Sn+5 

- Checking c/s for 125Te127I19F2
–   →   125Te+5 

- Checking c/s for (126Te + 126Sn)127I19F2
–   →   (126Te + 126Sn)+5 

(iii)  Experiment with 126Sn127I2
19F– 

- Ion source and detector setting for this case is the same as in (i) 

- AMS tuning for 127I–   →   127I+5 

- If necessary, the use of Cu-clusters to calibrate the first magnetic analyzer 

(MA1). 

- AMS tuning for 118Sn127I2
19F–   →   118Sn+5 

- Checking c/s for 125Te127I2
19F–   →   125Te+5 

- Checking c/s for (126Te, 126Sn)127I2
19F–   →   (126Te, 126Sn)+5 
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(iv) Targets – we have prepared targets with the following combinations: 

- 1 (one) Cu-target/Cu-pin for beam-park (Cu/Cu used for all) 

- 1 Cu/Al-blank (for LE calibration with Cu-cluster beams, if necessary) 

- 1 NaI/Nb-blank (for HE calibration with 127I beams, it was found the best) 

- 1 Ag/Cu-Blk (Blank) 

- 1 Cu/Cu-Blk 

- 1 Al/Cu-Blk 

- 4 (four) SnF2 + NaI + Ag (1 : >0.957 : >0.688 by wt, approximate ratio) 

- 4 SnI2 + NaF + Ag (1 : >0.113 : >0.290 by wt, approximate ratio) 

- 1 SnI2 

- 1 SnI2 + Ag (1 : 1 by volume) 

- 1 SnF2 

- 1 SnF2 + PbF2 (1 : 5 vol) 

 

(v) Slits = 1.50/1.50, from NaI + Nb (Nb was added as a conducting 

material) source 

For 127I–   →   127I+5 

Magnetic field, B1 = 0.553640 T; bouncer voltage, VB1 = 50 V 

Terminal voltage, VT = 2500 kV; magnetic field, B2 = 0.618240 T 

High electric analyzing voltage, V2 = 71.008 kV, 

For 125Te–   →   125Te+5 

Bouncer voltage, VB1 = 611.20 V 

Terminal voltage, VT = 2540.125 kV 

High electric analyzing voltage, V2 = 72.145 kV 
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For 125Te127I–   →   125Te+5 

Magnetic field, B1 = 0.786093 T; bouncer voltage, VB1 = 611.20 V 

Terminal voltage, VT = 2540.125 kV 

Magnetic field, B2 = 0.591395 T 

High electric analyzing voltage, V2 = 66.016 kV 

(vi) Important considerations during the AMS run 

- The overall AMS run was carefully monitored to observe the strongest 

beam-current. The targets were repeatedly screened back and forth to look 

for a detectable signal, only the target under consideration (SnF2 + PbF2) 

was found good enough to produce a measurable current. Therefore, a 

thorough study on the remaining targets was not considered essential in the 

present study. 

- To minimize a low 126Te background, the use of special Te-loaded copper 

target was avoided as it contains up to 100 ppm of Te. 

- The use of aluminum target was avoided, since Al has a strong affinity to 

fluorine, which could make a deliberate shortage of fluoride ions. 

However, the high background (~10–9) with our prepared SnF2 sample 

might have been caused due to the formation of significant amount of 

AlF3, most likely originated from the porcelain crucible. Therefore, the 

preparation of SnF2 is strongly recommended with the use of teflon 

vessels.    
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4.3 Results and discussion 

4.3.1 Measurement of beam-current for the prepared samples 

(i) SnFn
–-beam current 

In the first phase of experiment, the target consists of SnF2 + PbF2 in various mixing 

ratios. The SnF5
– current was monitored after settling into the steady state and the 

following beam-currents were observed, Table 4.2: 

Table 4.2: Beam-current for SnFn
– molecular ions (n = 1–5)  

Tin isotope Number of 

fluorine atoms, 

n 

Molecular ion Observed current (nA) after 

the injector magnet 

120Sn 1 120SnF– 1.3 

120Sn 2 120SnF2
– 2.9 

120Sn 3 120SnF3
– 44.0 

120Sn 4 120SnF4
– 10.0 

120Sn 5 120SnF5
– 30.0 

 

The initial study was carried out to monitor the sensitivity for detecting tin metal itself, 

therefore, the highest abundant (32.58%) 120Sn isotope has been taken as the main 

consideration. Here, 120SnF5
– and 120SnF3

– molecular ions have produced stronger beam-

currents, 30.0 and 44.0 nA, respectively, observed after the injector magnet. 

(ii) Beam A for 126Sn detection 

The Beam A was originated from 120SnF5
– species. After tuning the beam for 120SnF5

– → 

120Sn3+ at 2.0 × 10–2 mBar striping pressure (which is high enough to destroy all +3 

molecular ions after acceleration), 126SnF5
– → 126Sn3+ was counted in the detector. The 

count rate of 126Sn3+ ions and the 120Sn3+ current in front of the detector have produced 

126Sn/120Sn = 5.0 × 10–9, or a ppb-level background. 
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(iii) Beam B for 126Sn detection 

The Beam B, for 126SnF3
– → 126Sn3+ (q = +3), was checked. This time, however, the +1 

fragment ions, produced from the SnF2 + PbF2 targets, were very strong. Therefore, the 

beam-current for 126SnF3
– → 126Sn5+ (q = +5) was checked. A rather clear spectrum was 

observed, but the 126Sn/120Sn ratio was almost the same, about 3.0 × 10–9, again, with a 

ppb-level background. 

(iv) Beam C for 126Sn detection 

Beam A and B both have about 10% transmission at about 2.5 MV terminal voltage. 

However, Beam C was 120SnF5
– → 120SnF2

2+ at 1.6 MV terminal voltage. This beam can 

be transmitted by the system, but the efficiency was found to be at 0.1% level with about 

1.0 × 10–3 mBar stripping pressure. Although the spectrum of 126SnF5
– → 126SnF2

2+ was 

much clearer for the [126 + 38] mass region, i.e., 126SnF2
2+ like species, but there were 

plenty of ions, almost half of these masses, have flooded the [126 + 38] spectrum. The 

lighter ions interfere in the detector spectrum because the detector measures energy loses, 

and the AMS is selective for a given mass/charge ratio – an ion with half the mass but 

double the charge will be detected, but at lower energies. If there are too many counts, the 

detector is saturated, and cannot measure the higher energy counts with accuracy. The 

beam was too little to be tuned properly, and the transmission was totally useless. For 

these reasons, the Beam C has not been considered effective for the quantification of 

126Sn isotope.  

4.3.2 Mass assignments against beam-current 

After fixing all AMS conditions, a long manual scan was performed for the SnF2 + NaI + 

Ag target, the variation of beam-current with mass of molecular ions (127I– anion) is 

presented in Fig. 4.2. The Table 4.3 shows a detailed assessment on the composition of 

probable ions. 
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Fig. 4.2 Observed beam-current against mass of molecular ions. Note, the current for 

mass 127 is 1.96 μA, which is almost 1000 times larger compared to other values. 

 

Table 4.3: Prediction of molecular ions for SnF2 + NaI + Ag target. 

Magnetic 

field (B, 

Tesla) 

Observed 

beam-

current 

(nA) 

Mass of 

molecular 

ion (amu) 

Ion prediction 

More probable molecular 

ions 

Less probable molecular ions 

0.55367 1.96 μA 127 127I– (anion), 115Sn12C–, 
114Sn13C– 

114Sn12CH–, 112Sn13CH2
–, 

63Cu2H– 

0.55584 10 128 65Cu63Cu–, 109Ag19F– 127IH–, 115Sn13C–, 116Sn12C–, 
115Sn12CH–, 114Sn12CH2

–, 
63Cu2H2

– 

0.55800 4.3 129 117Sn12C–, 116Sn13C– 127IH2
–, 116Sn12CH–, 115Sn12CH2

–, 
65Cu63CuH– 

0.56011 1.13 130 65Cu2
–, 107Ag23Na– 127IH3

–, 118Sn12C–, 117Sn13C– 

0.56233 1.02 131 119Sn12C–, 118Sn13C– 107Ag23NaH–, 65Cu2H–, 
107Ag12C2

– 

0.57095 0.95 135 116Sn19F–, 112Sn23Na– 122Sn13C–, 122Sn12CH–, 109Ag13C2
– 

0.57313 0.55 136 117Sn19F–, 116Sn19F– 124Sn12C–, 122Sn12CH2
–, 

112Sn12C2
– 

0.57511 1.58 137 114Sn23Na–, 118Sn19F– 112Sn12C2H–, 124Sn12CH–, 
124Sn13C– 

0.57716 0.51 138 119Sn19F–, 115Sn23Na– 63Cu2
12C–, 124Sn13CH–, 

107Ag19F12C–, 114Sn12C2
– 

0
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Table 4.3: Prediction of molecular ions for SnF2 + NaI + Ag target (continued) 

Magnetic 

field (B, 

Tesla) 

Observed 

beam-

current 

(nA) 

Mass of 

molecular 

ion (amu) 

Ion prediction 

More probable molecular 

ions 

Less probable molecular ions 

0.57932 2.00 139 120Sn19F–, 116Sn23Na– 127I12C–, 124Sn13CH2
– 

0.58350 0.49 141 122Sn19F–, 118Sn23Na– 120Sn19FH2
–, 63Cu65Cu12CH–, 

63Cu65Cu13C– 

0.58550 0.38 142 119Sn23Na– 65Cu2
12C–, 65Cu63Cu12CH2

–, 
65Cu63Cu13CH– 

0.58758 3.89 143 120Sn23Na–, 124Sn19F– 127I13CH3
–, 119Sn12C2

– 

0.58955 0.41 144 120Sn12C2
–, 109Ag23Na12C– 107Ag23Na12CH2

–, 120Sn23NaH– 

0.59163 10.7 145 107Ag19F2
–, 122Sn23Na–, 

63Cu2
19F–  

120Sn13C12C–, 120Sn12C2H– 

0.59379 0.84 146 127I19F– 122Sn12C2
–, 120Sn23NaH–, 

122Sn23NaH– 

0.59572 7.90 147 124Sn23Na–, 109Ag19F2
–, 

63Cu65Cu19F– 

116Sn19F12C–, 122Sn13C12C–, 
127I19FH– 

0.59982 4.89 149 107Ag23Na19F–, 63Cu2
23Na–, 

65Cu2
19F– 

124Sn13C12C–, 124Sn12C2H– 

0.60187 0.79 150 127I23Na–, 112Sn19F2
– 107Ag12C2

19F–, 124Sn13C2
–, 

124Sn13C12CH– 

0.60385 3.66 151 109Ag23Na19F– 127I12C2
–, 120Sn19F12C–, 

107Sn19F13C12C– 

0.60583 0.63 152 114Sn19F2
– 120Sn19F13C–, 116Sn12C3

– 

0.60786 0.83 153 107Ag23Na2
–, 115Sn19F2

– 127I13C2
–, 120Sn19F12CH2

– 

0.60989 0.60 154 116Sn19F2
–, 112Sn23Na19F–   65Cu2

12C2
–, 118Sn12C3

–, 
117Sn13C12C2

– 

0.61197 1.04 155 109Ag23Na2
– 118Sn13C12C2

–, 120Sn23Na12C– 

0.61379 0.63 156 114Sn23Na19F– 109Ag23Na2H–, 120Sn23Na12CH–, 
124Sn19F12CH–, 124Sn19F13C– 

0.61578 0.40 157 115Sn23Na19F–, 119Sn19F2
– 120Sn23Na12CH2

–, 122Sn23Na12C–, 
109Ag23Na2H2

– 

0.61775 0.88 158 116Sn23Na19F–, 112Sn23Na2
– 122Sn23Na12CH–, 122Sn23Na13C– 

0.63897 5.35 169 127I23Na19F– 124Sn19F13C2
–, 65Cu2

19F2H– 

0.64077 6.26 170 107Ag63Cu–, 124Sn23Na2
–, 

109Ag23Na19F2
– 

120Sn19F2
12C–, 124Sn23Na2

– 

0.64272 7.84 171 107Ag63CuH–, 114Sn19F3
– 127I19F13C12C–, 127I19I12C2H– 

0.64456 8.61 172 107Ag23Na2
19F–, 109Ag63Cu–, 

107Ag65Cu– 

127I19F13C2
–, 127I19I12C2H2

–, 
124Sn23Na13C12C– 
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Table 4.3: Prediction of molecular ions for SnF2 + NaI + Ag target (continued) 

Magnetic 

field (B, 

Tesla) 

Observed 

beam-

current 

(nA) 

Mass of 

molecular 

ion (amu) 

Ion prediction 

More probable molecular 

ions 

Less probable molecular ions 

0.64635 4.56 173 127I23Na2
–, 107Ag65CuH–, 

122Sn19F2
13C– 

115Sn23Na2
12C–, 114Sn23Na2

13C–, 
114Sn23Na2

12CH– 

0.64827 3.30 174 109Ag65Cu–, 124Sn19F2
12C– 109Ag63CuH2

–, 116Sn23Na2
12C– 

0.65014 3.25 175 112Sn63Cu–, 118Sn19F3
–, 

109Ag65CuH– 

127I23Na2H2
–, 115Sn23Na2

12CH2
–, 

124Sn19F2
13C– 

0.65204 0.77 176 119Sn19F3
–, 115Sn23Na19F2

– 118Sn23Na2
12C–, 124Sn19F2

12CH2
– 

0.65384 3.16 177 112Sn65Cu–, 120Sn19F3
–, 

112Sn23Na2
19F–, 

116Sn23Na19F2
– 

107Ag23Na2
12C2

–, 65Cu2
23Na2H– 

0.65751 2.81 179 114Sn65Cu–, 116Sn63Cu–, 
122Sn19F3

–, 118Sn23Na19F2
– 

109Ag23Na2
12C2

–, 65Cu2
23Na2H3

–, 
109Ag23Na2

12C2
–, 107Ag23Na2

12C2
– 

0.65936 1.30 180 115Sn65Cu–, 115Sn63CuH2
–, 

119Sn23Na19F2
– 

109Ag23Na2
12C2H–, 118Sn19F2

12C2
– 

0.66120 5.54 181 116Sn65Cu–, 124Sn19F3
–, 

120Sn23Na19F2
– 

109Ag23Na2
12C2H2

–, 
119Sn19F2

12C2
– 

0.66300 2.02 182 117Sn65Cu–, 119Sn63Cu– 107Ag63Cu12C–, 120Sn19F2
12C2

– 

0.66480 6.92 183 118Sn65Cu–, 120Sn63Cu–, 
122Sn23Na19F2

– 

107Ag63Cu12CH–, 120Sn19F2
12C2H– 

0.66664 0.77 184 127I19F3
–, 119Sn65Cu–,  109Ag63Cu12C–, 107Ag65Cu12C– 

0.66840 3.02 185 120Sn65Cu–, 122Sn63Cu–, 
124Sn23Na19F2

– 

127I23Na2
12C–, 109Ag63Cu12CH– 

0.67025 0.33 186 127I23Na2
13C–, 

124Sn23Na19F2H– 

109Ag65Cu12C–, 109Ag63Cu13CH– 

0.67202 3.58 187 122Sn65Cu–, 124Sn63Cu–, 
107Ag23Na19F3

– 

112Sn63Cu12C–, 122Sn63CuH2
–, 

120Sn65CuH2
–, 118Sn19F3

12C– 

0.67385 0.34 188 122Sn65CuH–, 124Sn63CuH– 122Sn65CuH–, 124Sn63CuH–, 
119Sn19F3

12C–, 109Ag65Cu13CH– 

0.67554 14.7 189 124Sn65Cu–, 63Cu3
–, 

109Ag23Na19F3
– 

114Sn63Cu12C–, 122Sn65CuH2
– 

0.67737 7.88 190 127I63Cu–, 124Sn65CuH– 115Sn63Cu12C–, 109Ag19F3
12C2

– 

0.67912 18.0 191 63Cu2
65Cu–, 127I63CuH–, 

107Ag23Na2
19F2

– 

116Sn63Cu12C–, 114Sn65Cu12C– 

0.68096 3.54 192 127I65Cu– 117Sn63Cu12C–, 115Sn65Cu12C– 

0.68262 7.13 193 65Cu2
63Cu–, 109Ag23Na2

19F2
– 118Sn63Cu12C–, 116Sn65Cu12C– 

0.68617 0.88 195 65Cu3
–, 109Ag23Na2

19F2H2
– 120Sn63Cu12C–, 118Sn65Cu12C– 

0.68802 0.46 196 65Cu3H– 120Sn63Cu13C–, 119Sn65Cu12C– 
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Table 4.3: Prediction of molecular ions for SnF2 + NaI + Ag target (continued) 

Magnetic 

field (B, 

Tesla) 

Observed 

beam-

current 

(nA) 

Mass of 

molecular 

ion (amu) 

Ion prediction 

More probable molecular 

ions 

Less probable molecular ions 

0.69150 0.34 198 114Sn23Na2
19F2

– 122Sn63Cu13C–, 120Sn65Cu13C– 

0.69505 0.33 200 116Sn23Na2
19F2

– 124Sn63Cu13C–, 122Sn65Cu13C– 

0.69853 0.38 202 127I63Cu12C– 124Sn65Cu13C– 

0.70713 0.87 207 65Cu3
12C– 118Sn65Cu12C2

–, 120Sn63Cu12C2
– 

0.71060 2.93 209 127I63Cu19F–, 
107Ag63Cu19F2H– 

122Sn63Cu12C2
–, 120Sn65Cu12C2

– 

0.71403 1.25 211 127I65Cu19F–, 127I63Cu19FH2
–, 

127I23Na2
19F2

– 

124Sn63Cu12C2
–, 107Ag23Na2

19F3H–

, 122Sn65Cu12C2
– 

0.71735 0.38 213 109Ag23Na2
19F3H– 124Sn65Cu12C2

–, 122Sn65Cu12C2H2
–

, 124Sn63Cu12C2H2
– 

0.71912 4.67 214 107Ag2
–, 65Cu3

19F–, 
65Cu63Cu2

23Na– 

127I63Cu12C2
–, 124Sn65Cu13C12C–, 

0.72092 1.59 215 127I65Cu23Na– 124Sn65Cu13C2
–, 127I63Cu23NaH2

– 

0.72253 8.68 216 109Ag107Ag–, 65Cu2
63Cu23Na– 127I65Cu12C2

–, 107Ag107AgH2
–, 

127I63Cu13C2
– 

0.72420 0.92 217 109Ag107AgH–, 127I65Cu13C12C–, 127I63Cu13C2H– 

0.72587 4.06 218 109Ag2
–, 65Cu3

23Na– 127I65Cu13C2
–, 124Sn63Cu19F12C– 

0.72755 0.31 219 112Sn107Ag– 127I65Cu13C2H–, 124Sn63Cu19F13C– 

0.73418 2.02 223 114Sn109Ag–, 116Sn107Ag–, 
120Sn23Na2

19F3
– 

127I65Cu19F12C–, 
122Sn65Cu23Na13C–, 
124Sn63Cu23Na13C– 

0.73583 1.02 224 115Sn109Ag–, 117Sn107Ag– 124Sn65Cu23Na12C–, 114Sn109AgH–

, 116Sn107AgH– 

0.73751 4.90 225 116Sn109Ag–, 118Sn107Ag– 124Sn65Cu23Na13C–, 115Sn109AgH–

, 117Sn107AgH– 

0.73914 2.05 226 117Sn109Ag–, 119Sn107Ag– 107Ag2
12C–, 116Sn109AgH–, 

118Sn107AgH– 

0.74070 7.41 227 118Sn109Ag–, 120Sn107Ag–, 
124Sn23Na2

19F3
– 

117Sn109AgH–, 119Sn107AgH– 

0.74225 1.07 228 119Sn109Ag–, 118Sn109AgH– 117Sn109AgH2
–, 119Sn107AgH2

– 

0.74399 4.63 229 122Sn107Ag–, 120Sn109Ag–, 120Sn107AgH2
–, 118Sn109AgH2

– 

0.74732 1.50 231 124Sn107Ag–, 122Sn109Ag–, 
124Sn107Ag– 

109Ag2
13C–, 122Sn107AgH2

–, 
120Sn109AgH2

– 

0.75047 8.96 233 124Sn109Ag–, 107Ag63Cu2
– 122Sn109AgH2

–, 114Sn107Ag12C–, 
112Sn109Ag12C– 
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Table 4.3: Prediction of molecular ions for SnF2 + NaI + Ag target (continued) 

Magnetic 

field (B, 

Tesla) 

Observed 

beam-

current 

(nA) 

Mass of 

molecular 

ion (amu) 

Ion prediction 

More probable molecular 

ions 

Less probable molecular ions 

0.75214 5.69 234 127I107Ag–, 107Ag63Cu2H– 115Sn107Ag12C– 

0.75368 15.0 235 109Ag63Cu2
–, 107Ag65Cu63Cu– 116Sn107Ag12C–, 114Sn109Ag12C– 

0.75536 5.99 236 127I109Ag–, 109Ag63Cu2H– 117Sn107Ag12C–, 115Sn109Ag12C– 

0.75691 8.95 237 107Ag65Cu2
–, 109Ag65Cu63Cu– 116Sn109Ag12C–, 118Sn107Ag12C– 

0.75848 1.35 238 107Ag65Cu2H–, 112Sn63Cu2
–, 

112Sn107Ag19F– 

112Sn23Na3
19F3

–, 116Sn109Ag13C– 

0.76010 1.96 239 127I112Sn–, 109Ag65Cu2
– 117Sn109Ag13C–, 118Sn109Ag12C– 

0.76169 1.55 240 112Sn109Ag19F–, 
112Sn65Cu63Cu–, 114Sn63Cu2

–, 
109Ag65Cu2H–, 114Sn63Cu2

– 

114Sn23Na3
19F3

–, 120Sn107Ag13C–, 
118Sn109Ag13C– 

0.76490 1.45 242 127I115Sn–, 112Sn65Cu2
–, 

112Sn107Ag23Na–, 
114Sn65Cu63Cu–, 116Sn63Cu2

– 

116Sn23Na3
19F3

–, 122Sn107Ag13C–, 
120Sn109Ag13C– 

0.76650 0.70 243 127I116Sn–, 115Sn65Cu63Cu–, 
117Sn63Cu2

– 

117Sn23Na3
19F3

–, 112Sn107Ag12C2
–, 

122Sn109Ag12C–, 124Sn107Ag12C– 

0.76807 1.90 244 127I117Sn–, 114Sn65Cu2
–, 

114Sn107Ag23Na–, 118Sn63Cu2
– 

118Sn23Na3
19F3

–, 124Sn107Ag13C–, 
122Sn109Ag13C– 

0.76965 1.11 245 127I118Sn–, 115Sn65Cu2
–, 

115Sn107Ag23Na–, 118Sn63Cu2
– 

119Sn23Na3
19F3

–, 112Sn109Ag12C2
–, 

124Sn109Ag12C– 

0.77127 2.49 246 114Sn109Ag23Na–, 116Sn65Cu2
–

, 127I119Sn–, 63Cu3
19F3

–, 
120Sn63Cu2

– 

120Sn23Na3
19F3

–, 124Sn109Ag13C–, 
115Sn107Ag12C2

– 

0.77287 1.03 247 115Sn109Ag23Na–, 127I120Sn–, 
117Sn65Cu2

– 

127I119SnH–, 114Sn109Ag12C2
–, 

116Sn107Ag12C2
–, 

0.77440 1.62 248 118Sn65Cu2
–, 65Cu63Cu2

19F3
–, 

122Sn63Cu2
– 

122Sn23Na3
19F3

–, 115Sn109Ag12C2
– 

0.77602 0.26 249 119Sn65Cu2
–, 127I122Sn– 116Sn109Ag12C2

–, 118Sn107Ag12C2
– 

0.77752 0.69 250 120Sn65Cu2
–, 65Cu2

63Cu19F3
–, 

124Sn63Cu2
– 

124Sn23Na3
19F3

–, 119Sn107Ag12C2
–, 

112Sn107Ag19F12C– 

0.77905 0.34 251 127I124Sn–, 124Sn63Cu2H– 120Sn107Ag12C2
–, 118Sn109Ag12C2

– 

0.78060 0.68 252 122Sn65Cu2
–, 65Cu3

19F3
–, 

124Sn65Cu63Cu– 

119Sn109Ag12C2
–, 

114Sn107Ag19F12C– 

0.78220 3.48 253 127I107Ag19F–, 127I63Cu2
– 127I23Na3

19F3
–, 120Sn109Ag12C2

– 

0.78379 1.39 254 124Sn65Cu2
–, 122Sn65Cu2H2

– 114Sn109Ag19F12C–, 
116Sn107Ag19F12C– 
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Table 4.3: Prediction of molecular ions for SnF2 + NaI + Ag target (continued) 

Magnetic 

field (B, 

Tesla) 

Observed 

beam-

current 

(nA) 

Mass of 

molecular 

ion (amu) 

Ion prediction 

More probable molecular 

ions 

Less probable molecular ions 

0.78520 3.13 255 127I109Ag19F–, 127I65Cu63Cu– 122Sn109Ag12C2
–, 124Sn107Ag12C2

–, 
115Sn109Ag19F12C–, 
117Sn107Ag19F12C– 

0.78672 0.51 256 109Ag65Cu63Cu19F–, 
107Ag65Cu2

19F– 

116Sn109Ag19F12C–, 
118Sn107Ag19F12C– 

0.78820 0.87 257 127I65Cu2
–, 107Ag65Cu2

19FH– 124Sn109Ag12C2
–, 

117Sn109Ag19F12C– 

0.79148 2.97 259 109Ag65Cu2
19FH– 127I107Ag13C12C– 

0.79305 1.79 260 109Ag65Cu63Cu23Na–, 
107Ag65Cu2

23Na–, 

127I109Ag12C2
–, 

109Ag63Cu2
13C12C– 

0.79459 2.61 261 112Sn107Ag23Na19F– 127I109Ag13C12C– 

0.81864 6.70 277 107Ag2
63Cu–, 127I112Sn19F2

– 118Sn109Ag19F2
12C–, 

120Sn107Ag19F2
12C– 

0.82159 14.0 279 107Ag2
65Cu–, 

109Ag107Ag63Cu–, 
127I114Sn19F2

– 

120Sn109Ag19F2
12C–, 

122Sn107Ag19F2
12C– 

0.82452 7.64 281 109Ag2
63Cu–, 

109Ag107Ag65Cu–, 
127I116Sn19F2

– 

122Sn109Ag19F2
12C–, 

124Sn107Ag19F2
12C– 

0.82747 1.75 283 109Ag2
65Cu–, 127I118Sn19F2

– 127I112Sn19F13C12C–, 
124Sn109Ag19F2

12C– 

0.83184 0.38 286 109Ag65Cu2
23Na2H– 127I116Sn19F12C2

–, 
127I114Sn19F13C2

– 

0.83472 1.12 288 127I115Sn23Na2
– 127I118Sn19F12C2

–, 
127I116Sn19F13C2

– 

0.83617 0.49 289 127I124Sn19F2
–, 127I116Sn23Na2

–

, 127I120Sn23Na19F– 

127I119Sn19F12C2
–, 

127I117Sn19F13C2
– 

0.83769 1.67 290 127I120Sn23Na19FH–, 
127I117Sn23Na2

–, 
107Ag63Cu219F3

– 

127I119Sn23Na19FH2
–, 

127I120Sn19F12C2
–, 

127I120Sn19F12C2
–, 

127I116Sn23Na2H– 

 

From the above table, it is clear, in spite of our expectation, that 126SnF2I
– molecular ions 

could form, but no such ions were observed. The molecular ions were predicted based on 
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the composition of target materials. The previous sample run may contribute traces of 

carbon contamination.    

 

4.3.3 Quantification of 126Sn from the beam-current 

i) SnI2 + NaF + Ag target 

The targets containing SnI2 + NaF + Ag composition was scanned at first to see any 

detectable beam-current, and the results of the AMS run is presented in Table 4.4.  

 

Table 4.4: Observed beam-current for SnI2
–

 molecular ion. 

Composition 125TeI3
–  →  125Te5+ 118SnI3

–  →  118Sn5+ [126Sn]/[Sn] ratio 

SnI2 No detectable count No stable current Not measured 

SnI2 + NaF + Ag > 10 c/s No stable current Not measured 

Ag-blank ~ 0.10 c/s No stable current Not measured 

 

Table 4.4 shows that the beam-current, due to SnI2F
– heavy molecular ion (produced from 

the target containing SnI2 + NaF + Ag composition), is almost zero. This observation 

states that the SnF2I
– or SnI2F

– species do not exist, or not abundant enough to be detected 

accurately. In case of NaI + Nb tuning target (Nb powder was added to enhance the 

conductivity), the 125Te+5 count rate, after the injection of 125Te–, was found as ~3,000 c/s, 

however, the count rate was dropped to ~0.01 c/s after the injection of 125TeI–, a reduction 

by 5-orders of magnitude. 

The drop of beam-current after the addition of either SnI2 or mixture of SnI2 + Ag clearly 

shows that the relatively bulky SnI2 molecule is not a good ionic conductor, the 

conductivity does not change even after the addition of Ag powder. The absence of 

detectable SnI– current further confirms that any material consisting SnI2 compound will 
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make the ion source unstable. Therefore, all considerations involving iodine must be 

dropped off for the development of 126Sn-AMS detection plan. 

 

ii) SnF2 + NaI + Ag target 

Results from the first AMS run (Table 4.4) reveals that iodine-based target materials are 

non-conductive, or exhibit no detectable beam-current. Based on this argument, a 

thorough study on the SnF2 + NaI + Ag target has not been carried out. Therefore, the 

detection of 126Sn with targets containing I2 molecular species was discarded. 

 

iii) SnF2 + PbF2 target (laboratory prepared SnF2) 

The laboratory prepared SnF2 sample has been tested again, and the findings are 

presented in Table 4.5. 

Table 4.5: Observed beam-current for SnF2
– molecular ion with target composition 

of SnF2 + PbF2 (prepared sample). 

Composition 125TeF3
–  →  125Te5+ 118SnF3

– →  118Sn5+ [126Sn]/[Sn] ratio 

SnF2 ~ 1.0 c/s 5.3 nA ~ 1.0 × 10–10 

SnF2 + PbF2 ~ 0.50 c/s 3.9 nA ~ 7.0 × 10–11 

PbF2-blank ~ 0.10 c/s 2.2 pA ~ 2.0 × 10–8 

 

Table 4.5 shows that the PbF2 blank produces the lowest tellurium count, whereas SnF2 

gives 10-times more tellurium signal than that of lead fluoride. The highest beam-current 

(5.3 nA) was observed with SnF2, whereas the PbF2 blank has produced the lowest count. 

The laboratory prepared SnF2 sample gave the 126Sn/120Sn ratio as ~10–9 or at the ppb 

level suppression of background. It is a relatively high ratio. This strong background 

might have been caused due to the presence of stable 120Te isotope (0.096% natural 

abundance). However, the prepared SnF2 sample in the mixed matrix gave the 126Sn/118Sn 
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ratio as ~10–11, a reduction of background by two-orders of magnitude compared to the 

value recorded for 126Sn/120Sn. As the 118Sn isotope is almost free from isobaric 

interferences of potential stable or long-lived congeners, this low detection limit is very 

prospective for the development of strategic plans in the dectetion of 126Sn isotope by 

AMS. Therefore, a change in the target composition of target materials based on SnF2 

compound would produce a strong sputter yield. 

 

iv) 126Sn/120Sn vs 126Sn/118Sn ratios 

The initial experiment was performed to monitor the detector signal for the tin metal 

itself, therefore, the beam-current of the most abundant stable isotope, 120Sn (32.58% 

natural abundance) was checked. The molecular ions 120SnF–, 120SnF2
–, 120SnF3

–, 120SnF4
–, 

and 120SnF5
– gave sputter-current of 1.3, 2.9, 44.0, 10.0, and 30.0 nA, respectively.  The 

detector count of 126Sn3+ ions and the 120Sn3+ beam-current have produced a 126Sn/120Sn 

ratio of ~10–9, which implies a suppression of 126Te background in the ppb-level. Though 

this ratio was quite high, well above our expected value of 10–11, but the result was very 

promising. The relatively high background might have been caused due to the presence of 

stable 120Te. 

Again, the beam-current of 118Sn was checked. Although the natural abundance of 118Sn is 

low (24.22%, compared to 32.58% of 120Sn), but it is almost free from isobaric 

interferences. The effect of 118Te (T½ = 6 d) can be removed easily by sample aging, and 

other short-lived isotopes, e. g., 118Cd (50.3 m), 118I (13.7 m), and 118Xe (6 m) most likely 

will not extracted effectively during the AMS detection of long-lived 126Sn. For this 

reason, the subsequent beam-current was recorded for the stable 118Sn, and the 126Sn/118Sn 

ratio was calculated in the final observation. In our present study, the measurement of 
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118Sn beam-current has produced a 126Sn/118Sn ratio of ~10–11, which excellently conforms 

with our expected background of ≤10–11. This surprising result has motivated us to apply 

the experimental idea to observe the 118Sn-current of commercial SnF2. Fortunately, the 

purchased SnF2 gave the 126Sn/118Sn ratio of ~10–12, a further drop of 126Te background to 

parts per trillion-level. 

 

v) SnF2 + PbF2 target (commercial SnF2) 

The purchased SnF2 sample has been tested for a better suppression of tellurium 

background, and the results are presented in Table 4.6. 

Table 4.6: Observed beam-current for SnF2
– molecular ion with target composition 

of SnF2 +  PbF2 (commercial ample. 

Composition 125TeF3–  →  125Te5+ 118SnF3– →  118Sn5+ [126Sn]/[118Sn] ratio 

SnF2 ~ 0.05 c/s 500 pA 2.0 × 10–11 

SnF2 + PbF2 ~ 0.10 c/s 6.0 nA 3.0 × 10–12 

PbF2-blank ~ 0.10 c/s 1.6 pA 1.0 × 10–8 

 

After tuning the AMS by 127I–   →   127I+5 with all H-slits open to 1.50/1.50, the     

118SnF3
–   →   118Sn+5 gave a beam-current of 6.0 nA in the gas ionization chamber-

Faraday cup (GIC-FC), and the 126TeF3
–   →   126Te+5 system gave a count of ~0.1 c/s. 

The process gave the 126Sn/118Sn ratio of ~3.0 × 10–12. This is the lowest detected 

background ever for the quantification of 126Sn by any AMS technique, even larger AMS 

facilities have not reported ratio lower than this value. In the present study, reagent grade 

SnF2 (99.5%) was used to prepare AMS targets, which may contribute significant amount 

of matrix impurity. The ICP standard solution of tin contains 99.9995% pure Sn shot, 
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therefore, we can expect that the 126Te background could be reduced even more with 

ultrapure target materials. 

Thanks to A. E. Lalonde AMS technique for its high sensitivity and for offering an 

elegant route to suppress 126Te background during the measurement of 126Sn. Recently, 

Shen et al.198 have used SnF2 target to prepare SnF3
– molecular ion in the detection of 

126Sn, and have found the 126Sn/Sn ratio as (1.92 ± 1.13) × 10–10. Our observation 

suggests that SnF2-based target produces strong sputter yield and shows the highest 

beam-current compared to other tested compounds. A comparison on the observed 

126Sn/Sn ratio with different target materials is presented in Table 4.7. 

 

Table 4.7: Different target materials and the observed 126Sn/120Sn and 126Sn/118Sn 

ratios. 

Target composition Types of materials Types of 

isotope  

Observed 126Sn/Sn 

ratio 

SnI2 + NaF + Ag Powdered matrix 126Sn/118Sn No beam-current 

SnF2
 + PbF2

 Prepared SnF2 126Sn/120Sn ~ 3.0 × 10–9 

SnF2 + PbF2 Prepared SnF2 126Sn/118Sn ~ 7.0 × 10–11 

SnF2 + PbF2 Commercial SnF2  126Sn/118Sn ~ 3.0 × 10–12 

 

Results on Table 4.7 further confirms that the effective suppression of 126Te background 

is directly related to the purity of sample matrix, a large impurity potentially masks the tin 

beam-current. The relatively pure commercial SnF2 gave the lowest background 

compared to the prepared one. Again, with the same type of material (prepared SnF2), the 

efficiency of 126Sn/118Sn (~10–11) outweighs the efficiency of 126Sn/120Sn (~10–9) by two-

orders of magnitude. 

Now, a comparison of our present result with that of the previously recorded 126Sn/118Sn 

ratio is shown in Table 4.7. 
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Table 4.8: A comparison on the 126Sn/118Sn ratios observed by different study 

groups. 

Year Author Lab Method Target 

source 

Condition 126Sn/Sn 

ratio 

Ref. 

1989 Kutschera 

et al. 

ATLAS AMS … Using gas-filled 

magnet and gas 

ionization 

chamber at high 

energy (> 400 

MeV) 

~ 10–7  [124] 

1996 Gartenmann 

et al. 

Zurich AMS … Gas ionization 

chamber 

combined with 

projectile X-ray 

detection 

9.23 × 

10–6 

[78] 

2009 Shen et al. Beijing AMS Commercial 

SnF2 

SnF3
– molecular 

ion from SnF2 

target at 13 MV 

energy 

1.92 × 

10–10 

[198] 

2011 Shen et al. Beijing AMS Prepared 

SnF2 

SnF3
– molecular 

ion from SnF2 

target at 13 MV 

energy 

1.92 × 

10–10 

[79] 

2018 Present 

work 

Ottawa AMS Prepared 

SnF2 

SnF3
– molecular 

ion from SnF2 

target at 3 MV 

energy 

7.00 × 

10–11 

… 

2018 Present 

work 

Ottawa AMS Commercial 

SnF2 

SnF3
– molecular 

ion from SnF2 

target at 3 MV 

energy 

3.00 × 

10–12 

… 

 

 

 

 

 

 

 

 



 

119 

4.4 Conclusions 

a) Summary of findings 

Our present study demonstrates a reduction of tellurium isotope and have found 

the background level to ppt-level, the specific observations are: 

(i) SnF3
– beam-current can easily be made. 

(ii) TeF3
– is not easily formed, or if it does, its availability is not sufficient to 

produce detectable current.  

(iii) The 126Sn/120Sn ratio for the prepared SnF2 sample was found as ~4.0 × 10–9, 

that is a ppb-level background. 

(iv) The 126Sn/118Sn ratio for the same SnF2 mixed with PbF2 (1 : 5 ratio) sample 

was observed as ~7.0 × 10–11, a drop of background by 2-orders of magnitude.   

(v) The 126Sn/118Sn ratio for the commercial SnF2 sample was found to be ~3.0 × 

10–12, a drop of background to ppt-level. 

 

b)  Important observations 

(i) Tin does not form molecular-beam with iodine. Iodine species in the target 

makes the ion source very unstable, no detectable beam-current even after 

mixing with silver powder. 

(ii) The only stable tin-beam was found as SnF3
–. 

(iii) The molecule SnF2 itself is a good ionic conductor, its sputter capacity is very 

good and immediate, which produces a large SnF3
– current, but the current 

does not stay stable for long. 

(iv) The SnF2 + PbF2 target yields a long-lasting SnF3
– current (PbF2 provides 

more fluoride to donate to SnF2 and produce a steady beam of SnF3
–). 
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(v) SnIF2
– molecular ions were not found, either they do not exist or they are not 

stable enough to be detected. 

(vi) Tellurium can produce a beam, but it disappears quickly. In fact, both TeF3
– 

and TeF5
– currents decline rapidly. 

(vii) Te–, TeI–, I2
–, I– species are rare. 

(viii) The heavy SnI2F
– molecular ion was not found. 

(ix) Both TeF3
– and TeF5

– current decline rapidly, 

  

c)   Further considerations 

(i) The best low-energy AMS study for the detection of 126Sn isotope would be 

the SSI run for 3 beams with the following three isotopes: 

- 120SnF3
–   →   120Sn+5 by FC (along with the tuning beam), 

- (126Sn, 126Te)F3
–   →   (126Sn, 126Te)+5 by GIC, and 

- 128TeF3
–   →   128Te+5 or 125TeF3

–   →   125Te+5 by GIC using 129I-run AMS 

conditions, except with the stripper at 5 × 10–3, detector at 15 mBar, Ef-

gain at 20–12.0. 

(ii) The targets were prepared by SnF2 + PbF2 (1 : 5 ratio by weight). Though this 

weight ratio is ideal to gain a reasonable beam-current, but if the actual sample 

material is SnX, the targets can be made by SnX + PbF2 (1 : 10 ratio by 

weight). 

(iii) For the preparation of SnF3
– ion, both SnF2 + Ag and SnF2 + PbF2 

combinations seem work fine, but the latter will produce more SnF3
– current. 

(iv) Te[57Fe–] may also exist (which has the same mass with TeF3
–), so avoiding 

Fe in SnF2 is important. But, Fe and Te contaminations are rare in SnF2, 

hopefully Te[57Fe–] can be controlled at low levels. 
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d) Future goals 

(i) Determination of transmission efficiency for 120SnF3
–   → 120Sn+5. 

(ii) Tuning the key AMS conditions, procedures, and spectra. 

(iii) Preparation of 126Sn standard materials by the double neutron capture to stable 

124Sn (5.79% abundance) isotope in the SLOWPOKE nuclear reactor at the 

Royal Millitary College (RMC), Kingston, Ontario, Canada. Table 4.9 shows 

a comparison on the neutron capture cross sections of our target material with 

those of other stable tin isotopes. 

(iv) Making a dilution series and preparing a linearity test with an automated SSI 

run.  

(v) AMS detection of 126Sn in natural samples from nuclear treatment plants, like 

Chalk River Atomic Energy crude wastes and other nuclear testing sites. 

 

Table 4.9: The target characteristics for the preparation of 126Sn by double neutron 

capture. 

Isotope Target Target half-

life 

Target 

abundance 

Reaction Neutron capture 

cross section 

(barn)202,203 

113Sn 112Sn STABLE 0.973% 112Sn(n, γ )113Sn 112Sn = 0.860 ± 0.090 

123Sn 122Sn STABLE 4.629% 122Sn(n, γ )123Sn 122Sn = 0.139 ± 0.015 

125Sn 124Sn STABLE 5.789% 124Sn(n, γ )125Sn 124Sn = 0.134 ± 0.005 

126Sn 125Sn 9.4 d … 125Sn(n, γ )126Sn  
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Chapter 5: 

 

Concerns and future directions 

 

5.1 Separation of tin from tellurium 

5.1.1 Concerns 

i) The column separation of tin from tellurium was carried out at standard laboratory 

conditions (25 °C, normal pressure), the effects of temperature and pressure were 

not tested. 

ii) The speciation of tin was not evaluated. 

5.1.2 Future directions 

i) A thorough separation study with samples collected from different locations. 

ii) A comparison on separation efficiency with Sn(II) and Sn(IV) spikes.  

5.2 Interferences of chloride and sulfate ions in the separation 

of tin from tellurium 

5.2.1 Concerns 

i) The interference from major cations has not been observed. 

ii) The adsorptive behavior of tin in the presence of marine water has not been 

carried out. 
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5.2.2 Future directions 

i) The separation of tin from tellurium in presence of cationic species. 

ii) Performance of the separation experiment in presence of artificial sea water. 

5.3 AMS detection of 126Sn 

5.3.1 Concerns 

(i) The overall 126Sn/Sn background for the laboratory prepared sample was at about 

1 ppb (10–9), whereas for the commercial sample, the background was in the ppt 

(10–12) level.  

(ii) Much of tellurium background might have originated from the PbF2 compound 

itself. 

5.3.2 Future directions 

(i) Using PbF2 alternatives as the fluoride source. 

(ii) The use of ISA technique, after sufficient development, can offer an effective 

(hopefully an efficient) solution in reducing the 126TeF5
– [126 + 19 × 5 = 221] and 

126Te95Mo– [126 + 95 = 221] interferences in the monitoring of 126SnF5
– [126 + 19 

× 5 = 221] beam. 
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Chapter 7: 

 

Appendices 
 

 
Appendix 7.1 [ Sn-KD values on TRU resin in HCl, for Fig. 2.2 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 Sn-Kd-trial-4 ave Sn-Kd std dev 

495 848 1000 668 753 219 

2055 2180 2282 2212 2182 95 

4892 5051 5027 4607 4894 204 

12925 13320 12187 11717 12537 721 

17569 17645 16544 17317 17269 503 

19969 18453 18762 17903 18772 873 

19456 18734 19140 19514 19211 358 

23596 23569 22931 23217 23328 316 

29817 30596 31377 19357 30597 780 

44989 43039 44151 81607 44060 978 

40989 46128 46596 47037 46587 455 

47070 46493 47984 47480 47257 632 

47523 47495 47586 48047 47663 259 

 

Appendix 7.2 [ Sn-KD values on TEVA resin in HCl, for Fig. 2.2 ] 

HCl (mol/L) Sn-Kd-trial-1 Sn-Kd-trial-2 ave Sn-Kd std dev 

0.2 5002 4853 4927 105 

0.5 9639 10191 9915 391 

1.0 26401 27498 26949 776 

1.5 36858 36427 36643 304 

2.0 41852 42141 41997 204 

2.5 41721 41090 41405 446 

3.0 40826 41353 41090 372 

3.5 34400 34922 34661 369 

4.0 35524 34266 34895 889 

4.5 30135 30745 30440 431 

5.0 19990 21332 20661 948 

5.5 15130 15881 15505 531 

6.0 14570 14398 14484 121 
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Appendix 7.3 [ Sn-KD values on UTEVA resin in HCl, for Fig. 2.2 ] 

HCl (mol/L) Sn-Kd-trial-1 Sn-Kd-trial-2 ave Sn-Kd std dev 

0.2 220 177 198 30 

0.5 280 297 289 12 

1.0 600 622 611 15 

1.5 1073 1167 1120 67 

2.0 1551 1713 1632 115 

2.5 2484 3085 2784 425 

3.0 3250 3630 3440 269 

3.5 4184 4789 4486 428 

4.0 5013 5335 5174 228 

4.5 4823 6070 5447 882 

5.0 6209 5818 6013 276 

5.5 5273 6330 5801 747 

6.0 4947 5097 5022 106 

 

Appendix 7.4 [ Sn-KD values on DGA resin in HCl, for Fig. 2.2 ] 

HCl (mol/L) Sn-Kd-trial-1 Sn-Kd-trial-2 ave Sn-Kd std dev 

0.2 166 136 151 21 

0.5 367 343 355 17 

1.0 1084 909 996 124 

1.5 2405 2112 2258 207 

2.0 7210 7005 7108 145 

2.5 7127 7223 7175 68 

3.0 9385 9767 9576 270 

3.5 10393 10020 10207 263 

4.0 16782 15829 16306 674 

4.5 18425 17241 17833 838 

5.0 18149 17612 17881 380 

5.5 17575 18779 18177 851 

6.0 24180 24062 24121 84 

 

Appendix 7.5 [ Fig. 2.2 KD values for tin onto different resins in presence of hydrochloric acid (0.20 to 

6.0 mol L–1) ] 

HCl (mol/L) TRU TEVA UTEVA DGA 

0.2 753 4927 198 151 

0.5 2182 9915 289 355 

1.0 4894 26949 611 996 

1.5 12537 36643 1120 2258 

2.0 17269 41997 1632 7108 

2.5 18772 41405 2784 7175 

3.0 19211 41090 3440 9576 

3.5 23328 34661 4486 10207 

4.0 30597 34895 5174 16306 

4.5 44060 30440 5447 17833 

5.0 46587 20661 6013 17881 
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5.5 47257 15505 5801 18177 

6.0 47663 14484 5022 24121 

ave Kd, mL/g 24239 27198 3232 10165 

std dev 17476 12794 2232 8045 

 

 

Appendix 7.6 [ Te-KD values on TRU resin in HCl, for Fig. 2.3 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 Te-Kd-trial-4 ave Te Kd std dev 

213 226 198 199 209 13 

181 184 181 187 183 3 

141 140 151 147 145 5 

114 110 129 123 119 9 

106 104 107 104 105 1 

129 145 131 124 132 9 

154 139 153 154 150 8 

299 289 308 311 302 10 

403 408 421 383 404 16 

684 704 681 661 682 18 

900 888 898 813 875 42 

1007 1047 1190 1136 1095 83 

1236 1080 1285 1189 1197 88 

 

Appendix 7.7 [ Te-KD values on TEVA resin in HCl, for Fig. 2.3 ] 

HCl (mol/L) Te-Kd-trial-1 Te-Kd-trial-2 ave Te Kd std dev 

0.2 146 145 146 1 

0.5 72 60 66 9 

1.0 52 56 54 3 

1.5 104 114 109 7 

2.0 450 366 408 59 

2.5 1003 982 992 14 

3.0 1627 1505 1566 87 

3.5 3194 3055 3125 98 

4.0 4490 4607 4548 83 

4.5 5626 5332 5479 208 

5.0 6732 6631 6681 71 

5.5 7542 7874 7708 234 

6.0 9899 9549 9724 248 

 

Appendix 7.8 [ Te-KD values on UTEVA resin in HCl, for Fig. 2.3 ] 

HCl (mol/L) Te-Kd-trial-1 Te-Kd-trial-2 ave Te kd std dev 

0.2 284 250 267 24 

0.5 194 209 202 11 

1.0 153 131 142 16 

1.5 107 101 104 4 

2.0 101 124 113 16 

2.5 205 201 203 3 
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3.0 405 494 450 63 

3.5 734 807 771 51 

4.0 1127 1135 1131 6 

4.5 1215 1337 1276 87 

5.0 1467 1454 1461 9 

5.5 1442 1582 1512 99 

6.0 1444 1698 1571 180 

 

Appendix 7.9 [ Te-KD values on DGA resin in HCl, for Fig. 2.3 ] 

HCl (mol/L) Te-Kd-trial-1 Te-Kd-trial-2 ave Te kd std dev 

0.2 198 183 191 11 

0.5 106 106 106 0 

1.0 71 51 61 14 

1.5 50 37 44 9 

2.0 201 181 191 14 

2.5 685 589 637 67 

3.0 1379 1279 1329 71 

3.5 2957 2670 2813 203 

4.0 3693 3391 3542 214 

4.5 3921 3636 3779 202 

5.0 5428 4973 5201 322 

5.5 5183 5450 5316 189 

6.0 5672 5876 5774 144 

 

Appendix 7.10 [ Fig. 2.3 KD values for tellurium onto different resins in presence of hydrochloric acid 

(0.20 to 6.0 mol L–1) ] 

HCl (mol/L) TRU TEVA UTEVA DGA 

0.2 209 146 267 191 

0.5 183 66 202 106 

1.0 145 54 142 61 

1.5 119 109 104 44 

2.0 105 408 113 191 

2.5 132 992 203 637 

3.0 150 1566 450 1329 

3.5 302 3125 771 2813 

4.0 404 4548 1131 3542 

4.5 682 5479 1276 3779 

5.0 875 6681 1461 5201 

5.5 1095 7708 1512 5316 

6.0 1197 9724 1571 5774 

ave Kd, mL/g 431 3124 708 2230 

std dev 395 3365 597 2255 
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Appendix 7.11 [ Sn-KD values on TRU resin in HNO3, for Fig. 2.4 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 Sn-Kd-trial-4 ave Sn Kd std dev 

115 113 105 110 111 4 

109 89 96 98 98 8 

90 84 74 73 80 8 

63 74 64 62 66 6 

56 53 51 64 56 6 

50 49 53 49 50 2 

52 49 55 53 52 3 

59 60 50 47 54 6 

64 55 47 45 53 8 

48 55 50 49 51 4 

54 51 41 54 50 6 

50 51 37 43 45 7 

48 50 44 35 44 6 

 

Appendix 7.12 [ Sn-KD values on TEVA resin in HNO3, for Fig. 2.4 ]  

HNO3 (mol/L) Sn-Kd-trial-1 Sn-Kd-trial-2 ave Sn-Kd std dev 

0.2 109 105 107 3 

0.5 86 72 79 10 

1.0 60 69 65 6 

1.5 64 59 61 3 

2.0 62 58 60 3 

2.5 55 62 59 5 

3.0 53 54 54 1 

3.5 48 55 51 5 

4.0 47 45 46 1 

4.5 43 42 42 0 

5.0 45 47 46 1 

5.5 46 47 46 1 

6.0 52 45 48 5 

 

Appendix 7.13 [ Sn-KD values on UTEVA resin in HNO3, for Fig. 2.4 ]  

HNO3 (mol/L) Sn-Kd-trial-1 Sn-Kd-trial-2 ave Sn-kd std dev 

0.2 511 464 487 33 

0.5 315 353 334 27 

1.0 183 152 168 22 

1.5 149 105 127 31 

2.0 55 62 59 5 

2.5 54 54 54 0 

3.0 56 61 58 4 

3.5 48 51 49 2 

4.0 47 45 46 1 

4.5 49 45 47 3 

5.0 47 46 46 1 

5.5 48 52 50 3 
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6.0 41 48 45 5 

 

Appendix 7.14 [ Sn-KD values on DGA resin in HNO3, for Fig. 2.4 ] 

HNO3 (mol/L) Sn-Kd-trial-1 Sn-Kd-trial-2 ave sn-Kd std dev 

0.2 158 169 164 8 

0.5 73 78 75 3 

1.0 67 72 70 4 

1.5 57 63 60 4 

2.0 53 54 53 1 

2.5 51 57 54 4 

3.0 47 50 48 2 

3.5 48 56 52 6 

4.0 47 53 50 4 

4.5 48 49 48 1 

5.0 51 55 53 3 

5.5 53 54 53 1 

6.0 46 53 49 4 

 

Appendix 7.15 [ Fig. 2.4 KD values for tin onto different resins in presence of nitric acid (0.20 to 6.0 

mol L–1) ] 

HNO3 (mol/L) TRU TEVA UTEVA DGA 

0.2 111 107 487 164 

0.5 98 79 334 75 

1.0 80 65 168 70 

1.5 66 61 127 60 

2.0 56 60 59 53 

2.5 50 59 54 54 

3.0 52 54 58 48 

3.5 54 51 49 52 

4.0 53 46 46 50 

4.5 51 42 47 48 

5.0 50 46 46 53 

5.5 45 46 50 53 

6.0 44 48 45 49 

ave Kd, mL/g 62 59 121 64 

std dev 21 18 137 31 

 

Appendix 7.16 [ Te-KD values on TRU resin in HNO3, for Fig. 2.5 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 Te-Kd-trial-4 ave Te Kd std dev 

262 249 243 253 252 8 

197 189 177 195 190 9 

180 171 157 163 168 10 

129 123 134 113 125 9 

101 98 95 92 96 4 

89 82 89 71 83 9 

77 72 87 86 80 7 
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72 81 76 72 75 4 

83 73 64 67 72 8 

57 70 60 73 65 8 

63 66 62 59 63 3 

66 66 50 55 59 8 

65 73 60 54 63 8 

 

Appendix 7.17 [ Te-KD on TEVA resin in HNO3, for Fig. 2.5 ] 

HNO3 (mol/L) Te-Kd-trial-1 Te-Kd-trial-2 ave Te Kd std dev 

0.2 230 240 235 7 

0.5 105 104 104 1 

1.0 65 72 69 5 

1.5 55 49 52 4 

2.0 35 38 36 2 

2.5 23 30 27 5 

3.0 23 31 27 6 

3.5 22 30 26 6 

4.0 33 26 29 5 

4.5 16 17 17 1 

5.0 20 26 23 5 

5.5 27 27 27 0 

6.0 30 22 26 5 

 

Appendix 7.18 [ Te-KD values on UTEVA resin in HNO3, for Fig. 2.5 ] 

HNO3 (mol/L) Te-Kd-trial-1 Te-Kd-trial-2 ave Te Kd std dev 

0.2 317 330 323 9 

0.5 222 210 216 9 

1.0 167 180 174 9 

1.5 110 115 113 3 

2.0 77 86 81 7 

2.5 73 82 77 6 

3.0 74 70 72 2 

3.5 73 71 72 1 

4.0 68 56 62 9 

4.5 55 59 57 3 

5.0 50 53 51 2 

5.5 53 54 54 1 

6.0 46 53 49 5 

 

Appendix 7.19 [ Te-KD values on DGA resin in HNO3, for Fig. 2.5 ] 

HNO3 (mol/L) Te-Kd-trial-1 Te-Kd-trial-2 ave Te kd std dev 

0.2 258 266 262 6 

0.5 117 122 120 3 

1.0 78 71 74 6 

1.5 47 58 53 7 

2.0 47 54 51 5 
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2.5 43 34 39 6 

3.0 31 37 34 5 

3.5 33 40 36 5 

4.0 35 34 35 1 

4.5 26 35 31 6 

5.0 31 32 32 0 

5.5 32 34 33 1 

6.0 27 29 28 1 

 

Appendix 7.20 [ Fig. 2.5 KD values for tellurium onto different resins in presence of nitic acid (0.20 to 

6.0 mol L–1) ] 

HNO3 (mol/L) TRU TEVA UTEVA DGA 

0.2 252 235 323 262 

0.5 190 104 216 120 

1.0 168 69 174 74 

1.5 125 52 113 53 

2.0 96 36 81 51 

2.5 83 27 77 39 

3.0 80 27 72 34 

3.5 75 26 72 36 

4.0 72 29 62 35 

4.5 65 17 57 31 

5.0 63 23 51 32 

5.5 59 27 54 33 

6.0 63 26 49 28 

ave Kd, mL/g 107 54 108 64 

std dev 60 59 82 65 

 

Appendix 7.21 [ Sn-KD values on TRU resin in different pH solutions, for Fig. 2.6 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 pH ave Sn-Kd std dev 

89 87 128 1.0 101 23 

212 265 230 2.0 236 27 

291 272 259 3.0 274 16 

400 294 273 4.0 322 68 

471 776 687 5.0 645 157 

818 399 761 6.0 659 227 

409 612 516 7.0 512 101 

 

Appendix 7.22 [ Sn-KD values on TEVA resin in different pH solutions, for Fig. 2.6 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 pH ave Sn-Kd std dev 

99 77 99 1.0 92 13 

528 555 695 2.0 592 90 

492 520 468 3.0 494 26 

569 763 747 4.0 693 108 

1621 875 1067 5.0 1188 388 

887 1672 889 6.0 1150 453 
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823 972 908 7.0 901 75 

 

Appendix 7.23 [ Sn-KD values on UTEVA resin in different pH solutions, for Fig. 2.6 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 pH ave Sn-Kd std dev 

271 82 102 1.0 151 104 

404 363 236 2.0 334 88 

585 503 802 3.0 630 155 

797 561 587 4.0 648 129 

1330 1286 512 5.0 1043 460 

768 528 471 6.0 589 158 

490 561 1451 7.0 834 535 

 

Appendix 7.24 [ Sn-KD values on DGA resin in different pH solutions, for Fig. 2.6 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 pH ave Sn-Kd std dev 

276 165 231 1.0 224 56 

318 287 341 2.0 316 27 

563 424 875 3.0 621 231 

836 649 521 4.0 669 158 

484 381 754 5.0 540 193 

380 485 325 6.0 397 82 

891 562 869 7.0 774 184 

 

Appendix 7.25 [ Fig. 2.6 KD values of tin in different pH solutions (pH 1.0–7.0) ] 

pH TRU TEVA UTEVA DGA 

1.0 101 92 151 224 

2.0 236 592 334 316 

3.0 274 494 630 621 

4.0 322 693 648 669 

5.0 645 1188 1043 540 

6.0 659 1150 589 397 

7.0 512 901 834 774 

ave Sn-Kd 393 730 604 506 

std dev 215 387 296 200 

 

Appendix 7.26 [ Te-KD values on TRU resin in different pH solutions, for Fig. 2.7 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 pH ave Te-Kd std dev 

70 70 71 1.0 70 1 

90 99 65 2.0 85 18 

110 99 96 3.0 102 7 

86 86 87 4.0 86 1 

104 109 113 5.0 108 5 

113 105 110 6.0 109 4 

92 99 133 7.0 108 22 
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Appendix 7.27 [ Te-KD values on TEVA resin in different pH solutions, for Fig. 2.7 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 pH ave Te-Kd std dev 

75 75 67 1.0 72 5 

109 98 78 2.0 95 16 

97 87 95 3.0 93 5 

120 105 104 4.0 110 9 

104 99 125 5.0 109 14 

104 103 107 6.0 105 2 

98 88 95 7.0 94 5 

 

Appendix 7.28 [ Te-KD values on UTEVA resin in different pH solutions, for Fig. 2.7 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 pH ave Te-Kd std dev 

80 71 76 1.0 76 4 

152 102 90 2.0 114 33 

103 101 111 3.0 105 5 

111 114 92 4.0 106 12 

111 100 93 5.0 101 9 

98 108 85 6.0 97 11 

150 118 120 7.0 129 18 

 

Appendix 7.29 [ Te-KD values on DGA resin in different pH solutions, for Fig. 2.7 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 pH ave Te-Kd std dev 

99 78 76 1.0 84 13 

88 94 100 2.0 94 6 

110 101 103 3.0 105 4 

136 124 111 4.0 124 12 

81 144 115 5.0 114 32 

104 144 89 6.0 112 28 

115 110 112 7.0 112 2 

 

Appendix 7.30 [ Fig. 2.7 KD values of tellurium in different pH solutions (pH 1.0 – 7.0) ] 

pH TRU TEVA UTEVA DGA 

1.0 70 72 76 84 

2.0 85 95 114 94 

3.0 102 93 105 105 

4.0 86 110 106 124 

5.0 108 109 101 114 

6.0 109 105 97 112 

7.0 108 94 129 112 

ave Te-Kd 96 97 104 106 

std dev 15 13 16 13 
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Appendix 7.31 [ Fig. 2.8 KD values of tin and tellurium onto different resins in presence of nitric acid 

(0.20 to 6.0 mol L–1) solution ] 

ave. Kd values in HNO3 

 

Sn Te 

TRU 62 107 

TEVA 59 54 

UTEVA 121 108 

DGA 64 64 

 

Appendix 7.32 [ Fig. 2.9 A comparison of KD values of tin and tellurium onto different resins in 

presence of hydrochloric acid (0.20 to 6.0 mol L–1) solution ] 

ave. Kd values in HCl 

 

Sn Te 

TRU 24239 432 

TEVA 27232 3124 

UTEVA 3233 708 

DGA 10166 2230 

 

Appendix 7.33 [ Fig. 2.10 Ratio of Sn and Te KD values onto different resins in presence of 

hydrochloric acid (0.20 to 6.0 mol L–1) solution ] 

 

Acid 

treatment 

Metal Types of resin 

Sn Te 

Ratio  

KD(Sn)/KD(Te) 

HCl Sn/Te TRU 24239 432 56.20 

HCl Sn/Te TEVA 27232 3124 8.70 

HCl Sn/Te UTEVA 3233 708 4.60 

HCl Sn/Te DGA 10166 223 4.60 

 

Appendix 7.34 [ Fig. 2.11 Column packing with TRU resin and adsorptions of tin and tellurium ]  

 

Mass (mg) TRU resin Sn ads (%) Te ads (%) 

50 98.62 60.75 

75 99.54 57.69 

100 99.80 58.47 

125 99.85 56.89 

150 99.91 58.69 

175 99.93 58.51 

200 99.95 60.99 

225 99.98 59.40 

250 99.99 60.68 

275 99.99 60.29 

300 99.99 60.10 

ave. 99.78 59.31 

std dev. 0.39 1.30 
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Appendix 7.35 [ Fig. 2.12 Elution of tin and tellurium with hydrochloric acid (1.0 to 12.0 mol L–1) ]  

HCl, mol/L % Sn wash % Te wash 

1.0 0.03 2.84 

2.0 0.38 2.06 

3.0 1.36 3.12 

4.0 2.30 1.59 

5.0 3.08 1.94 

6.0 1.51 3.53 

7.0 0.37 1.62 

8.0 0.32 1.46 

9.0 3.40 2.29 

10.0 2.24 0.85 

11.0 2.85 1.64 

12.0 3.68 1.94 

ave 1.79 2.07 

std dev 1.31 0.76 

 

Appendix 7.36 [ Fig. 2.13 Elution of tin and tellurium with nitric acid solution (0.50 to 6.0 mol L–1) ] 

HNO3, mol/L % Sn wash % Te wash 

0.5 17.01 24.14 

1.0 20.68 26.23 

2.0 31.47 28.45 

4.0 44.61 35.87 

6.0 48.50 38.71 

ave 32.45 30.68 

std dev 13.99 6.30 

 

Appendix 7.37 [ Fig. 2.14 Elution of tin and tellurium from TRU column by hydrofluoric acid (0.20 to 

6.0 mol L–1) ] 

HF (mol/L) % Sn wash  % Te wash 

0.2 88.91 4.54 

0.5 92.37 5.14 

1.0 94.52 7.40 

1.5 95.08 11.29 

2.0 95.35 12.11 

2.5 95.50 13.36 

3.0 95.59 15.16 

3.5 95.95 15.37 

4.0 96.17 15.82 

4.5 96.36 16.01 

5.0 96.48 16.46 

5.5 96.74 17.12 

6.0 97.21 19.46 

ave. 95.09 13.02 

std. dev. 2.22 4.71 
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Appendix 7.38 [ Fig. 2.15 A comparison on the percentage of tin and tellurium wash by HCl, HNO3, 

and HF ] 

washing media % Sn wash % Te wash 

HCl 1.79 2.07 

HNO3 32.45 30.68 

HF 95.09 13.12 

 

Appendix 7.39 [ Fig. 2.16 Percent of tin and tellurium elution with the number of wash treatment ] 

Metal elution with number of wash 

treatment 

# of wash % Sn wash % Te wash 

1-wash 85.50 6.09 

2-wash 89.51 7.61 

3-wash 92.94 10.43 

4-wash 95.09 13.01 

 

Appendix 7.40 [ Fig. 2.17 Selectivity of tin and tellurium separation with increasing eluent 

concentration (0.005 to 6.0 mol L–1) ] 

HF conc vs ratio of % Sn wash over % Te wash 

 HF (mol/L)  Sn wash (%) Te wash (%) Ratio (Sn/Te) 

0.005 68.80 3.33 20.66 

0.01 71.43 3.40 21.03 

0.05 75.83 3.59 21.11 

0.10 77.42 3.62 21.41 

0.20 88.91 4.54 19.60 

0.50 92.37 5.14 17.96 

1.0 94.52 7.40 12.77 

1.5 95.08 11.29 8.42 

2.0 95.35 12.11 7.88 

2.5 95.50 13.36 7.15 

3.0 95.59 15.16 6.30 

3.5 95.95 15.37 6.24 

4.0 96.17 15.82 6.08 

4.5 96.36 16.01 6.02 

5.0 96.48 16.46 5.86 

5.5 96.74 17.12 5.65 

6.0 97.21 19.46 5.00 

 

Appendix 7.41 [ Fig. 2.18 The drop of separation efficiency with the number of washing treatments ] 

drop of separation efficiency with 

number of wash treatment 

ratio: % tin wash over % tellurium 

wash 

# of wash Ratio 

1st wash 14.04 

2nd wash 11.76 

3rd wash 8.91 

4th wash 7.31 
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Appendix 7.42 [ Chloride and sulfate concentrations in surface and groundwaters ] 

Surface 

water 

     Observed Cl– ave Cl– ppm  std dev 29.98 mg in 1000 mL 

 14.97 29.94 29.99 0.09 1 mL = 0.0299867 mg 

 15.05 30.10 

  

2 mL = 0.0599 mg/10 mL or 5.99 mg/L 

14.96 29.92 

  

3 mL = 0.0899 mg/10 mL or 8.99 mg/L 

    

4 mL = 0.1199 mg/10 mL or 11.99 mg/L 

    

5 mL = 0.1499 mg/10 mL or 14.99 mg/L 

Observed SO4
2– ave SO4

2–ppm std dev 9.78 mg in 1000 mL 

 4.88 9.76 9.78 0.03 1 mL = 0.00978 mg 

 4.91 9.82 

  

2 mL = 0.01956 mg/10 mL or 1.96 mg/L 

4.88 9.76 

  

3 mL = 0.02934 mg/10 mL or 2.93 mg/L 

    

4 mL = 0.03912 mg/10 mL or 3.91 mg/L 

    

5 mL = 0.0489 mg/10 mL or 4.89 mg/L 

 

Groundwater 

     Observed Cl– ave Cl– ppm  std dev 71.41666 mg in 1000 mL 

 14.64 73.2 71.42 1.57 1 mL = 0.0714166 mg 

 14.16 70.8 

  

2 mL = 0.142833 mg/10 mL or 14.28 mg/L 

14.05 70.25 

  

3 mL = 0.214249 mg/10 mL or 21.42 mg/L 

    

4 mL = 0.285666 mg/10 mL or 28.57 mg/L 

    

5 mL = 0.357083 mg/10 mL or 35.71 mg/L 

Observed SO4
2– ave SO4

2–ppm std dev 69.95 mg in 1000 mL 

 14.37 71.85 69.95 1.69 1 mL = 0.06995 mg 

 13.88 69.4 

  

2 mL = 0.1399 mg/10 mL or 13.99 mg/L 

13.72 68.6 

  

3 mL = 0.2099 mg/10 mL or 20.99 mg/L 

    

4 mL = 0.2798 mg/10 mL or 27.98 mg/L 

    

5 mL = 0.3498 mg/10 mL or 34.98 mg/L 

 

Appendix 7.43 [ Sn-KD values on TRU resin in HCl, for Fig. 3.1 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

115 160 167 0.2 148 28 

2343 2275 1960 0.5 2192 204 

3885 4792 3694 1.0 4123 586 

5502 6716 5322 1.5 5847 758 

7072 6976 8314 2.0 7454 746 

8285 8003 9763 2.5 8684 945 

8383 8932 9130 3.0 8815 387 

8281 7529 8138 3.5 7983 400 

8060 7967 7055 4.0 7694 555 

6925 6015 6472 4.5 6471 455 

4465 5320 5610 5.0 5132 595 

3900 3582 2760 5.5 3414 588 

2282 2111 1791 6.0 2061 249 
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Appendix 7.44 [ Sn-KD (Cl–-spike) values on TRU resin in HCl, for Fig. 3.1 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave. Sn-kd std dev 

122 132 126 0.2 126 5 

1134 1233 1490 0.5 1286 184 

5158 5418 4533 1.0 5037 455 

6607 8034 6455 1.5 7032 871 

9658 8861 7650 2.0 8723 1011 

9163 8452 9789 2.5 9134 669 

9901 10451 8518 3.0 9623 996 

9919 7840 9503 3.5 9087 1100 

8144 7341 7202 4.0 7562 509 

7382 6065 6725 4.5 6724 658 

4973 5658 4965 5.0 5199 398 

4576 4774 3821 5.5 4390 503 

3922 3816 3697 6.0 3812 112 

 

Appendix 7.45 [ Sn-KD (SO4
2–-spike) values on TRU resin in HCl, for Fig. 3.1 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave. Sn-kd std dev 

104 119 99 0.2 107 10 

909 803 704 0.5 805 102 

2684 3438 3702 1.0 3275 528 

5765 7039 7529 1.5 6778 910 

8598 7157 9558 2.0 8438 1209 

8998 8867 9075 2.5 8980 105 

9744 8914 7849 3.0 8836 950 

7593 8176 9811 3.5 8527 1150 

7550 8376 7593 4.0 7840 465 

7321 7032 7475 4.5 7276 225 

6271 5637 7019 5.0 6309 692 

4531 3667 4701 5.5 4300 554 

2193 2215 2467 6.0 2292 152 

 

Appendix 7.46 [ Sn-KD (Cl– + SO4
2–-spike) values on TRU resin in HCl, for Fig. 3.1 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave. Sn-kd std dev 

245 236 288 0.2 256 28 

1282 1356 1611 0.5 1416 173 

3205 3537 2586 1.0 3109 483 

5317 5031 4943 1.5 5097 196 

7108 6339 5979 2.0 6475 577 

6824 7519 8187 2.5 7510 682 

8708 7284 8902 3.0 8298 883 

8533 8213 8799 3.5 8515 293 

7896 8278 7536 4.0 7903 371 

6504 7784 6010 4.5 6766 916 

5856 4432 5006 5.0 5098 717 

4186 3495 3739 5.5 3807 350 
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1006 1283 1079 6.0 1122 143 

 

Appendix 7.47 [ Fig. 3.1 KD values of tin in presence of chloride and sulfate spikes in HCl medium ] 

HCl (mol/L) Sn-Kd Sn + Cl– Sn + SO4
2– Sn + Cl– + SO4

2– 

0.2 148 126 107 256 

0.5 2192 1286 805 1416 

1.0 4123 5037 3275 3109 

1.5 5847 7032 6778 5097 

2.0 7454 8723 8438 6475 

2.5 8684 9134 8980 7510 

3.0 8815 9623 8836 8298 

3.5 7983 9087 8527 8515 

4.0 7694 7562 7840 7903 

4.5 6471 6724 7276 6766 

5.0 5132 5199 6309 5098 

5.5 3414 4390 4300 3807 

6.0 2061 3812 2292 1122 

ave 5386 5980 5674 5029 

std dev 2808 3022 3154 2867 

 

Appendix 7.48 [ Te-KD values on TRU resin in HCl, for Fig. 3.2 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

249 256 223 0.2 243 17 

188 205 138 0.5 177 35 

139 118 141 1.0 132 13 

112 111 109 1.5 111 1 

103 127 130 2.0 120 15 

143 185 178 2.5 169 22 

314 395 280 3.0 330 59 

813 843 945 3.5 867 69 

1663 1537 1660 4.0 1620 72 

2779 2642 2761 4.5 2727 75 

3111 3097 3134 5.0 3114 19 

3519 3624 3685 5.5 3609 84 

3433 3433 3519 6.0 3461 50 

 

Appendix 7.49 [ Te-KD (Cl–-spike) values on TRU resin in HCl, for Fig. 3.2 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave. Te-kd std dev 

185 157 156 0.2 166 17 

88 111 114 0.5 104 14 

86 58 81 1.0 75 15 

79 81 51 1.5 70 17 

97 94 104 2.0 98 5 

320 349 269 2.5 313 40 

942 955 969 3.0 955 14 

1903 1662 1775 3.5 1780 121 
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2937 2393 2540 4.0 2623 281 

2769 2682 2937 4.5 2796 130 

2810 2762 2960 5.0 2844 104 

1934 2907 2907 5.5 2583 562 

2916 2015 2226 6.0 2386 471 
 

Appendix 7.50 [ Te-KD (SO4
2–-spike) values on TRU resin in HCl, for Fig. 3.2 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave. Te-kd std dev 

145 112 133 0.2 130 17 

64 207 47 0.5 106 88 

37 39 49 1.0 42 7 

42 53 28 1.5 41 12 

82 91 66 2.0 80 13 

241 244 292 2.5 259 29 

867 1009 919 3.0 932 72 

1709 1905 1436 3.5 1683 235 

2773 2234 2118 4.0 2375 349 

2940 2643 2504 4.5 2696 223 

2934 2902 2764 5.0 2867 91 

2538 3236 3153 5.5 2975 381 

2521 2541 2341 6.0 2468 110 

 

Appendix 7.51 [ Te-KD (Cl– + SO4
2–-spike) values on TRU resin in HCl, for Fig. 3.2 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave. Te-kd std dev 

149 139 118 0.2 135 16 

167 118 116 0.5 134 29 

76 85 88 1.0 83 7 

43 89 82 1.5 71 25 

103 112 130 2.0 115 14 

300 283 208 2.5 264 49 

832 842 649 3.0 775 109 

1875 1707 1468 3.5 1683 204 

2442 2217 2713 4.0 2457 249 

3315 3702 2655 4.5 3224 530 

3447 2974 3322 5.0 3248 245 

2951 2936 3217 5.5 3034 158 

3176 2733 2426 6.0 2778 377 
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Appendix 7.52 [ Fig. 3.2 KD values of tellurium in presence of chloride and sulfate spikes in HCl 

medium ] 

HCl (mol/L) Te-Kd Te + Cl– Te + SO4
2– Te + Cl– + SO4

2– 

0.2 243 166 130 135 

0.5 177 104 106 134 

1.0 132 75 42 83 

1.5 111 70 41 71 

2.0 120 98 80 115 

2.5 169 313 259 264 

3.0 330 955 932 775 

3.5 867 1780 1683 1683 

4.0 1620 2623 2375 2457 

4.5 2727 2796 2696 3224 

5.0 3114 2844 2867 3248 

5.5 3609 2583 2975 3034 

6.0 3461 2386 2468 2778 

ave 1283 1292 1281 1385 

std dev 1426 1214 1243 1371 

 

Appendix 7.53 [ Fig. 3.3 A comparison of KD values between tin and tellurium produced in HCl  

medium ] 

Sample type Sn-Kd Te-Kd 

Unspiked 5386 1283 

Cl-spiked 5980 1292 

SO4
2–-spiked 5674 1281 

Cl– + SO4
2– 

mixed 5029 1385 

ave 5517 1310 

std dev 406 50 

 

Appendix 7.54 [ Sn-KD (time) values on TRU resin in HCl, for Fig. 3.4 ]   

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 contact time, min ave Sn-Kd std dev 

203 226 241 5 223 19 

322 355 260 15 312 48 

417 442 403 30 421 20 

446 489 509 45 481 32 

520 479 574 60 525 48 

512 547 519 75 526 18 

554 447 533 90 511 57 

476 515 435 105 475 40 

463 408 447 120 439 29 

336 288 288 135 304 28 

144 195 221 150 187 39 

172 148 158 165 160 12 

143 163 139 180 148 13 
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Appendix 7.55 [ Sn-KD (Cl–-time) values on TRU resin in HCl, for Fig. 3.4 ]   

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 Contact time, min ave Sn-Kd std dev 

113 93 86 5 97 14 

134 164 177 15 158 22 

229 214 222 30 222 8 

227 217 281 45 242 34 

215 299 289 60 268 45 

268 318 288 75 291 25 

361 298 288 90 316 40 

285 349 326 105 320 32 

362 236 243 120 280 71 

300 206 255 135 253 47 

275 211 211 150 232 37 

148 228 217 165 198 44 

169 208 154 180 177 28 

 

Appendix 7.56 [ Sn-KD (SO4
2–-time) values on TRU resin in HCl, for Fig. 3.4 ]   

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 Contact time, min ave Sn-Kd std dev 

126 98 128 5 117 17 

184 175 159 15 172 13 

292 213 252 30 253 39 

391 258 284 45 311 70 

370 319 374 60 354 30 

354 392 323 75 356 35 

378 303 388 90 357 47 

395 343 284 105 341 56 

313 386 289 120 329 51 

308 342 316 135 322 18 

310 296 328 150 311 16 

269 261 243 165 258 13 

274 213 223 180 237 33 

 

Appendix 7.57 [ Sn-KD (Cl– + SO4
2–-time) values on TRU resin in HCl, for Fig. 3.4 ]   

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 Contact time, min ave Sn-Kd std dev 

49 58 55 5 54 5 

180 214 205 15 200 18 

253 313 322 30 296 38 

388 363 346 45 366 21 

465 389 401 60 418 41 

496 440 419 75 452 40 

468 424 451 90 448 22 

293 399 436 105 376 74 

346 321 328 120 331 13 

250 252 255 135 252 2 

249 207 274 150 244 34 

170 201 192 165 188 16 
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149 135 116 180 133 17 

 

 

Appendix 7.58 [ Fig. 3.4 KD values of tin with respect to different contact times ] 

Contact time (min) Sn-Kd Sn + Cl– Sn + SO4
2– Sn + Cl– + SO4

2– 

5 223 97 117 54 

15 312 158 172 200 

30 421 222 253 296 

45 481 242 311 366 

60 525 268 354 418 

75 526 291 356 452 

90 511 316 357 448 

105 475 320 341 376 

120 439 280 329 331 

135 304 253 322 252 

150 187 232 311 244 

165 160 198 258 188 

180 148 177 237 133 

ave 363 235 286 289 

std dev 146 65 75 124 

   

Appendix 7.59 [ Te-KD values (time) on TRU resin in HCl, for Fig. 3.5 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 contact time, min ave Te-Kd std dev 

16.73 9.87 16.40 5 14.33 3.86 

23.17 23.14 21.67 15 22.66 0.86 

23.86 27.57 29.36 30 26.93 2.81 

24.48 33.88 29.58 45 29.31 4.70 

34.58 26.61 31.47 60 30.88 4.02 

40.24 30.16 25.98 75 32.13 7.33 

34.48 28.20 27.93 90 30.20 3.70 

28.82 23.55 28.67 105 27.01 3.00 

21.95 26.45 30.09 120 26.16 4.08 

22.36 28.55 24.15 135 25.02 3.19 

23.83 24.25 22.82 150 23.63 0.74 

15.33 22.72 18.41 165 18.82 3.71 

11.89 10.58 14.13 180 12.20 1.79 

 

Appendix 7.60 [ Te-KD values (Cl–-time) on TRU resin in HCl, for Fig. 3.5 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 Contact time, min ave Te-Kd std dev 

20.09 22.03 18.86 5 20.33 1.60 

22.48 30.20 32.28 15 28.32 5.16 

32.56 31.26 44.59 30 36.14 7.35 

39.85 37.41 34.66 45 37.31 2.60 

39.81 45.34 33.54 60 39.57 5.90 

39.69 41.20 34.03 75 38.30 3.78 

29.15 36.47 38.99 90 34.87 5.11 
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25.22 36.33 33.64 105 31.73 5.80 

31.31 23.59 26.78 120 27.23 3.88 

26.63 27.14 18.45 135 24.07 4.88 

20.85 19.49 22.43 150 20.92 1.47 

15.34 13.01 9.07 165 12.47 3.17 

7.68 11.12 5.39 180 8.06 2.89 

 

Appendix 7.61 [ Te-KD values (SO4
2–-time) on TRU resin in HCl, for Fig. 3.5 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 Contact time, min ave Te-Kd std dev 

7.18 11.86 10.23 5 9.76 2.37 

12.23 10.01 15.22 15 12.49 2.61 

11.78 14.76 15.14 30 13.89 1.84 

15.17 13.66 17.38 45 15.40 1.87 

23.08 19.28 18.23 60 20.20 2.55 

21.95 19.88 32.79 75 24.87 6.93 

28.99 25.61 23.11 90 25.90 2.95 

30.80 30.26 29.27 105 30.11 0.78 

27.14 25.17 23.16 120 25.16 1.99 

15.22 24.11 22.61 135 20.65 4.76 

16.19 16.91 15.23 150 16.11 0.84 

19.23 13.01 12.70 165 14.98 3.69 

18.73 10.06 12.00 180 13.60 4.55 

 

Appendix 7.62 [ Te-KD values (Cl– + SO4
2–-time) on TRU resin in HCl, for Fig. 3.5 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 Contact time, min ave Te-Kd std dev 

13.78 17.88 19.56 5 17.07 2.97 

20.68 23.21 18.38 15 20.76 2.42 

23.56 25.40 21.53 30 23.50 1.93 

26.09 27.73 31.80 45 28.54 2.94 

35.65 30.47 28.56 60 31.56 3.67 

35.83 31.73 32.88 75 33.48 2.11 

35.42 31.92 36.97 90 34.77 2.59 

33.93 34.58 30.22 105 32.91 2.35 

28.95 32.11 26.30 120 29.12 2.91 

23.72 24.34 30.86 135 26.31 3.96 

28.85 24.81 19.53 150 24.40 4.67 

23.18 20.50 21.76 165 21.81 1.34 

21.73 13.76 17.04 180 17.51 4.00 
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Appendix 7.63 [ Fig. 3.5 KD values of tellurium with respect to different contact times ] 

Contact time (min) Te-Kd Te + Cl– Te + SO4
2– Te + Cl– + SO4

2– 

5 14.33 20.33 9.76 17.07 

15 22.66 28.32 12.49 20.76 

30 26.93 36.14 13.89 23.50 

45 29.31 37.31 15.40 28.54 

60 30.88 39.57 20.20 31.56 

75 32.13 38.30 24.87 33.48 

90 30.20 34.87 25.90 34.77 

105 27.01 31.73 30.11 32.91 

120 26.16 27.23 25.16 29.12 

135 25.02 24.07 20.65 26.31 

150 23.63 20.92 16.11 24.40 

165 18.82 12.47 14.98 21.81 

180 12.20 8.06 13.60 17.51 

ave 24.56 27.64 18.70 26.29 

std dev 6.20 10.07 6.24 6.00 

 

Appendix 7.64 [ Sn-KD values on TRU resin in different pH, for Fig. 3.6 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 pH ave Sn-Kd std dev 

178 147 199 1.0 175 26 

355 384 389 2.0 376 18 

563 416 425 3.0 468 82 

381 454 401 4.0 412 38 

522 422 523 5.0 489 58 

477 616 469 6.0 521 83 

558 445 439 7.0 481 67 

 

Appendix 7.65 [ Sn-KD (Cl–-spike) values on TRU resin in different pH, for Fig. 3.6 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 pH ave Sn-Kd std dev 

146 164 157 1.0 156 9 

428 406 453 2.0 429 24 

384 489 354 3.0 409 71 

356 259 219 4.0 278 71 

592 455 649 5.0 565 100 

513 780 766 6.0 686 150 

662 476 405 7.0 515 133 

 

Appendix 7.66 [ Sn-KD (SO4
2–-spike) values on TRU resin in different pH, for Fig. 3.6 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 pH ave Sn-Kd std dev 

51 147 160 1.0 120 59 

228 191 135 2.0 185 47 

265 241 319 3.0 275 40 

269 258 266 4.0 264 5 

406 495 444 5.0 448 45 

311 248 230 6.0 263 43 
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422 141 517 7.0 360 196 

 

Appendix 7.67 [ Sn-KD (Cl– + SO4
2–-spike) values on TRU resin in different pH, for Fig. 3.6 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 pH ave Sn-Kd std dev 

128 165 161 1.0 151 20 

318 287 341 2.0 316 27 

563 386 475 3.0 475 89 

389 399 521 4.0 436 74 

484 381 754 5.0 540 193 

380 485 325 6.0 397 82 

447 558 865 7.0 623 217 

 

Appendix 7.68 [ Fig. 3.6 Effects of pH on the KD values of tin in presence of chloride and sulfate ions ] 

pH Sn-Kd Sn + Cl–  Sn + SO4
2– Sn + Cl– + SO4

2– 

1.0 175 156 120 151 

2.0 376 429 185 316 

3.0 468 409 275 475 

4.0 412 278 264 436 

5.0 489 565 448 540 

6.0 521 686 263 397 

7.0 481 515 360 623 

 

Appendix 7.69 [ Fig. 3.7 Variation of the average KD values of tin for all spiked and unspiked 

samples] 

pH ave Sn-Kd 

1.0 150 

2.0 326 

3.0 407 

4.0 348 

5.0 511 

6.0 467 

7.0 495 

 

Appendix 7.70 [ Te-KD values on TRU resin in different pH, for Fig. 3.8 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 pH ave Te-Kd std dev 

127 108 136 1.0 124 15 

181 153 150 2.0 162 17 

186 144 164 3.0 165 21 

176 159 121 4.0 152 28 

143 211 140 5.0 165 40 

194 151 158 6.0 168 23 

228 186 334 7.0 249 76 
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Appendix 7.71 [ Te-KD values (Cl–-spike) on TRU resin in different pH, for Fig. 3.8 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 pH ave Te-Kd std dev 

139 143 130 1.0 138 6 

192 170 151 2.0 171 21 

176 112 153 3.0 147 33 

148 157 187 4.0 164 21 

143 124 169 5.0 145 23 

156 200 211 6.0 189 29 

142 148 130 7.0 140 9 

 

Appendix 7.72 [ Te-KD values (SO4
2–-spike) on TRU resin in different pH, for Fig. 3.8 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 pH ave Te-Kd std dev 

160 143 153 1.0 152 8 

304 203 180 2.0 229 66 

207 202 223 3.0 211 11 

223 228 185 4.0 212 24 

221 201 187 5.0 203 17 

196 216 171 6.0 194 23 

292 229 252 7.0 257 32 

 

Appendix 7.73 [ Te-KD values (Cl– + SO4
2–-spike) on TRU resin in different pH, for Fig. 3.8 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 pH ave Te-Kd std dev 

199 156 151 1.0 169 26 

176 188 201 2.0 188 12 

219 202 206 3.0 209 9 

271 247 223 4.0 247 24 

262 289 231 5.0 260 29 

208 288 178 6.0 225 57 

221 211 215 7.0 216 5 

 

Appendix 7.74 [ Fig. 3.8 Effects of pH on the KD values of tellurium in presence of chloride and 

sulfate ions ] 

pH Te-Kd Te + Cl– Te + SO4
2– Te + Cl– + SO4

2– 

1.0 124 138 152 169 

2.0 162 171 229 188 

3.0 165 147 211 209 

4.0 152 164 212 247 

5.0 165 145 203 260 

6.0 168 189 194 225 

7.0 249 140 257 216 

ave 169 156 208 216 

std dev 38 19 32 32 
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Appendix 7.75 [ Sn-KD values (vial) on TRU resin in HCl, for Fig. 3.9 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

92 70 102 0.2 88 16 

312 351 342 0.5 335 20 

798 882 725 1.0 802 79 

1634 1821 1475 1.5 1643 173 

1915 2291 2175 2.0 2127 193 

2441 2211 2516 2.5 2389 159 

2568 2575 2880 3.0 2674 179 

2740 2550 2342 3.5 2544 199 

2244 2411 2313 4.0 2323 83 

2275 2220 2303 4.5 2266 42 

2043 2138 2293 5.0 2158 127 

1894 1672 1980 5.5 1849 159 

1420 1743 1922 6.0 1695 255 

 

Appendix 7.76 [ Sn-KD values (Cl–-vial) on TRU resin in HCl, for Fig. 3.9 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

995 1030 1205 0.2 1077 113 

1755 1699 1530 0.5 1661 117 

2158 2093 2323 1.0 2191 119 

2812 2822 2693 1.5 2776 72 

3917 3743 3537 2.0 3732 190 

4059 4273 4307 2.5 4213 135 

4640 4548 4266 3.0 4484 195 

4563 4305 4444 3.5 4438 129 

3802 3909 4107 4.0 3939 154 

3442 3586 3694 4.5 3574 126 

3367 3075 3187 5.0 3210 148 

2732 3017 2627 5.5 2792 202 

2443 2505 2319 6.0 2423 95 

 

Appendix 7.77 [ Sn-KD values (SO4
2–-vial) on TRU resin in HCl, for Fig. 3.9 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

511 436 496 0.2 481 40 

713 651 661 0.5 675 33 

840 976 982 1.0 933 80 

1135 1232 1205 1.5 1191 50 

1613 1758 1849 2.0 1740 119 

2144 2407 2387 2.5 2313 146 

2741 2610 2893 3.0 2748 142 

3123 3427 3316 3.5 3289 154 

3944 3873 4097 4.0 3971 115 

4044 4210 3999 4.5 4084 111 

3901 3946 4190 5.0 4012 156 

3563 3594 3771 5.5 3643 112 
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2360 2451 2360 6.0 2390 53 

 

Appendix 7.78 [ Sn-KD values (Cl– + SO4
2–-vial) on TRU resin in HCl, for Fig. 3.9 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

296 310 321 0.2 309 12 

597 506 496 0.5 533 55 

820 884 761 1.0 822 61 

1401 1232 1526 1.5 1386 148 

1755 2010 1972 2.0 1912 138 

2630 2113 2520 2.5 2421 272 

2801 3066 2837 3.0 2901 143 

2922 2922 3165 3.5 3003 140 

2959 2580 3048 4.0 2862 249 

2614 2815 2482 4.5 2637 168 

2489 2085 2332 5.0 2302 204 

1911 2014 2152 5.5 2026 121 

1865 1340 1595 6.0 1600 262 

 

Appendix 7.79 [ Fig. 3.9 KD values of tin in different shaking orientations in presence of chloride and 

sulfate ions, ‘h’ stands for horizontal and ‘v’ for vertical alignments ] 

HCl (mol/L) Sn-vial-v Cl–-vial-v SO4
2–-vial-v Cl– + SO4

2–-vial-v 

0.2 88 1077 481 309 

0.5 335 1661 675 533 

1.0 802 2191 933 822 

1.5 1643 2776 1191 1386 

2.0 2127 3732 1740 1912 

2.5 2389 4213 2313 2421 

3.0 2674 4484 2748 2901 

3.5 2544 4438 3289 3003 

4.0 2323 3939 3971 2862 

4.5 2266 3574 4084 2637 

5.0 2158 3210 4012 2302 

5.5 1849 2792 3643 2026 

6.0 1695 2423 2390 1600 

ave 1761 3116 2421 1901 

std dev 841 1077 1325 915 

 

Appendix 7.80 [ Te-KD values (vial) on TRU resin in HCl, for Fig. 3.10 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

96 150 103 0.2 116 29 

74 136 119 0.5 109 32 

81 94 68 1.0 81 13 

42 47 16 1.5 35 16 

57 62 46 2.0 55 8 

124 125 195 2.5 148 41 

244 294 269 3.0 269 25 
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954 748 765 3.5 822 115 

1372 1713 1346 4.0 1477 205 

2104 2204 2393 4.5 2234 147 

2583 2501 2652 5.0 2579 76 

2611 2563 2312 5.5 2495 160 

2358 1990 2028 6.0 2125 203 

 

Appendix 7.81 [ Te-KD values (Cl–-vial) on TRU resin in HCl, for Fig. 3.10 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

189 178 137 0.2 168 27 

136 134 84 0.5 118 29 

90 95 93 1.0 93 2 

85 78 87 1.5 83 5 

64 74 82 2.0 73 9 

30 69 60 2.5 53 21 

80 111 100 3.0 97 16 

214 214 238 3.5 222 14 

487 463 491 4.0 480 15 

850 839 843 4.5 844 6 

1033 1105 1158 5.0 1099 63 

1345 1431 1340 5.5 1372 51 

1181 1250 1267 6.0 1233 45 

 

Appendix 7.82 [ Te-KD values (SO4
2–-vial) on TRU resin in HCl, for Fig. 3.10 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

226 171 188 0.2 195 28 

117 137 111 0.5 121 14 

85 110 110 1.0 101 14 

91 73 107 1.5 90 17 

56 62 71 2.0 63 8 

77 81 93 2.5 84 8 

109 132 109 3.0 116 14 

204 208 245 3.5 219 22 

464 489 444 4.0 466 23 

686 836 842 4.5 788 88 

915 937 1069 5.0 974 83 

987 1061 1019 5.5 1022 37 

922 897 961 6.0 927 32 

 

Appendix 7.83 [ Te-KD values (Cl– + SO4
2–-vial) on TRU resin in HCl, for Fig. 3.10 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

205 185 177 0.2 189 14 

135 178 135 0.5 149 25 

102 99 78 1.0 93 13 

83 95 81 1.5 86 7 

87 74 82 2.0 81 7 
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123 118 108 2.5 116 8 

290 260 265 3.0 272 16 

723 677 681 3.5 694 25 

946 987 1099 4.0 1011 79 

1488 1312 1375 4.5 1392 90 

1524 1587 1626 5.0 1579 51 

1675 1719 1593 5.5 1662 64 

1406 1530 1567 6.0 1501 85 

 

Appendix 7.84 [ Fig. 3.10 KD values of tellurium in different shaking orientations in presence of 

chloride and sulfate ions, ‘h’ stands for horizontal and ‘v’ for vertical alignments ] 

HCl (mol/L) Te-vial-v Cl–-vial-v SO4
2–-vial-v Cl– + SO4

2–-vial-v 

0.2 116 168 195 189 

0.5 109 118 121 149 

1.0 81 93 101 93 

1.5 35 83 90 86 

2.0 55 73 63 81 

2.5 148 53 84 116 

3.0 269 97 116 272 

3.5 822 222 219 694 

4.0 1477 480 466 1011 

4.5 2234 844 788 1392 

5.0 2579 1099 974 1579 

5.5 2495 1372 1022 1662 

6.0 2125 1233 927 1501 

ave 965 457 397 679 

std dev 1051 497 385 654 

 

Appendix 7.85 [ Sn-KD values for surface water (0 mL-spike), for Fig. 3.11 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

2206 2157 2067 0.5 2143 70 

6217 6248 5718 1.0 6061 297 

14100 15946 14359 1.5 14801 999 

21517 22485 22542 2.0 22181 576 

25356 26040 25560 2.5 25652 351 

28898 30652 29428 3.0 29660 899 

31809 29887 31257 3.5 30984 989 

31082 32571 31960 4.0 31871 748 

32013 33217 31418 4.5 32216 916 

31212 30177 29659 5.0 30349 790 

29109 28516 29853 5.5 29160 670 

23197 24799 24619 6.0 24205 878 
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Appendix 7.86 [ Sn-KD values for surface water (2 mL-spike), for Fig. 3.11 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

2927 2805 2764 0.5 2832 85 

9749 10784 9442 1.0 9992 703 

20805 19106 19511 1.5 19807 887 

28426 26926 27875 2.0 27742 758 

33423 34723 35167 2.5 34438 906 

36256 37390 38414 3.0 37353 1080 

41335 39744 40947 3.5 40675 830 

41744 42026 41724 4.0 41831 169 

40194 39548 38773 4.5 39505 711 

36554 37184 35849 5.0 36529 668 

34093 35120 33769 5.5 34328 705 

30153 29843 28549 6.0 29515 851 

 

Appendix 7.87 [ Sn-KD values for surface water (3 mL-spike), for Fig. 3.11 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

1508 2107 2113 0.5 1910 348 

7245 7305 6990 1.0 7180 167 

14112 12508 12802 1.5 13141 854 

20010 18511 19569 2.0 19363 770 

24062 25289 25506 2.5 24953 778 

30345 33549 31088 3.0 31661 1677 

36389 37807 39546 3.5 37914 1581 

41218 42647 43907 4.0 42591 1345 

42328 41512 43610 4.5 42484 1058 

38091 39847 40651 5.0 39530 1309 

35611 34329 37242 5.5 35727 1460 

30446 31210 30219 6.0 30625 520 

 

Appendix 7.88 [ Sn-KD values for surface water (4 mL-spike), for Fig. 3.11 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

2841 2791 3049 0.5 2894 137 

9193 10265 9164 1.0 9541 628 

17351 16680 17592 1.5 17208 473 

24830 26353 23875 2.0 25019 1249 

31567 29733 30538 2.5 30612 919 

33560 32538 32560 3.0 32886 584 

34129 35666 32869 3.5 34221 1401 

35325 34101 36806 4.0 35411 1355 

35142 33746 34081 4.5 34323 729 

33516 32100 31244 5.0 32287 1148 

29297 29673 28215 5.5 29062 757 

25382 25291 24291 6.0 24988 605 
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Appendix 7.89 [ Sn-KD values for surface water (5 mL-spike), for Fig. 3.11 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

2227 2486 1600 0.5 2105 456 

5373 6801 6408 1.0 6194 738 

13890 12179 12095 1.5 12721 1013 

16003 17217 16542 2.0 16587 608 

24661 22889 23067 2.5 23539 975 

28094 27095 27703 3.0 27631 504 

28054 29933 28911 3.5 28966 941 

31561 29957 30247 4.0 30588 855 

27414 28931 29948 4.5 28764 1275 

26547 25676 28613 5.0 26945 1508 

23548 24671 22461 5.5 23560 1105 

19940 20147 21215 6.0 20434 684 

 

Appendix 7.90 [ Fig. 3.11 KD values of tin in presence of surface water, ‘SW’ stands for surface water] 

HCl (mol/L) Sn + 0 mL Sn + 2 mL Sn + 3 mL Sn + 4 mL Sn + 5 mL 

0.5 2143 2832 1910 2894 2105 

1.0 6061 9992 7180 9541 6194 

1.5 14801 19807 13141 17208 12721 

2.0 22181 27742 19363 25019 16587 

2.5 25652 34438 24953 30612 23539 

3.0 29660 37353 31661 32886 27631 

3.5 30984 40675 37914 34221 28966 

4.0 31871 41831 42591 35411 30588 

4.5 32216 39505 42484 34323 28764 

5.0 30349 36529 39530 32287 26945 

5.5 29160 34328 35727 29062 23560 

6.0 24205 29515 30625 24988 20434 

ave 23274 29546 27256 25704 20670 

std dev 10274 12521 13968 10557 9397 

 

Appendix 7.91 [ Fig. 3.12 The effect of surface water addition on the KD values of tin ] 

Surface water 

 mL-spike Sn-Kd 

0 23274 

2 29546 

3 27256 

4 25704 

5 20670 
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Appendix 7.92 [ Te-KD values for surface water (0 mL-spike), for Fig. 3.13 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

122 127 133 0.5 127 5 

89 83 85 1.0 86 3 

81 80 77 1.5 79 2 

118 126 131 2.0 125 7 

294 344 303 2.5 314 27 

820 796 704 3.0 773 62 

1118 1095 1298 3.5 1171 111 

1738 1639 1738 4.0 1705 57 

1838 1929 2228 4.5 1998 204 

2339 2230 2037 5.0 2202 153 

2040 2129 1999 5.5 2056 66 

1853 1763 1640 6.0 1752 107 

 

Appendix 7.93 [ Te-KD values for surface water (2 mL-spike), for Fig. 3.13 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

111 90 127 0.5 109 19 

87 85 77 1.0 83 6 

94 103 90 1.5 96 7 

134 118 101 2.0 117 17 

402 376 352 2.5 377 25 

787 711 823 3.0 774 57 

1536 1428 1434 3.5 1466 61 

1841 1861 1773 4.0 1825 46 

1936 2130 2031 4.5 2032 97 

2331 2228 2140 5.0 2233 96 

2139 1992 2237 5.5 2123 123 

1830 1934 1731 6.0 1832 101 

 

Appendix 7.94 [ Te-KD values for surface water (3 mL-spike), for Fig. 3.13 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

92 102 99 0.5 98 6 

78 80 79 1.0 79 1 

80 79 100 1.5 86 12 

135 123 142 2.0 133 10 

325 323 310 2.5 319 8 

710 740 803 3.0 751 48 

1379 1204 1222 3.5 1268 96 

1851 1811 1881 4.0 1848 35 

2532 2499 2333 4.5 2455 106 

2528 2681 2495 5.0 2568 100 

2434 2295 2382 5.5 2370 70 

2098 1908 1985 6.0 1997 96 
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Appendix 7.95 [ Te-KD values for surface water (4 mL-spike), for Fig. 3.13 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

126 104 117 0.5 116 11 

129 95 112 1.0 112 17 

115 70 77 1.5 87 24 

133 138 134 2.0 135 3 

285 346 320 2.5 317 31 

901 901 985 3.0 929 49 

1385 1422 1355 3.5 1387 33 

1627 1902 1676 4.0 1735 147 

1909 2249 2154 4.5 2104 176 

2395 2255 2139 5.0 2263 128 

2100 2164 2067 5.5 2110 50 

1687 1705 1841 6.0 1745 84 

 

Appendix 7.96 [ Te-KD values for surface water (5 mL-spike), for Fig. 3.13 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

113 121 125 0.5 120 6 

90 84 107 1.0 94 12 

88 106 101 1.5 99 9 

119 131 144 2.0 132 13 

342 354 331 2.5 342 12 

834 767 756 3.0 786 42 

1341 1406 1225 3.5 1324 91 

1965 2123 1818 4.0 1969 152 

2466 2209 2322 4.5 2333 129 

2388 2482 2317 5.0 2396 83 

2138 2261 2310 5.5 2236 88 

1823 1945 1791 6.0 1853 81 

 

Appendix 7.97 [ Fig. 3.13 KD values of tellurium in presence of surface water, ‘SW’ stands for surface 

water ] 

HCl (mol/L) Te + 0 mL Te + 2 mL Te + 3 mL Te + 4 mL Te + 5 mL 

0.5 127 109 98 116 120 

1.0 86 83 79 112 94 

1.5 79 96 86 87 99 

2.0 125 117 133 135 132 

2.5 314 377 319 317 342 

3.0 773 774 751 929 786 

3.5 1171 1466 1268 1387 1324 

4.0 1705 1825 1848 1735 1969 

4.5 1998 2032 2455 2104 2333 

5.0 2202 2233 2568 2263 2396 

5.5 2056 2123 2370 2110 2236 

6.0 1752 1832 1997 1745 1853 

ave 886 936 998 941 986 
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std dev 872 905 1031 896 974 

 

Appendix 7.98 [ Sn-KD values for groundwater (0 mL-spike), for Fig. 3.14 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

1256 1255 1228 0.5 1246 16 

4163 4074 4183 1.0 4140 58 

8178 7830 7197 1.5 7735 498 

10753 12428 12346 2.0 11842 944 

15874 13785 14371 2.5 14677 1078 

16689 15663 14918 3.0 15757 889 

15299 17782 18338 3.5 17140 1618 

17569 18285 17185 4.0 17680 558 

17011 18541 17315 4.5 17622 810 

16915 16126 18001 5.0 17014 942 

15549 14619 16915 5.5 15694 1155 

13246 13459 14563 6.0 13756 707 

 

Appendix 7.99 [ Sn-KD values for groundwater (2 mL-spike), for Fig. 3.14 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

1526 1817 1662 0.5 1668 145 

5239 5175 4949 1.0 5121 152 

8106 9000 9937 1.5 9014 915 

15134 14663 16217 2.0 15338 797 

19238 20940 19637 2.5 19938 890 

23399 22585 21828 3.0 22604 785 

25341 24399 23832 3.5 24524 762 

26445 25795 25445 4.0 25895 507 

24988 25397 26419 4.5 25601 737 

24790 23002 24599 5.0 24130 982 

21187 20697 20198 5.5 20694 494 

17396 16098 17299 6.0 16931 723 

 

Appendix 7.100 [ Sn-KD values for groundwater (3 mL-spike), for Fig. 3.14 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

1395 1340 1473 0.5 1403 67 

4905 4774 4938 1.0 4872 87 

9864 10012 11905 1.5 10594 1138 

18106 19723 20017 2.0 19282 1029 

22438 23248 21267 2.5 22318 996 

28882 29296 27013 3.0 28397 1216 

33882 32467 32629 3.5 32993 774 

35449 36635 35196 4.0 35760 769 

32517 35596 34998 4.5 34370 1632 

28187 29396 31029 5.0 29537 1426 

25189 26198 24599 5.5 25329 809 

19196 20498 18099 6.0 19264 1201 
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Appendix 7.101 [ Sn-KD values for groundwater (4 mL-spike), for Fig. 3.14 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

1527 1513 1484 0.5 1508 22 

5119 4993 5166 1.0 5093 89 

10404 8736 10917 1.5 10019 1140 

14007 16167 14504 2.0 14893 1131 

21807 20703 21707 2.5 21406 610 

23023 24561 25157 3.0 24247 1101 

25503 27482 26262 3.5 26416 998 

26710 26232 27958 4.0 26967 891 

23018 24996 25498 4.5 24504 1311 

21488 22696 21099 5.0 21761 833 

18848 17498 19199 5.5 18515 898 

14796 15498 13599 6.0 14631 960 

 

Appendix 7.102 [ Sn-KD values for groundwater (5 mL-spike), for Fig. 3.14 ] 

Sn-Kd-trial-1 Sn-Kd-trial-2 Sn-Kd-trial-3 HCl (mol/L) ave Sn-Kd std dev 

1484 1455 1360 0.5 1433 65 

4759 4943 4686 1.0 4796 133 

9790 9980 10199 1.5 9989 205 

14504 12802 14240 2.0 13849 916 

19537 17907 18632 2.5 18692 817 

23122 22163 24260 3.0 23181 1049 

27944 26808 26312 3.5 27021 837 

30215 31899 29668 4.0 30594 1163 

28868 29256 28398 4.5 28841 430 

23988 25496 24699 5.0 24727 754 

20287 21998 21498 5.5 21261 880 

17696 16248 15999 6.0 16648 916 

 

Appendix 7.103 [ Fig. 3.14 KD values of tin in presence of groundwater, ‘GW’ stands for        

groundwater ] 

HCl (mol/L) Sn + 0 mL Sn + 2 mL Sn + 3 mL Sn + 4 mL Sn + 5 mL 

0.5 1246 1668 1403 1508 1433 

1.0 4140 5121 4872 5093 4796 

1.5 7735 9014 10594 10019 9989 

2.0 11842 15338 19282 14893 13849 

2.5 14677 19938 22318 21406 18692 

3.0 15757 22604 28397 24247 23181 

3.5 17140 24524 32993 26416 27021 

4.0 17680 25895 35760 26967 30594 

4.5 17622 25601 34370 24504 28841 

5.0 17014 24130 29537 21761 24727 

5.5 15694 20694 25329 18515 21261 

6.0 13756 16931 19264 14631 16648 

ave 12859 17622 22010 17497 18419 
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std dev 5562 8270 11420 8414 9394 

 

Appendix 7.104 [ Te-KD values for groundwater (0 mL-spike), for Fig. 3.15 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

120 102 105 0.5 109 9 

97 97 98 1.0 97 1 

60 71 72 1.5 68 6 

91 76 64 2.0 77 14 

140 141 118 2.5 133 13 

285 253 290 3.0 276 20 

489 500 546 3.5 512 31 

838 869 821 4.0 843 24 

1017 932 926 4.5 959 51 

1014 983 1031 5.0 1009 25 

934 902 857 5.5 898 39 

732 627 725 6.0 695 59 

 

Appendix 7.105 [ Te-KD values for groundwater (2 mL-spike), for Fig. 3.15 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

107 114 98 0.5 106 8 

72 66 72 1.0 70 4 

69 70 76 1.5 71 4 

68 84 87 2.0 79 10 

147 131 138 2.5 139 8 

307 355 366 3.0 342 31 

832 898 911 3.5 880 42 

1231 1244 1404 4.0 1293 96 

1483 1562 1395 4.5 1480 83 

1326 1581 1497 5.0 1468 130 

1382 1277 1194 5.5 1285 94 

1054 1192 987 6.0 1078 105 

 

Appendix 7.106 [ Te-KD values for groundwater (3 mL-spike), for Fig. 3.15 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

97 87 123 0.5 103 18 

87 68 80 1.0 78 10 

70 57 60 1.5 62 7 

73 77 66 2.0 72 5 

153 160 155 2.5 156 4 

325 326 293 3.0 314 19 

805 880 816 3.5 833 40 

1332 1461 1376 4.0 1390 66 

1433 1425 1523 4.5 1460 54 

1380 1492 1327 5.0 1400 85 

1328 1266 1218 5.5 1271 55 

990 1022 1125 6.0 1046 70 
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Appendix 7.107 [ Te-KD values for groundwater (4 mL-spike), for Fig. 3.15 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

128 115 130 0.5 124 8 

93 83 88 1.0 88 5 

79 68 83 1.5 77 8 

103 76 84 2.0 88 14 

117 129 111 2.5 119 9 

467 384 421 3.0 424 41 

835 967 896 3.5 899 66 

1420 1420 1469 4.0 1436 29 

1385 1509 1629 4.5 1508 122 

1327 1431 1534 5.0 1430 104 

1339 1218 1147 5.5 1235 97 

1132 1025 930 6.0 1029 101 

 

Appendix 7.108 [ Te-KD values for groundwater (5 mL-spike), for Fig. 3.15 ] 

Te-Kd-trial-1 Te-Kd-trial-2 Te-Kd-trial-3 HCl (mol/L) ave Te-Kd std dev 

134 122 120 0.5 125 8 

75 78 86 1.0 80 6 

76 72 68 1.5 72 4 

96 82 85 2.0 88 7 

162 169 156 2.5 162 7 

369 404 429 3.0 401 30 

743 820 882 3.5 815 70 

1119 1020 922 4.0 1020 99 

1272 1308 1212 4.5 1264 48 

1398 1130 1032 5.0 1187 189 

1037 828 1129 5.5 998 155 

675 827 790 6.0 764 79 

 

Appendix 7.109 [ Fig. 3.15 KD values of tellurium in presence of groundwater, ‘GW’ stands for 

groundwater ] 

HCl (mol/L) Te + 0 mL Te + 2 mL Te + 3 mL Te + 4 mL Te + 5 mL 

0.5 109 106 103 124 125 

1.0 97 70 78 88 80 

1.5 68 71 62 77 72 

2.0 77 79 72 88 88 

2.5 133 139 156 119 162 

3.0 276 342 314 424 401 

3.5 512 880 833 899 815 

4.0 843 1293 1390 1436 1020 

4.5 959 1480 1460 1508 1264 

5.0 1009 1468 1400 1430 1187 

5.5 898 1285 1271 1235 998 

6.0 695 1078 1046 1029 764 

ave 473 691 682 705 581 
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std dev 386 606 602 606 473 

 

Appendix 7.110 [ Fig. 3.16 A comparison of on the KD values of tin and tellurium in presence of 

groundwater ] 

GW-mL Gw-Sn-Kd GW-Te-Kd 

0 12859 473 

2 17622 691 

3 22010 682 

4 17497 705 

5 18419 581 

 

Appendix 7.111 [ Table 3.1: KD values of tin and tellurium in presence of surface water ] 

Surface water Cl–: 1 mL = 0.02998 mg Cl–: mg/L SO4
2–: 1 mL = 0.00978 SO4

2–: mg/L 

2.0 mL  0.06/ 10 mL 5.99 0.02/ 10 mL 1.96 

3.0 mL 0.09/ 10 mL 8.99 0.03/ 10 mL 2.93 

4.0 mL 0.12/ 10 mL 11.99 0.04/ 10 mL 3.91 

5.0 mL 0.15/ 10 mL 14.99 0.05/ 10 mL 4.89 

SW-KD 

  Cl– (mg) SO4
2– (mg) Sn-Kd 

0.001 0.001 23274 

5.99 1.96 29546 

8.99 2.93 27257 

11.99 3.91 25705 

14.99 4.89 20670 

 

Appendix 7.112 [ Table 3.2: KD values of tin and tellurium in presence of groundwater ] 

Groundwater Cl–: 1 mL = 0.07142 mg Cl–: mg/L SO4
2–: 1 mL = 0.06995 SO4

2–: mg/L 

2.0 mL  0.14284/ 10 mL 14.28 0.1399/ 10 mL 13.99 

3.0 mL 0.21426/ 10 mL 21.43 0.20985/ 10 mL 20.99 

4.0 mL 0.28568/ 10 mL 28.57 0.2798/ 10 mL 27.98 

5.0 mL 0.3571/ 10 mL 35.71 0.34975/ 10 mL 34.98 

GW-KD 

  Cl– (mg) SO4
2– (mg) Sn-Kd 

0.001 0.001 12858.53 

14.28 13.99 17621.70 

21.43 20.99 22009.95 

28.57 27.98 17496.57 

35.71 34.98 18419.44 

 

Appendix 7.113 [ Percent Sn-adsorption with standard Cl–-and SO4
2–-spikes, for Fig. 3.17 ] 

Types of spike % Sn-trial-1 % Sn-trial-2 % Sn-trial-3 ave % Sn ads std dev 

Sn 98.816 98.74 98.68 98.74 0.07 

Sn + Cl– 99.03 99.12 99.20 99.12 0.09 

Sn + SO4
2– 99.62 99.90 99.27 99.59 0.32 

Sn + Cl– + SO4
2– 99.14 99.28 99.21 99.21 0.07 

   

ave 99.17 
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std dev 0.35 

  

 

Appendix 7.114 [ Percent Te-adsorption with standard Cl–- and SO4
2–-spikes, for Fig. 3.17 ] 

Types of spike % Te-trial-1 % Te-trial-2 % Te-trial-3 ave % Te ads std dev 

Te 58.74 55.89 59.20 57.94 1.80 

Te + Cl– 60.55 63.93 64.64 63.04 2.18 

Te + SO4
2– 61.88 61.99 59.42 61.09 1.45 

Te + Cl– + SO4
2– 70.02 65.78 67.78 67.87 2.12 

   

ave 62.48 

 

   

std dev 4.15 

 Appendix 7.115 [ Fig. 3.17 Adsorptions of tin and tellurium in 3.0 mol L–1 of HCl solution in presence 

of chloride and sulfate ions ] 

Types of spike % Sn ads % Te ads 

Sn + 0 98.74 57.94 

Sn + Cl– 99.12 63.04 

Sn + SO4
2– 99.59 61.09 

Sn + Cl– + SO4
2– 99.21 67.86 

Ave 99.17 62.48 

std dev 0.35 4.15 

 

Appendix 7.116 [ Percent Sn-desorption (0 Cl– + 0 SO4
2–-spike), for Fig. 3.18 ] 

Sn + 0 spike 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 81.90 79.72 69.64 0.50 77.09 6.54 

100 78.44 75.31 82.89 1.0 78.88 3.81 

100 77.69 84.67 75.87 2.0 79.41 4.65 

100 78.58 86.62 73.88 3.0 79.69 6.44 

100 74.86 96.74 69.15 4.0 80.25 14.56 

100 83.98 84.52 75.62 5.0 81.37 4.99 

100 86.02 81.61 84.76 6.0 84.13 2.27 

    

ave 80.12 

 

    

std dev 2.20 

  

 

Appendix 7.117 [ Percent Sn-desorption (Cl–-spike), for Fig. 3.18 ] 

Sn + Cl– 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 74.39 66.60 69.86 0.50 70.28 3.92 

100 71.79 75.72 72.48 1.0 73.33 2.10 

100 74.18 77.55 71.85 2.0 74.52 2.87 

100 69.55 83.12 81.30 3.0 77.99 7.36 

100 94.61 73.29 74.78 4.0 80.89 11.90 

100 80.73 80.35 84.80 5.0 81.96 2.47 

100 86.96 81.35 85.39 6.0 84.57 2.89 

    

ave 77.65 

 

    

std dev 5.16 
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Appendix 7.118 [ Percent Sn-desorption (SO4
2–-spike), for Fig. 3.18 ] 

Sn + SO4
2– 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 82.53 77.13 78.33 0.50 79.33 2.83 

100 71.45 83.96 85.02 1.0 80.14 7.55 

100 81.43 80.84 83.84 2.0 82.04 1.59 

100 89.80 68.13 83.70 3.0 80.54 11.18 

100 80.33 88.70 86.85 4.0 85.30 4.40 

100 88.15 86.10 90.38 5.0 88.21 2.14 

100 97.44 95.92 93.31 6.0 95.56 2.09 

    

ave 84.45 

 

    

std dev 5.83 

  

Appendix 7.119 [ Percent Sn-desorption (Cl– + SO4
2–-spike), for Fig. 3.18 ] 

Sn + Cl– + SO4
2– 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 86.87 74.88 74.20 0.50 78.65 7.13 

100 81.74 79.45 81.45 1.0 80.88 1.24 

100 79.74 75.68 91.18 2.0 82.20 8.04 

100 75.57 92.05 90.87 3.0 86.17 9.19 

100 93.98 95.04 93.00 4.0 94.01 1.02 

100 90.44 97.94 80.07 5.0 89.48 8.97 

100 91.40 85.09 91.60 6.0 89.36 3.70 

    

ave 85.82 

 

    

std dev 5.51 

  

Appendix 7.120 [ Fig. 3.18 The desorption of tin by hydrofluoric acid treated at concentrations of 

0.50 to 6.0 mol L–1 ] 

Sn desorption (%) % des % des % des % des 

HF (mol/L) Sn + 0 Sn + Cl– Sn + SO4
2– Sn + Cl– + SO4

2– 

0.5 77.09 70.28 79.33 78.65 

1.0 78.88 73.33 80.14 80.88 

2.0 79.41 74.52 82.04 82.20 

3.0 79.69 77.99 80.54 86.17 

4.0 80.25 80.89 85.30 94.01 

5.0 81.37 81.96 88.21 89.48 

6.0 84.13 84.57 95.56 89.36 

ave 80.12 77.65 84.45 85.82 

std dev 2.20 5.16 5.83 5.51 

 

 

 

 

 

 

 

 

 



 

188 

Appendix 7.121 [ Percent Te-desorption (0 Cl– + 0 SO4
2–-spike), for Fig. 3.19 ] 

Te + 0 spike 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 13.93 19.19 11.53 0.50 14.88 3.92 

100 18.14 18.44 19.26 1.0 18.61 0.58 

100 25.50 15.06 20.69 2.0 20.41 5.23 

100 19.11 24.37 23.62 3.0 22.37 2.84 

100 19.34 24.97 23.17 4.0 22.49 2.88 

100 17.84 23.47 23.92 5.0 21.74 3.39 

100 26.10 26.25 26.10 6.0 26.15 0.09 

    

ave 20.95 

 

    

std dev 3.53 

  

Appendix 7.122 [ Percent Te-desorption (Cl–-spike), for Fig. 3.19 ] 

Te + Cl– 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 16.33 13.67 17.66 0.50 15.89 2.03 

100 20.33 16.88 16.64 1.0 17.95 2.06 

100 20.71 20.63 19.23 2.0 20.19 0.83 

100 20.64 22.20 20.25 3.0 21.03 1.04 

100 23.30 22.91 20.09 4.0 22.10 1.75 

100 24.79 27.53 25.49 5.0 25.94 1.42 

100 25.02 21.89 25.81 6.0 24.24 2.07 

    

ave 21.05 

 

    

std dev 3.47 

  

Appendix 7.123 [ Percent Te-desorption (SO4
2–-spike), for Fig. 3.19 ] 

Te + SO4
2– 

      TRU, mg  % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 15.91 22.18 19.42 0.50 19.17 3.14 

100 20.91 16.21 19.79 1.0 18.97 2.46 

100 22.18 20.69 18.15 2.0 20.34 2.04 

100 21.51 23.08 24.57 3.0 23.05 1.53 

100 25.69 29.35 26.66 4.0 27.23 1.90 

100 28.00 29.72 23.82 5.0 27.18 3.03 

100 33.68 28.30 30.47 6.0 30.82 2.70 

    

ave 23.82 

 

    

std dev 4.65 

  

 

 

 

 

 

 

 

 

 



 

189 

Appendix 7.124 [ Percent Te-desorption (Cl– + SO4
2–-spike), for Fig. 3.19 ] 

Te + Cl– + SO4
2– 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 12.30 12.37 11.08 0.50 11.91 0.73 

100 13.59 13.59 12.22 1.0 13.13 0.79 

100 17.82 18.46 10.53 2.0 15.60 4.40 

100 18.10 17.96 13.73 3.0 16.60 2.48 

100 23.66 14.95 14.88 4.0 17.83 5.05 

100 23.27 20.18 16.74 5.0 20.06 3.26 

100 24.05 22.48 20.40 6.0 22.31 1.83 

    

ave 16.78 

 

    

std dev 3.67 

  

Appendix 7.125 [ Fig. 3.19 The desorption of tellurium by hydrofluoric acid treated at concentrations 

of 0.50 to 6.0 mol L–1 ] 

Te desorption (%) % des % des % des % des 

HF (mol/L) Te + 0 Te + Cl– Te + SO4
2– Te + Cl– + SO4

2– 

0.5 14.88 15.89 19.17 11.91 

1.0 18.61 17.95 18.97 13.13 

2.0 20.41 20.19 20.34 15.60 

3.0 22.37 21.03 23.05 16.60 

4.0 22.49 22.10 27.23 17.83 

5.0 21.74 25.94 27.18 20.06 

6.0 26.15 24.24 30.82 22.31 

ave 20.95 21.05 23.82 16.78 

std dev 3.53 3.47 4.65 3.67 

 

 

Appendix 7.126 [ Percent Sn-adsorption with surface water, for Fig. 3.20 ] 

Spikes % Sn-ads-1 % Sn-ads-2 % Sn-ads-3 ave % Sn ads std dev 

0 mL 98.31 99.45 99.12 98.96 0.59 

2 mL 99.24 97.45 99.20 99.48 1.02 

4 mL 99.66 99.93 98.48 99.36 0.77 

6 mL 99.35 99.46 99.35 99.39 0.06 

 

Appendix 7.127 [ Percent Te-adsorption with surface water, for Fig. 3.20 ] 

Spikes % Te-ads-1 % Te-ads-2 % Te-ads-3 ave % Te ads std dev 

0 mL 60.40 59.92 63.87 61.40 2.15 

2 mL 64.73 64.06 59.45 62.74 2.88 

4 mL 60.06 69.44 61.59 63.70 5.03 

6 mL 68.66 59.32 67.77 65.25 5.15 
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Appendix 7.128 [ Fig. 3.20 The adsorptions of tin and tellurium in 3.0 mol L–1 of HCl solution in 

presence of surface water ] 

Surface water 

  Spike % Sn ads % Te ads 

0 mL 98.96 61.40 

2 mL 99.48 62.74 

4 mL 99.36 63.70 

6 mL 99.39 65.25 

ave 99.29 63.27 

std dev 0.23 1.62 

 

Appendix 7.129 [ Percent Sn-desorption with surface water (0 mL-spike), for Fig. 3.21 ] 

0 mL spike 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 76.55 75.72 66.02 0.50 72.76 5.85 

100 76.93 76.10 73.74 1.0 75.59 1.66 

100 90.83 90.40 89.97 2.0 90.40 0.43 

100 89.61 85.42 94.26 3.0 89.76 4.42 

100 93.91 89.39 87.49 4.0 90.26 3.30 

100 96.62 91.76 94.76 5.0 94.38 2.45 

100 95.94 93.25 96.02 6.0 95.07 1.58 

    

ave 86.89 

 

    

std dev 8.96 

  

Appendix 7.130 [ Percent Sn-desorption with surface water (2 mL-spike), for Fig. 3.21 ] 

2 mL spike 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 83.86 79.04 69.27 0.50 77.39 7.43 

100 91.18 85.08 67.81 1.0 81.36 12.12 

100 93.55 86.78 71.14 2.0 83.82 11.49 

100 88.67 82.30 83.52 3.0 84.83 3.38 

100 86.80 92.57 77.04 4.0 85.47 7.85 

100 89.94 91.56 83.96 5.0 88.49 4.00 

100 93.64 87.43 84.97 6.0 88.68 4.47 

    

ave 84.29 

 

    

std dev 3.98 

  

Appendix 7.131 [ Percent Sn-desorption with surface water (4 mL-spike), for Fig. 3.21 ] 

TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 83.64 78.76 79.98 0.50 80.79 2.54 

100 72.96 85.10 86.39 1.0 81.48 7.41 

100 80.89 94.16 85.19 2.0 86.75 6.77 

100 91.70 69.56 95.68 3.0 85.65 14.07 

100 92.03 80.36 88.47 4.0 86.95 5.98 

100 91.59 97.49 91.86 5.0 93.65 3.33 

100 92.49 97.94 95.28 6.0 95.24 2.72 

    

ave 87.22 
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std dev 5.52 

  

Appendix 7.132 [ Percent Sn-desorption with surface water (6 mL-spike), for Fig. 3.21 ] 

6 mL spike 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 67.67 87.21 76.60 0.50 77.16 9.78 

100 64.39 92.34 85.15 1.0 80.63 14.51 

100 72.60 87.93 81.85 2.0 80.79 7.72 

100 95.84 82.63 73.62 3.0 84.03 11.18 

100 84.36 85.31 83.48 4.0 84.38 0.92 

100 89.18 87.91 88.87 5.0 88.65 0.66 

100 82.04 93.25 92.22 6.0 89.17 6.20 

    

ave 83.54 

 

    

std dev 4.39 

  

Appendix 7.133 [ Fig. 3.21 The desorption of tin by hydrofluoric acid (0.50 to 6.0 mol L–1) in presence 

of surface water ] 

% Sn desorption % Sn des % Sn des % Sn des % Sn des 

HF (mol/L) Sn + 0 mL Sn + 2 mL Sn + 4 mL Sn + 6 mL 

0.50 72.76 77.39 80.79 77.16 

1.0 75.59 81.36 81.48 80.63 

2.0 90.40 83.82 86.75 80.79 

3.0 89.76 84.83 85.65 84.03 

4.0 90.26 85.47 86.95 84.38 

5.0 94.38 88.49 93.65 88.65 

6.0 95.07 88.68 95.24 89.17 

ave 86.89 84.29 87.22 83.54 

std dev 8.96 3.98 5.52 4.39 

 

 

Appendix 7.134 [ Percent Te-desorption with surface water (0 mL-spike), for Fig. 3.22 ] 

0 mL spike 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 3.84 9.07 6.45 0.50 6.46 2.61 

100 8.02 13.32 11.14 1.0 10.83 2.66 

100 15.34 14.96 20.56 2.0 16.95 3.13 

100 18.99 24.22 23.47 3.0 22.23 2.83 

100 19.22 24.81 23.02 4.0 22.35 2.86 

100 17.72 23.32 23.77 5.0 21.60 3.37 

100 25.93 26.08 25.93 6.0 25.98 0.09 

    

ave 18.06 

 

    

std dev 7.06 
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Appendix 7.135 [ Percent Te-desorption with surface water (2 mL-spike), for Fig. 3.22 ] 

2 mL spike 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 5.07 4.55 7.33 0.50 5.65 1.48 

100 3.84 10.59 4.14 1.0 6.19 3.81 

100 7.97 7.90 12.81 2.0 9.56 2.81 

100 10.13 15.61 13.77 3.0 13.17 2.79 

100 16.64 11.28 14.62 4.0 14.18 2.71 

100 13.05 10.63 18.71 5.0 14.13 4.15 

100 18.27 15.32 19.01 6.0 17.53 1.95 

    

ave 11.49 

 

    

std dev 4.46 

  

Appendix 7.136 [ Percent Te-desorption with surface water (4 mL-spike), for Fig. 3.22 ] 

4 mL spike 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 5.82 11.94 9.24 0.50 9.00 3.06 

100 10.70 6.12 9.61 1.0 8.81 2.40 

100 11.94 10.48 8.01 2.0 10.14 1.99 

100 11.28 12.81 14.27 3.0 12.79 1.49 

100 15.36 18.93 16.31 4.0 16.86 1.85 

100 17.62 19.29 13.54 5.0 16.82 2.96 

100 23.15 17.91 20.02 6.0 20.36 2.64 

    

ave 13.54 

 

    

std dev 4.53 

  

 

Appendix 7.137 [ Percent Te-desorption with surface water (6 mL-spike), for Fig. 3.22 ] 

6 mL spike 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 12.86 12.93 11.58 0.50 12.46 0.76 

100 14.21 14.21 12.78 1.0 13.73 0.82 

100 18.63 19.31 19.38 2.0 19.11 0.41 

100 18.93 18.78 14.36 3.0 17.36 2.60 

100 14.28 15.63 15.56 4.0 15.16 0.76 

100 24.33 21.11 17.51 5.0 20.98 3.41 

100 25.16 23.51 21.33 6.0 23.33 1.92 

    

ave 17.45 

 

    

std dev 3.95 
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Appendix 7.138 [ Fig. 3.22 The desorption of tellurium by hydrofluoric acid (0.50 to 6.0 mol L–1) in 

presence of surface water ] 

% Te desorption % Te des % Te des % Te des % Te des 

HF (mol/L) Te + 0 mL Te + 2 mL Te + 4 mL Te + 6 mL 

0.50 6.46 5.65 9.00 12.46 

1.0 10.83 6.19 8.81 13.73 

2.0 16.95 9.56 10.14 19.11 

3.0 22.23 13.17 12.79 17.36 

4.0 22.35 14.18 16.86 15.16 

5.0 21.60 14.13 16.82 20.98 

6.0 25.98 17.53 20.36 23.33 

ave 18.06 11.49 13.54 17.45 

std dev 7.06 4.46 4.53 3.95 

 

Appendix 7.139 [ Percent Sn-adsorption with groundwater, for Fig. 3.23 ] 

Spikes % Sn-ads-1 % Sn-ads-2 % Sn-ads-3 ave % Sn ads std dev 

0 mL 98.82 98.74 98.68 98.74 0.07 

2 mL 99.03 99.12 99.20 99.12 0.09 

4 mL 99.62 99.90 99.27 99.59 0.32 

6 mL 99.14 99.28 99.21 99.21 0.07 

   

ave 99.17 

 

   

std dev 0.35 

  

Appendix 7.140 [ Percent Te-adsorption with groundwater, for Fig. 3.23 ] 

Spikes % Te-ads-1 % Te-ads-2 % Te-ads-3 ave % Te ads std dev 

0 mL 58.74 55.88 59.20 57.94 1.80 

2 mL 60.55 63.93 64.64 63.04 2.18 

4 mL 61.88 61.97 59.42 61.09 1.45 

6 mL 70.02 65.78 67.77 67.86 2.12 

   

ave 62.48 

 

   

std dev 4.15 

  

 

Appendix 7.141 [ Fig. 3.23 The adsorptions of tin and tellurium in 3.0 mol L–1 of HCl solution in 

presence of groundwater ] 

Spikes % Sn ads % Te ads 

0 mL 98.74 57.94 

2 mL 99.12 63.04 

4 mL 99.59 61.09 

6 mL 99.21 67.86 

ave 99.17 62.48 

std dev 0.35 4.15 
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Appendix 7.142 [ Percent Sn-desorption with groundwater (0 mL-spike), for Fig. 3.24 ] 

0 mL spike 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 70.75 70.77 69.56 0.50 70.36 0.69 

100 82.05 61.19 72.84 1.0 72.02 10.46 

100 80.39 79.43 68.01 2.0 75.94 6.88 

100 70.74 86.62 80.38 3.0 79.25 8.00 

100 93.66 80.31 72.24 4.0 82.07 10.82 

100 95.21 73.25 89.38 5.0 85.95 11.38 

100 82.32 95.25 92.61 6.0 90.06 6.84 

    

ave 79.38 

 

    

std dev 7.21 

  

 

Appendix 7.143 [ Percent Sn-desorption with groundwater (2 mL-spike), for Fig. 3.24 ] 

2 mL spike 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 72.91 84.27 79.28 0.50 78.82 5.69 

100 73.11 93.83 81.65 1.0 82.86 10.41 

100 76.69 89.71 71.53 2.0 79.31 9.37 

100 78.43 86.85 84.46 3.0 83.24 4.34 

100 89.72 83.03 87.00 4.0 86.58 3.36 

100 92.25 82.72 86.86 5.0 87.28 4.78 

100 83.82 86.35 92.28 6.0 87.48 4.34 

    

ave 83.65 

 

    

std dev 3.64 

  

 

Appendix 7.144 [ Percent Sn-desorption with groundwater (4 mL-spike), for Fig. 3.24 ] 

4 mL spike 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 64.30 71.94 82.96 0.50 73.07 9.38 

100 82.20 75.30 84.60 1.0 80.70 4.83 

100 79.89 76.22 85.27 2.0 80.46 4.55 

100 88.48 75.63 82.01 3.0 82.04 6.43 

100 77.49 84.30 92.64 4.0 84.81 7.59 

100 82.31 84.80 88.99 5.0 85.37 3.38 

100 91.09 84.56 87.71 6.0 87.78 3.27 

    

ave 82.03 

 

    

std dev 4.77 
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Appendix 7.145 [ Percent Sn-desorption with groundwater (6 mL-spike), for Fig. 3.24 ] 

6 mL spike 

      TRU, mg % Sn-des-1 % Sn-des-2 % Sn-des-3 HF (mol/L) Ave % Sn desorp std dev 

100 65.08 63.81 76.20 0.50 68.36 6.82 

100 76.83 69.41 75.29 1.0 73.84 3.91 

100 69.62 79.18 85.66 2.0 78.15 8.07 

100 82.81 85.12 74.89 3.0 80.94 5.37 

100 82.91 78.30 95.01 4.0 85.41 8.63 

100 88.41 78.41 92.49 5.0 86.44 7.25 

100 84.38 88.99 91.03 6.0 88.13 3.41 

    

ave 80.18 

 

    

std dev 7.24 

  

 

Appendix 7.146 [ Fig. 3.24 The desorption of tin by hydrofluoric acid (0.50 to 6.0 mol L–1) in presence 

of groundwater ] 

Desorption % Sn desorp % Sn desorp % Sn desorp % Sn desorp 

HF (mol/L) Sn + 0 mL Sn + 2 mL Sn + 4 mL Sn + 6 mL 

0.50 70.36 78.82 73.07 68.36 

1.0 72.02 82.86 80.70 73.84 

2.0 75.94 79.31 80.46 78.15 

3.0 79.25 83.24 82.04 80.94 

4.0 82.07 86.58 84.81 85.41 

5.0 85.95 87.28 85.37 86.44 

6.0 90.06 87.48 87.78 88.13 

ave 79.38 83.65 82.03 80.18 

std dev 7.21 3.64 4.77 7.24 

 

Appendix 7.147 [ Percent Te-desorption with groundwater (0 mL-spike), for Fig. 3.25 ] 

0 mL spike 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 4.31 3.75 2.79 0.50 3.62 0.77 

100 8.02 6.72 3.58 1.0 6.11 2.29 

100 10.61 7.83 6.15 2.0 8.20 2.25 

100 14.03 14.19 8.63 3.0 12.28 3.16 

100 10.03 19.36 23.72 4.0 17.70 6.99 

100 20.15 13.34 23.20 5.0 18.90 5.04 

100 15.49 13.66 24.51 6.0 17.89 5.80 

    

ave 12.10 

 

    

std dev 6.25 
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Appendix 7.148 [ Percent Te-desorption with groundwater (2 mL-spike), for Fig. 3.25 ] 

2 mL spike 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 1.40 10.57 4.80 0.50 5.59 4.64 

100 1.40 11.44 6.11 1.0 6.31 5.02 

100 5.67 13.91 2.95 2.0 7.51 5.71 

100 8.11 9.31 12.82 3.0 10.08 2.45 

100 6.11 15.76 6.72 4.0 9.53 5.40 

100 4.54 15.70 11.17 5.0 10.47 5.62 

100 21.58 13.96 17.19 6.0 17.57 3.82 

    

ave 9.58 

 

    

std dev 4.00 

  

 

Appendix 7.149 [ Percent Te-desorption with groundwater (4 mL-spike), for Fig. 3.25 ] 

4 mL spike 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 2.71 6.35 3.75 0.50 4.27 1.88 

100 3.92 8.47 4.16 1.0 5.52 2.56 

100 4.70 4.78 12.12 2.0 7.20 4.26 

100 7.67 13.33 12.99 3.0 11.33 3.17 

100 10.11 12.98 14.77 4.0 12.62 2.35 

100 17.21 20.39 19.96 5.0 19.19 1.73 

100 23.76 24.37 29.09 6.0 25.74 2.92 

    

ave 12.27 

 

    

std dev 7.81 

  

 

Appendix 7.150 [ Percent Te-desorption with groundwater (6 mL-spike), for Fig. 3.25 ] 

6 mL spike 

      TRU, mg % Te-des-1 % Te-des-2 % Te-des-3 HF (mol/L) Ave % Te desorp std dev 

100 2.22 2.73 3.21 0.50 2.72 0.49 

100 3.48 4.00 3.74 1.0 3.74 0.26 

100 4.28 4.30 4.32 2.0 4.30 0.02 

100 5.68 4.92 7.59 3.0 6.07 1.38 

100 11.47 3.14 3.82 4.0 6.14 4.63 

100 14.94 14.28 18.60 5.0 15.94 2.33 

100 21.25 21.10 25.59 6.0 22.64 2.55 

    

ave 8.79 

 

    

std dev 7.53 
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Appendix 7.151 [ Fig. 3.25 The desorption of tellurium by hydrofluoric acid (0.50 to 6.0 mol L–1) in 

presence of groundwater ] 

 

Desrption % Te desorp % Te desorp % Te desorp % Te desorp 

HF (mol/L) Te + 0 mL Te + 2 mL Te + 4 mL Te + 6 mL 

0.50 3.62 5.59 4.27 2.72 

1.0 6.11 6.31 5.52 3.74 

2.0 8.20 7.51 7.20 4.30 

3.0 12.28 10.08 11.33 6.07 

4.0 17.70 9.53 12.62 6.14 

5.0 18.90 10.47 19.19 15.94 

6.0 17.89 17.57 25.74 22.64 

ave 12.10 9.58 12.27 8.79 

std dev 6.25 4.00 7.81 7.53 

 

 

Appendix 7.152 [ Fig. 3.26 A comparison on the desorption performance of tin in presence of field 

water, ‘SW’ stands for surface water, and ‘GW’ for groundwater ] 

 

% Sn desorption Surface water Groundwater 

Spikes % Sn desorp % Sn desorp 

Sn + 0 mL 86.89 79.38 

Sn + 2 mL 84.29 83.65 

Sn + 4 mL 87.22 82.03 

Sn + 6 mL 83.54 80.18 

ave 85.48 81.31 

std dev 1.84 1.92 

 

 

Appendix 7.153 [ Fig. 3.27 A comparison on the desorption profile of tellurium in presence of field 

water, ‘SW’ stands for surface water, and ‘GW’ for groundwater ] 

 

% Te desorption Surface water Groundwater 

Te + 0 mL 18.06 12.09 

Te + 2 mL 11.49 9.58 

Te + 4 mL 13.54 12.27 

Te + 6 mL 17.45 8.79 

ave 15.13 10.68 

std dev 315% 176% 
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Appendix 7.154 [ Limit of detection (LOD) for ICP- MS in the detection of Sn ] 

 

 

Sample 

ID 

Sn 

CPS 

Blk 

CPS 

Real 

CPS 

Sn 

slope Sn ppb 

Ave Sn 

ppb std dev 3*sd 

LOD-

ppb 

P1 122.23 0.00 122.23 15302 0.008 0.008 0.001 0.004 0.004 

P2 137.04 0.00 137.04 15302 0.009 

    P3 133.33 0.00 133.33 15302 0.008 

    P4 148.15 0.00 148.15 15302 0.009 

    P5 151.85 0.00 151.85 15302 0.009 

    P6 137.04 0.00 137.04 15302 0.008 

    P7 96.30 0.00 96.30 15302 0.006 

    P8 118.52 0.00 118.52 15302 0.008 

    P9 140.75 0.00 140.75 15302 0.009 

    P10 92.597 0.00 92.597 15302 0.006 

     

 

Appendix 7.155 [ Limit of detection (LOD) for ICP-MS in the detection of Te ] 

 

 

 

Sample 

ID 

Te 

CPS Blk 

CPS 

Real 

CPS 

Te 

slope Te ppb 

Ave Te 

ppb std dev 3*sd 

LOD-

ppb 

P1 33.33 0.00 33.33 1019 0.032 0.029 0.015 0.046 0.046 

P2 25.93 0.00 25.93 1019 0.025 

    P3 25.92 0.00 25.92 1019 0.025 

    P4 29.63 0.00 29.63 1019 0.029 

    P5 18.52 0.00 18.52 1019 0.018 

    P6 14.81 0.00 14.81 1019 0.015 

    P7 25.93 0.00 25.93 1019 0.025 

    P8 14.81 0.00 14.81 1019 0.015 

    P9 44.45 0.00 44.45 1019 0.044 

    P10 66.67 0.00 66.67 1019 0.065 
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Appendix 7.156 [ Concentration of Sn and Te in the field water detected by ICP-MS ] 

 

 

Sn + Te Surface water The limit of detection (LOD) for Sn was 0.004 ppb. 

 

Sn Sample ID 

 

Sn 

CPS 

Blk 

CPS Real CPS Sn slope Sn ppb 

Ave. Sn 

ppb 

 

P4 - SW1 825.96 0.00 825.96 16805 0.049 

 

 

P5 - SW2 633.36 0.00 633.36 16805 0.038 0.04 

 

P6 - SW3 629.65 0.00 629.65 16805 0.038 

 

        

Te Sample ID Te CPS 

Blk 

CPS Real CPS Te slope Te ppb 

Ave. Te 

ppb 

 

P4 - SW1 7.41 0.00 7.41 774.78 0.009 

 

 

P5 - SW2 0.00 0.00 0.00 774.78 0.000 0.0064 

 

P6 - SW3 7.41 0.00 7.41 774.78 0.009 

 

         

Sn + Te Groundwater The limit of detection (LOD) for Te was 0.04611 ppb. 

 

Sn Sample ID 

 

Sn 

CPS 

Blk 

CPS Real CPS Sn slope Sn ppb 

Ave. Sn 

ppb 

 

P7 - GW1 1111.17 0.00 1111.17 16805 0.071 

 

 

P8 - GW2 1366.74 0.00 1366.74 16805 0.080 0.07 

 

P9 - GW3 1200.06 0.00 1200.06 16805 0.072 

 

        

Te Sample ID Te CPS 

Blk 

CPS Real CPS Te slope Te ppb 

Ave. Te 

ppb 

 

P7 - GW1 7.41 0.00 7.41 774.78 0.009 

 

 

P8 - GW2 11.11 0.00 11.11 774.78 0.01 0.01 

 

P9 - GW3 11.11 0.00 11.11 774.78 0.01 
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Abstract 

This article represents the production reaction and half-lives of fortyone tin isotopes 

identified so far, some common properties of elemental tin have also been tabulated. 
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Explanatory Notes 

Atomic number: Z 

Neutron number: N 

Mass number: A 

Reaction scheme: The reaction scheme of an isotope was reproduced either in the same 

order as appeared in the original paper, or the target material was kept within the 

parenthesis. The very similar reaction scheme of an isotope has been repeated to show the 

frequency of study over different time intervals. 
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Half-lives: The unit of half-life was kept intact as appeared in the original article. Again, 

the same half-life value has been repeated to show the degree of consistencies among 

different study groups. The half-life symbol stands: ns for nano-second (10–9 s), μs for 

micro-second (10–6 s), ms for millisecond (10–3 s), s for second, m for minute, h for hour, 

d for day, y for year, and ky for kiloyear (103 y). 

References: References were kept restricted, as much as possible, to peer review and 

open access journals; it will enable interested readers to look on the original paper for a 

greater detail. In the full reference list, an et al. follows the first name for more than six 

authors. 

Abbreviations: ICAW, International Commission on Atomic Weight; IUPAC, 

Internatinal Union of Pure and Applied Chemistry; NMR, Nuclear Magnetic Resonance; 

RMS, Root Mean Square. 

The symbol ‘#’ represents not purely experimental value, additional explanatory notes are 

available in the source article. 

  

 Table 1: Some common properties of tin 
Parameter Value Ref. 

Atomic number, Z 50 [W14] 

Atomic weight, observed in 1811 by Gay-Lussac  117.65 [B72] 

Atomic weight, reported in 1991 by IUPAC 118.710(7) [I12] 

Abundance, relative to silicon = 1 × 106  3.6 [C5] 

Boiling point 2270 °C [W14] 

Density, reported in 1902 7.300 [S44] 

Electron affinity, eV 1.2 [M39] 

Electronic configuration 1s22s22p63s23p63d104s24p64d105s25p2 [W14] 

Electronegativity 1.96 [A9] 

First discovery of tin isotope, reported in 1922 by Aston 119–122Sn, 124Sn [A30] 

Last discovery of tin isotope, reported in 2015 by 

Lorusso 

139Sn [L27] 

Ionization potential, eV 7.3 [D15] 

Melting point 231.9681 °C [W14] 

Main oxidation states  +2, +4 [C51] 

Valence 2, 4 [O9] 

Specific gravity 5.75 (gray), 7.31 (white) [W14] 

Number of isotopes 41 [W11] 

Number of stable isotopes 10, the greatest number of stable 

isotopes among all elements in the 

periodic table  

[L1], 

[R30], 

[Y10] 

Self-conjugated nuclide (N = Z) 100Sn,N = 50, Z = 50 [M34] 

Doubly magic isotopes 100Sn,N = 50, 132Sn,N = 82 [B29] 

Double shell closure 100Sn (N = 50) & 132Sn (N = 82) [A8] 

The most magic isotope among all heavy nuclide  132Sn (N = 82) [Z6] 

Isotope with therapeutic application  117Snm (t½ = 13.6 d) [L35] 

Isotopes with spectroscopic applications Stable isotopes possessing odd 

number of neutrons – 115Sn, 117Sn, 
119Sn (all three have a nuclear spin of 

one-half, I = ½) 

[D32], 

[G55], 

[S81] 

Isotope with the smallest mass unit 99Sn (98.948530# ± 540#) [W11] 

Isotope with the largest mass unit 139Sn (138.958730# ± 540#) [W11] 

Isotope with the shortest half-life 138Sn (210 ± 45 ns) [S52] 

Isotope with the longest half-life  126Sn ((2.5 ± 0.2) × 106 y)) [Z2] 
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Table 2: Nucleosynthesis of stable tin isotopes 
Isotope 

Z = 50 

N A RMS 

nuclear 

charge 

radii 

(fm)*  

[A15] 

Produced 

by 

[L28] 

Modes of 

nucleosynthesis 

[B83],[L2] 

 

Abundance (per cent) 

Aston 

(1936) 

[A33] 

ICAW  

(1973) 

[B41] 

IUPAC  

(1997) 

[R31] 

112Sn 62 112 4.5948 p–process Proton capture  1.1 0.973(3) 0.97(1) 

114Sn 64 114 4.6099 p–process Proton capture  0.8 0.652(3) 0.66(1) 

115Sn 65 115 4.6148 p–, r–, s–

processes 

Proton and neutron 

captures (rapid and 

slow) 

0.4 0.359(3) 0.34(1) 

116Sn 66 116 4.6250 s–process Slow neutron 

capture 

15.5 14.532(36) 14.54(9) 

117Sn 67 117 4.6302 r–, s–

processes 

Slow and rapid 

neutron captures 

9.1 7.675(23) 7.68(7) 

118Sn 68 118 4.6393 r–, s–

processes 

Slow and rapid 

neutron captures 

22.5 24.218(36) 24.22(9) 

119Sn 69 119 4.6438 r–, s–

processes 

Slow and rapid 

neutron captures 

9.8 8.583(13) 8.59(4) 

120Sn 70 120 4.6519 r–, s–

processes 

Slow and rapid 

neutron captures 

28.5 32.590(33) 32.58(9) 

122Sn 72 122 4.6634 r–process Rapid neutron 

capture 

5.5 4.629(9) 4.63(3) 

124Sn 74 124 4.6735 r–process Rapid neutron 

capture 

6.8 5.789(18) 5.79(5) 

*[1 fm = 10–15 m] 

 

Table 3: Early events on the discovery of tin isotopes 
Year Events Lab/City Country 

1922 Almost a century ago, Aston [A30], while working with tin tetramethide 

on the “Half Tone” photographic plate at the Cavendish Laboratory, 

surprisingly observed eight spectral lines on the newly installed (in 1919) 

[A32] mass-spectrograph which correspond atomic weights of 116 (c), 

117 (f), 118 (b), 119 (e), 120 (a), 121 (h), 122 (g), and 124 (d). The letter 

in the bracket indicates intensity, corresponding to chemical weight of tin 

118.7. He assumed that these lines might have been appeared due to the 

presence of tin isotopes. However, the assignment of the extremely faint 

line 121 (h) was uncertain. 

Cambridge UK 

1924 Richards [R26], Harvard University, in the very first article in Chemical 

Review has organized these eight isotopes in decreasing order of 

abundances as 120, 118, 116, 124, 119, 117, 122 and 121. 

Harvard USA 

1927 Aston [A31], Cavendish Laboratory, has mentioned that tin possesses at 

least 11 isotopes, which were arranged in order of intensity on the mass 

spectrogram as: 120, 118, 116, 124, 119, 117, 122, 121, 112, 114 and 

115. In this publication, he has added three more isotopes (112Sn, 114Sn, 
115Sn) with the 1922-observation. 

Cambridge UK 

1934 Fermi et al. [F7], in the Physical Laboratory at the University of Rome, 

have carried out an extensive study to observe the artificial radioactivity 

of more than sixty elements. The neutron bombardment on tin rather 

showed a very weak activity, presumably due to the presence of impurity. 

In the same time, they have mentioned the existence of 11 tin isotopes 

(112, 114, 115, 116, 117, 118, 119, 120, 121, 122, 124), but the 

abundances of two isotopes (118 and 120) have been reported as more 

than 20% of the element. 

 

Rome Italy 
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Table 3: Early events on the discovery of tin isotopes (continued) 
Year Events Lab/City Country 

1934 Tolansky [T16], at Imperial College of Science, has mentioned the 

isotoic abundances of tin as (per cent): 112 (1.1), 114 (0.7), 115 (0.4), 

116 (14.2), 117 (9.8), 118 (21.5), 119 (11.0), 120 (27.0), 121 (2.9), 122 

(5.0) and 124 (6.2). 

London UK 

1935 Amaldi et al. [A10], in the Physical Laboratory at the University of 

Rome, have also mentioned the same isotopic abundances of tin as 

reported by Fermi [F7]. 

Rome Italy 

1936 Aston [A33], Cavendish Laboratory, has arranged 10 tin isotopes with 

their abundances (in percent) as: 112Sn (1.1), 114Sn (0.8), 115Sn (0.4), 
116Sn (15.5), 117Sn (9.1), 118Sn (22.5), 119Sn (9.8), 120Sn (28.5), 122Sn 

(5.5), 124Sn (6.8). 

Cambridge UK 

1936 Livingood [L22], at the University of California, has prepared 121Sn 

isotope by the 5-MeV deuteron bombardment on a piece of antimony 

metal. The reaction follows as: 

51Sb123  + 1H2   → 50Sn121  + 2He4, 

50Sn121  → 51Sb121  +  e– 

Berkeley USA 

1936 Livingood and Seaborg [L23], at the University of California, have 

carried out another experiment by the same 5-MeV deuteron 

bombardment on tin and have chemically analyzed the reaction products 

for transmutation into radioactive indium, tin and antimony isotopes. 

Berkeley USA 

1937 Lawson and Cork [L7], at the University of Michigan, have reported the 

abundances of six tin isotopes (as percent): 112 (1.1), 114 (0.8), 115 

(0.4), 116 (15.5), 117 (9.1), and 118 (22.5). 

Michigan USA 

1938 Pool [P27], Ohi State University, has reported the abundances of five tin 

isotopes as 112 (1.1), 114 (0.8), 115 (0.4), 116 (15.5), and 117 (9.1 %) 

Ohio USA 

1944 Seaborg [S28], University of California, in his article “Table of 

Isotopes” has reported 13 tin isotopes having atomic masses of 112–120, 

122, 124–126; among these only one isotope (113Sn) with definite 

elemental identity and mass assignment, one isotope (125Sn) with 

definite elemental identity but probable mass assignment, one isotope 

(126Sn) with definite elemental identity but no mass assignment, and one 

isotope (119Sn) with no certain elemental identity. Also, it has been 

claimed that no sufficient evidence is available for 125Sn isotope.  

Berkeley USA 

1948 White and Cameron [W19], at Oak Ridge, have determined the isotopic 

abundances of tin, with a wider range of other elements, by mass 

spectrometric techniques, which follows as (in percent): 112 (0.90 ± 

0.003), 114 (0.61 ± 0.01), 115 (0.35 ± 0.006), 116 (14.07 ± 0.08), 117 

(7.54 ± 0.03), 118 (23.98 ± 0.03), 119 (8.62 ± 0.003), 120 (33.03 ± 

0.12), 122 (4.78 ± 0.01), and 124 (6.11 ± 0.006). 

Tennessee USA 

1950 Duckworth and Preston [D28], in the Scott Laboratory at Wesleyan 

University, on mass spectrographic analysis, have assigned the mass of 
116Sn isotope, along with other radionuclides, as 115.93794 ± 0.00058 

Connecticut USA 

1962 Barber et al. [B10], at McMaster University, have presented the masses 

of seven tin isotopes: 116Sn (115.901758), 117Sn (116.902968), 118Sn 

(117.901614), 119Sn (118.903315), 120Sn (119.902201), 122Sn 

(121.903439), and 124Sn (123.905264). 

Hamilton Canada 

1962 The International Commission on Atomic Weights [C4] has reported ten 

isotopes of tin: 112Sn, 114Sn, 115Sn, 116Sn, 117Sn, 118Sn, 119Sn, 120Sn, 122Sn 

& 124Sn.  

ICAW *** 
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Table 4: Early events of half-life measurement of tin isotopes. 
Year Isotope Half-

life 

Events Lab/City Countr

y 

1934 Sn Weak 

activity 

Fermi et al. [F7], in the Physical Laboratory at the University of 

Rome, have carried out a thorough investigation to observe the 

artificial radioactivity on more than sixty elements. The neutron 

bombardment on tin, however, showed an extremely weak 

activity. They claimed that this might have caused due to 

impurity. 

Rome Italy 

1936 Sn 8 m, 

18 m 

The half-life measurement of tin can be traced back to 1936, done 

by Naidu at the Birkbeck College [N2]. Geiger-Müller counters 

filled with air were irradiated with slow neutrons from a radon-

beryllium source and the subsequent radioactivity of tin was 

measured. The slow neutron bombardment yields radiations of 

half-lives of 8 ± 2 minutes and 18 ± 2 minutes. 

London UK 

1936 Sn 28 h Livingood and Seaborg [L23], at the University of California, 

have irradiated tin with 5-MeV deuterons. The tin fraction 

showed an activity of 28 ± 2 hours. 

Berkeley  USA 

1937 Sn 47 m Pool et al. [P26], at the University of Michigan, have observed 

that neutron bombardment on tin produces an activity of 47 

minutes. 

Michigan USA 

1937 123Sn, 
125Sn 

18 m 

8 m 

Grosse [G40] has tabulated all ten stable isotopes having mass 

number 112, 114, 115, 116, 117, 118, 119, 120, 122 and 124. 

Two radioactive isotopes, 123Sn and 125Sn, have been assigned a 

half-life of 18 minutes and 8 minutes, respectively. 

Chicago USA 

1939 Sn 

 

70 d Livingood and Seaborg [L24], again with 5-MeV deuteron 

bombardment on tin at the University of California, have found 

that tin precipitate shows radioactivity with half-lives of 9 

minutes, 40 minutes, 26 hours, 10 days, 70 days and at least 400 

days. The 70-day activity, therefore, was assigned to 113Sn, which 

decays to stable 113In isotope by the K-electron capture. 

Berkeley USA 

1949 124Sn ~ 1016 

y 

Fireman [F11], at Princeton University, has reported that 124Sn 

isotope with a double beta-decay produces a half-life of 0.4×1016 

to 0.9×1016 years. 

Princeton USA 

1949 111Sn 35 m Hinshaw and Pool [H27], at Ohio State University, have 

observed that the tin fraction of alpha-particle bombardment on 

cadmium produces 111Sn isotope which decays with a half-life of 

35.0 ± 0.5 minutes. 

Ohio USA 

1949 125Sn, 
123Sn, 
121Sn  

9.8 m, 

40 m, 

1.1 d 

Lee and Pool [L9], at Ohio State University, have observed that 

neutron bombardment on SnO2 powder produces 9.8 minutes, 40 

minutes, and 1.1-day activity, which are due to 125Sn, 123Sn and 
121Sn isotopes, respectively.  

Ohio USA 

1949 108Sn 4.5 h Mallary and Pool [M8], at Ohio State University, have 

demonstrated that tin-108 isotope can be prepared by bombarding 

cadmium-106 isotope with 20-MeV alpha particles, which decays 

with a half-life of 4.5 h by K-electron capture. 

Ohio USA 

1951 127Sn, 
126Sn 

1.5 h, 

50 m 

Barnes and Freedman [B14], at the Los Alamos Scientific 

Laboratory, have observed that the fission of 235U produces 1.5-h 

Sn activity, which was assigned to 127Sn. It was also assumed that 

the ‘70-min Sn’ fraction consists, at least, a mixture of 50-min 
126Sn and 1.5-h 127Sn. In 1962, Dropesky and Orth [D25] have 

reported that 126Sn has a half-life of as high as 105 years. 

Los 

Alamos 

USA 

1952 124Sn ~ 017 y Fireman and Schwarzer [F12], at the Brookhaven National 

Laboratory, have re-investigated the double beta-decay of 124Sn 

isotope and made conclusion that 124Sn should possess a half-life 

of (2–5) × 1017 years. 

New 

York 

USA 
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Table 5: Nuclear properties of tin isotopes 
Isotope 

Z = 50 

N A Atomic mass (amu) 

[W11] 

RMS 

nuclear 

charge 

radii 

(fm) 

[A15] 

Mass excess (keV) 

[W11] 
Binding energy 

per nucleon 

(keV) 

[W11] 

Beta-decay energy 

(keV) [W11] 

99Sn 49 99 98.948530# 540#  –47940# 500# 8160# 5# β+ 13430# 590# 
100Sn 50 100 99.938500 320  –57280 300 8253 3 β+ 7030 240 
101Sn 51 101 100.935260 320  –60310 300 8281.1 3.0 β+ 8310# 360# 
102Sn 52 102 101.930290 110  –64930 100 8324.4 1.0 β+ 5760 100 
103Sn 53 103 102.928100 82  –66970 70 8341.8 0.7 β+ 7660 70 
104Sn 54 104 103.923105 6  –71627 6 8383.91 0.06 β+ 4556 8 
105Sn 55 105 104.921268 4  –73338 4 8397.23 0.04 β+ 6303 11 
106Sn 56 106 105.916957 5  –77354 5 8432.04 0.05 β+ 3254 13 
107Sn 57 107 106.915714 6  –78512 5 8439.49 0.05 β+ 5052 12 
108Sn 58 108 107.911894 6 4.5605 –82070 5 8469.03 0.05 β+ 2050 10 
109Sn 59 109 108.911293 9 4.5679 –82630 8 8470.52 0.07 β+ 3859 9 
110Sn 60 110 109.907845 15 4.5785 –85842 14 8496.09 0.13 β+ 628 18 
111Sn 61 111 110.907741 6 4.5836 –85939 5 8493.13 0.05 β+ 2453 6 
112Sn 62 112 111.9048249 3 4.5948 –88655.06 0.29 8513.618 0.003    
113Sn 63 113 112.9051758 17 4.6015 –88328.1 1.6 8506.811 0.014 β+ 1039.0 1.6 
114Sn 64 114 113.90278013 3 4.6099 –

90559.723 
0.029 8522.566     

115Sn 65 115 114.903344697 16 4.6148 –

90033.835 

0.015 8514.069     

116Sn 66 116 115.90174282 10 4.6250 –91525.97 0.01 8523.116 0.001    
117Sn 67 117 116.9029540 5 4.6302 –90397.8 0.5 8509.611 0.004    
118Sn 68 118 117.9016066 5 4.6393 –91652.9 0.5 8516.533 0.004    
119Sn 69 119 118.9033112 8 4.6438 –90065.0 0.7 8499.449 0.006    
120Sn 70 120 119.9022019 10 4.6519 –91098.4 0.9 8504.492 0.007 β– –2681 7 
121Sn 71 121 120.9042428 10 4.6566 –89197.3 1.0 8485.201 0.008 β– 403.1 2.7 
122Sn 72 122 121.9034440 26 4.6634 –89941.3 2.4 8487.907 0.020 β– –1606 3 
123Sn 73 123 122.9057254 26 4.6665 –87816.2 2.4 8467.243 0.020 β– 1407.9 2.7 
124Sn 74 124 123.9052767 11 4.6735 –88234.2 1.0 8467.421 0.008 β– –613.9 1.5 
125Sn 75 125 124.9077864 11 4.6765 –85896.4 1.0 8445.550 0.008 β– 2359.9 2.6 
126Sn 76 126 125.907659 11 4.6833 –86015 10 8443.52 0.08 β– 380 30 
127Sn 77 127 126.910390 11 4.6867 –83471 10 8420.56 0.08 β– 3229 11 
128Sn 78 128 127.910507 19 4.6921 –83362 18 8416.98 0.14 β– 1268 14 
129Sn 79 129 128.913482 19 4.6934 –80591 17 8392.82 0.13 β– 4038 27 
130Sn 80 130 129.9139745 20 4.7019 –80132.2 1.9 8386.816 0.014 β– 2153 14 
131Sn 81 131 130.917053 4 4.7078 –77265 4 8362.517 0.028 β– 4717 4 
132Sn 82 132 131.9178239 21 4.7093 –76546.5 2.0 8354.872 0.015 β– 3089 3 
133Sn 83 133 132.9239138 20  –70873.9 1.9 8310.088 0.014 β– 8050 4 
134Sn 84 134 133.928680 3  –66434 3 8275.171 0.024 β– 7587 4 
135Sn 85 135 134.934909 3  –60632 3 8230.687 0.023 β– 9058 4 
136Sn 86 136 135.939990# 320#  –55900# 300# 8195# 2# β– 8610# 300# 
137Sn 87 137 136.946550# 430#  –49790# 400# 8149# 3# β– 10270# 400# 
138Sn 88 138 137.951840# 540#  –44860# 500# 8113# 4# β– 9360# 1180# 
139Sn 89 139 138.958730# 540#  –38440# 500# 8066# 4# β– 11350# 640# 
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Table 6: Discovery, production scheme and half-lives of tin isotopes. 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

99Sn 2016 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [C20] 

  2016 124Xe52+(Be)99Sn Fragmentation [C20] 1997 41.8 ms  [M33] 

      2003 5# ms  [A42] 

      2012 5# ms >0.2 

μs 

[A43] 

      2016 >760 ns  [C20] 

      2017 5# ms >0.2 

μs 

[A45] 

      2017 >760 ns  [B82] 

      2018 24 ms 4 [P7] 
100Sn 1994 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [S19] 

  1994 112Sn(58Ni)100Sn Fragmentation [L11] 1994 0.53 s  [B80] 

  1994 124Xe(Be)100Sn Nuclear 

fragmentation 

[S19] 1995 0.66 s  [S20] 

  1995 112Sn(58Ni)100Sn Quasi-fragmentation L12] 1995 0.66 s  [S21] 

  1995 112Sn(natNi)100Sn Quasi-fragmentation [R37] 1996 0.94 s  [K35] 

  1995 124Xe(Be)100Sn Nuclear 

fragmentation 

[S20] 1997 1.1 s 0.4 [A41] 

  1995 124Xe(Be)100Sn Nuclear 

fragmentation 

[S21] 1997 1.8113 s  [M33] 

  1996 50Cr(58Ni)100Sn Fusion-evaporation [C28] 1997 0.94  [S54] 

  1996 124Xe(Be)100Sn Fragmentation [K35] 1997 0.94 s  [S74] 

  1997 50Cr(58Ni)100Sn Fusion-evaporation [L10] 2003 1.1 s 0.4 [A42] 

  1997 50Cr(58Ni)100Sn Fusion-evaporation [M25] 2005 0.94 s  [K7] 

  1997 124Xe(Be)100Sn High-energy 

projectile 

fragmentation 

[S74] 2008 0.55 s  [B18] 

  2001 58Ni(50Cr)100Sn Fusion-evaporation [L19] 2008 1.0 s  [S56] 

  2002 112Sn(Be)100Sn Fragmentation [F1] 2012 1.11 s 0.15 [A43] 

  2005 58Ni(50Cr, 

2p6n)100Sn 

Fusion-evaporation, 
58Ni beam on the 50Cr 

target 

[K7] 2012 1.16 s 0.20 [B26] 

  2007 104Te(α)100Sn Alpha-decay  [M31] 2017 1.16 s 0.16 [A45] 

  2008 112Sn(Be)100Sn Nuclear 

fragmentation 

[B18]     

  2008 58Ni(54Fe)100Sn Fusion-evaporation [K48]     

  2012 104Te(α)100Sn Alpha-decay  [B30]     

  2012 112Sn(9Be)100Sn Fragmentation [L26]     

  2014 56Ni(46Ti, 

2n)100Sn 

Fusion-quasifission [K2]     

  2014 58Ni(46Ti, 

4n)100Sn 

Fusion-quasifission [K2]     

  2014 75Rb(28Si, 

p2n)100Sn 

Fusion-quasifission [K2]     

  2014 58Ni(50Cr, 

α4n)100Sn 

Fusion-quasifission [K2]     

  2014 56Ni(50Cr, 

α2n)100Sn 

Fusion-quasifission [K2]     

  2014 56Ni(58Ni, 
12C2n)100Sn 

Fusion-quasifission [K2]     

  2014 56Ni(58Ni, 
14C)100Sn 

Fusion-quasifission [K2]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

100Sn 1994 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [S19] 
  2014 58Ni(58Ni, 

12C4n)100Sn 

Fusion-quasifission [K2]     

  2014 58Ni(58Ni, 
14C2n)100Sn 

Fusion-quasifission [K2]     

  2014 72Kr(40Ca, 
12C)100Sn 

Fusion-quasifission [K2]     

  2014 72Kr(40Ca, 

3α)100Sn 

Fusion-quasifission [K2]     

  2017 124Xe(9Be)100Sn Fragmentation 

reaction 

[P6]     

101Sn 1994 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [S19] 

  1981 50Cr(58Ni, 

2p5n)101Sn 

Fusion-evaporation [T10] 1994 1.5 s  [B80] 

  1994 112Sn(58Ni)101Sn Fragmentation [L11] 1995 3 s 1 [J3] 

  1994 124Xe(Be)101Sn Nuclear 

fragmentation 

[S19] 1997 3.4883 s  [M33] 

  1995 50Cr(58Ni, 

2p5n)101Sn 

Fusion-evaporation [J3] 2003 3 s 1 [A42] 

  1995 124Xe(Be)101Sn Nuclear 

fragmentation 

[S20] 2007 1.9 s 0.3 [K22] 

  1995 124Xe(Be)101Sn Nuclear 

fragmentation 

[S21] 2012 1.97 s 0.16 [A43] 

  1997 124Xe(Be)101Sn High-energy 

projectile 

fragmentation 

[S74] 2012 2.1 s 0.2 [L26] 

  2000 58Ni(50Cr, 

α3n)101Sn 

Heavy-ion induced 

fusion 

[C41] 2016 3 s  [C7] 

  2000 58Ni(58Ni, 
12C3n)101Sn 

Heavy-ion induced 

fusion 

[C41] 2017 1.97 s 0.16 [A45] 

  2006 105Te(α)101Sn Alpha-decay [L14]     

  2006 105Te(α)101Sn Alpha-decay  [S40]     

  2007 50Cr(58Ni, 

α3n)101Sn 

Fusion-evaporation [K22]     

  2007 105Te(α)101Sn Alpha-decay [M17]     

  2007 105Te(α)101Sn Alpha-decay [M31]     

  2007 58Ni(46Ti)101Sn 58Ni beam on the 46Ti 

target followed by the 

3-neutron evaporation 

from the 104Sn 

compound nucleus 

[S41]     

  2010 54Fe(58Ni, 

α)101Sn 

Heavy-ion fusion-

evaporation 

[D9]     

  2012 112Sn(9Be)101Sn Fragmentation [L26]     

  2014 56Ni(46Ti, 

n)101Sn 

Fusion-quasifission [K2]     

  2014 58Ni(46Ti, 

3n)101Sn 

Fusion-quasifission [K2]     

  2014 75Rb(28Si, 

pn)101Sn 

Fusion-quasifission [K2]     

  2014 58Ni(50Cr, 

α3n)101Sn 

Fusion-quasifission [K2]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

101Sn 1994 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [S19] 
  2014 56Ni(50Cr, 

αn)101Sn 

Fusion-quasifission [K2]     

  2014 56Ni(58Ni, 
12C1n)101Sn 

Fusion-quasifission [K2]     

  2014 58Ni(58Ni, 
12C3n)101Sn 

Fusion-quasifission [K2]     

  2014 58Ni(58Ni, 

3α3n)101Sn 

Fusion-quasifission [K2]     

  2014 58Ni(58Ni, 
14C1n)101Sn 

Fusion-quasifission [K2]     

102Sn 1994 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L11] 

  1981 106Te(α)102Sn Alpha-decay [S8] 1995 4.5 s 0.7 [S20] 

  1994 112Sn(58Ni)102Sn Fragmentation  [L11] 1997 4.6 s 1.4 [A41] 

  1994 124Xe(Be)102Sn Nuclear 

fragmentation 

[S19] 1998 4.5 s 0.7 [F40] 

  1995 114Ba(12C)102Sn Cluster radioactive 

decay  

[G51] 2003 4.6 s 1.4 [A42] 

  1995 112Sn(58Ni)102Sn Quasi-fragmentation  [L12] 2006 3.8 s 0.2 [K8] 

  1995 129Xe(Al)102Sn Nuclear 

fragmentation 

[S20] 2009 3.8 s 0.2 [F43] 

  1995 124Xe(Be)102Sn Nuclear 

fragmentation 

[S21] 2002 3.8 s 0.2 [F1] 

  1996 50Cr(58Ni, 

1α2n)102Sn 

58Ni beam on the 50Cr 

target 

[L17] 2012 3.8 s 0.2 [A43] 

  1998 50Cr(58Ni, 

α2n)102Sn 

58Ni beam on the 50Cr 

target 

[L18] 2016 3.8 s  [C7] 

  2001 58Ni(50Cr, 

1α2n)102Sn 

58Ni beam on the 50Cr 

target 

[L19] 2017 3.8 s 0.2 [A45] 

  2002 112Sn(Be)102Sn Fragmentation [F1]     

  2005 58Ni(50Cr, 

2p4n)102Sn 

Fusion-evaporation [K7]     

  2006 58Ni(50Cr, 

2p6n)102Sn 

Fusion-evaporation [K8]     

  2007 106Te(α)102Sn Alpha-decay [M31]     

  2014 58Ni(46Ti, 

2n)102Sn 

Fusion-quasifission [K2]     

  2014 58Ni(50Cr, 

α2n)102Sn 

Fusion-quasifission [K2]     

  2014 56Ni(50Cr, 

α)102Sn 

Fusion-quasifission [K2]     

  2014 56Ni(58Ni, 
12C)102Sn 

Fusion-quasifission [K2]     

  2014 58Ni(58Ni, 
12C2n)102Sn 

Fusion-quasifission [K2]     

  2014 58Ni(58Ni, 
14C)102Sn 

Fusion-quasifission [K2]     

  2016 106Te(α)102Sn  [C7]     
103Sn 1981 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [T10] 
  1965 107Te(α)103Sn Alpha-decay [M1] 1981 7 s 3 [T10] 

  1979 107Te(α)103Sn Alpha-decay [S7] 1997 7 s 3 [A41] 

  1981 107Te(α)103Sn Alpha-decay [S8] 2001 7 s 3 [F41] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

103Sn 1981 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [T10] 
  1981 58Ni(50Cr, 

2p3n)103Sn 

Fusion-evaporation [T10] 2003 7 s 3 [A42] 

  1991 107Te(α)103Sn Alpha-decay  [H21] 2004 7.0 s 0.6 [M37] 
  1994 112Sn(58Ni)103Sn Fragmentation [L11] 2005 7.0 s 0.2 [K19] 
  2001 58Ni(54Fe, 

2α1n)103Sn 

54Fe target undergoes 

evaporation treatment 

[F3] 2009 7.5 s 1.5 [F44] 

  2001 58Ni(50Cr, 

1α1n)103Sn 

58Ni beam on the 50Cr 

target 

[L19] 2012 7.0 s 0.2 [A43] 

  2001 107Te(γ, α)103Sn  [S9] 2016 7.0 s  [C7] 

  2002 107Te(α)103Sn Alpha-decay [S39] 2017 7.0 s 0.2 [A45] 

  2004 107Te(γ, α)103Sn  [H43]     

  2004 50Cr(58Ni, 

αn)103Sn 

Fusion-evaporation [M37]     

  2005 50Cr(58Ni, 

αn)103Sn 

Fission-evaporation [K19]     

  2005 50Cr(58Ni, 

αn)103Sn 

Fission-evaporation [K20]     

  2007 107Te(α)103Sn Alpha-decay [M17]     

  2009 54Fe(58Ni, 

2αnγ)103Sn 

 [F43]     

  2014 58Ni(46Ti, 

n)103Sn 

Fusion-quasifission [K2]     

  2014 58Ni(50Cr, 

αn)103Sn 

Fusion-quasifission [K2]     

  2014 56Ni(50Cr, 

2p1n)103Sn 

Fusion-quasifission [K2]     

104Sn 1985 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [D13] 

  1965 108Te(α)104Sn Alpha-decay [M1] 1985 23 s 2 [D13] 

  1979 108Te(α)104Sn Alpha-decay [S7] 1985 21 s 1 [R20] 

  1981 108Te(α)104Sn Alpha-decay [S8] 1988 21 s  [B11] 

  1985 92Mo(20Ne, 

pn)104Sn 

20Ne beam 

bombardment on the 
92Mo target 

[D13] 1991 20.8 s 0.5 [B48] 

  1985 50Cr(58Ni, 

2p2n)104Sn 

Fusion-evaporation  [R20] 2000 20.8 s 0.5 [B49] 

  1987 92Mo(16O, 

4n)104Sn 

Fusion-evaporation [K52] 2003 20.8 s 0.5 [A42] 

  1988 58Ni(50Cr, 

2p2n)104Sn 

Fusion-evaporation [B11] 2006 20.8 s 0.5 [K8] 

  1990 58Ni(50Cr, 

2p2n)104Sn 

Fusion-evaporation [S78] 2007 20.8 s 0.5 [B50] 

  1991 108Te(α)104Sn Alpha-decay  [H21] 2012 20.8 s 0.5 [A43] 

  1991 50Cr(58Ni, 

2p2n)104Sn 

Fusion-evaporation [S22] 2016 20.8 s  [C7] 

  1994 112Sn(58Ni)104Sn Fragmentation  [L11] 2017 20.8 s 0.5 [A45] 

  1994 105Sb(p)104Sn Proton-decay [T11]     

  1995 58Ni(50Cr, 

2p2n)104Sn 

Fusion-evaporation [G35]     

  1995 58Ni(50Cr, 

2p2n)104Sn 

Fusion-evaporation [S24]     

  1996 58Ni(50Cr, 

2p2n)104Sn 

Particle evaporation [C18]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

104Sn 1985 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [D13] 
  1996 58Ni(46Ti)104Sn Ni beam on the Ti 

target 

[G32]     

  1997 58Ni(50Cr, 

2p2n)104Sn 

Fusion-evaporation [G36]]     

  1998 58Ni(50Cr, 

2p2n)104Sn 

 [G33]     

  2001 58Ni(50Cr, 

2p2n)104Sn 

58Ni beam on the 
50Cr target 

[L19]     

  2001 108Te(γ, α)104Sn  [S9]     

  2005 105Sb(p)104Sn Direct proton-decay [L20]     

  2006 58Ni(50Cr, 

2p4n)104Sn 

Fusion-evaporation, 
58Ni beam on the 
50Cr target 

[K8]     

  2013 124Xe(9Be)104Sn Fragmentation [B1]     

  2013 46Ti(58Ni)104Sn Fusion-evaporation [F2]     

  2013 124Xe(9Be)104Sn Nuclear 

fragmentation 

[G43]     

  2014 124Xe(Be)104Sn Fragmentation [D24]     

  2018 124Xe(Be)104Sn Fragmentation [C45]     
105Sn 1981 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [T10] 

  1979 109Te(α)105Sn Alpha-decay [P23] 1981 31 s 0.6 [T10] 

  1979 109Te(α)105Sn Alpha-decay [S7] 1985 27 s 3 [D13] 

  1981 109Te(α)105Sn Alpha-decay [S8] 1995 34 s 1 [P17] 

  1981 58Ni(54Fe, 

2p5n)105Sn 

Fusion-evaporation [T10] 2003 34 s 1 [A42] 

  1991 109Te(α)105Sn Alpha-decay  [H21] 2005 34 s 1 [F42] 

  1991 50Cr(58Ni, 

2p1n)105Sn 

Fusion-evaporation [S22] 2006 32.6 s 0.6 [K21] 

  1992 58Ni(50Cr, 

2p1n)105Sn 

58Ni beam on the 

gold backed 50Cr 

target 

[S23] 2012 34 s 1 [A43] 

  1994 112Sn(58Ni)105Sn Fragmentation  [L11] 2016 34 s  [C7] 

  1994 105Sb(β+)105Sn  [T11] 2017 34 s 1 [A45] 

  1995 58Ni(50Cr, 

2p1n)105Sn 

Fusion-evaporation [A16]     

  1995 58Ni(50Cr, 

2p1n)105Sn 

Fusion-evaporation [G35]     

  1995 54Fe(54Fe, 

2p1n)105Sn 

Recoil of heavy-ion 

beams 

[I8]     

  1995 54Fe(54Fe, 

2p1n)105Sn 

Recoil of heavy-ion 

beams  

[O2]     

  1995 50Cr(58Ni, 

2p1n)105Sn 

58Ni beam on the 
50Cr target 

[P17]     

  1995 58Ni(50Cr)105Sn The target consisted 

self-supporting foils 

of isotopically 

enriched 50Cr 

[P25]     

  1995 58Ni(50Cr, 

2p1n)105Sn 

Fusion-evaporation [S24]     

  1996 58Ni(50Cr, 

2p1n)105Sn 

Particle evaporation [C18]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

105Sn 1981 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [T10] 
  1997 50Cr(58Ni, 

2p1n)105Sn 

 [G6]     

  1997 58Ni(50Cr, 

2p1n)105Sn 

Fusion-evaporation [G36]     

  2001 58Ni(50Cr, 

2p1n)105Sn 

58Ni beam on the 
50Cr target 

[L19]     

  2005 50Cr(58Ni, 

2p1n)105Sn 

Fusion-evaporation [K20]     

  2006 50Cr(58Ni, 

2p1n)105Sn 

Fusion-evaporation [K21]     

  2015 106Sn(9Be)105Sn One-neutron 

knockout reaction 

[J16]     

106Sn 1975 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [B84] 

  1975 106Cd(3He, 

3n)106Sn 

3He ions on the 

metallic cadmium 

target 

[B84] 1975 1.9 m 0.3 [B84] 

  1977 58Ni(58Ni)106Sn Fusion-evaporation [K37] 1978 2.10 m 0.15 [V5] 

  1978 96Ru(14N, 

p3n)106Sn 

Isotopically enriched 
96Ru target backed 

on gold 

[V5] 1988 115 s 5 [B11] 

  1978 96Ru(16O, 

2p4n)106Sn 

Isotopically enriched 
96Ru target backed 

on gold 

[V5] 1997 1.92 m 0.08 [A41] 

  1979 58Ni(58Ni, 

6p4n)106Sn 

58Ni beam on the 
58Ni target 

[P28] 2003 1.92 m 0.08 [A42] 

  1979 110Te(α)106Sn Alpha-decay [P28] 2008 115 s 5 [E3] 

  1979 110Te(α)106Sn Alpha-decay [S7] 2012 1.92 m 0.08 [A43] 

  1980 106Cd(3He, 

3n)106Sn 

 [A46] 2017 1.92 m 0.08 [A45] 

  1980 58Ni(54Fe)106Sn 58Ni bombardment 

on the 54Fe target 

[A47]     

  1981 110Te(α)106Sn Alpha-decay [S8]     

  1988 58Ni(58Ni, 

6p4n)106Sn 

Fusion-evaporation [B11]     

  1989 106Cd(3He, 

3n)106Sn 

3He bombardment [A14]     

  1989 58Ni(54Fe, 

α2p)106Sn 

Ni beam on the 

tantalum backed 54Fe 

target 

[A51]     

  1994 54Fe(58Ni, 

α2p)106Sn 

Fusion [M7]     

  1994 51V(58Ni, 

p2n)106Sn 

 [M7]     

  1994 54Fe(58Ni, 

α2p)106Sn 

Enriched 54Fe foil 

backed on thick Au  

[W2]     

  1995 54Fe(58Ni, 

α2p)106Sn 

Recoil of heavy-ion 

beams 

[I8]     

  1995 58Ni(54Fe, 

α2p)106Sn 

Fusion-evaporation [P9]     

  1997 58Ni(50Cr, 

2p)106Sn 

Fusion-evaporation [G36]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

106Sn 1975 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [B84] 
  1997 54Fe(58Ni, 

α2p)106Sn 

58Ni beam on the 
54Fe target  

[J19]     

  1998 54Fe(58Ni, 

α2p)106Sn 

54Fe beam on the 
58Ni target backed 

on gold 

[J5]     

  1999 54Fe(58Ni, 

α2p)106Sn 

54Fe beam on the 
58Ni target backed 

on gold 

[J6]     

  2001 58Ni(50Cr, 

2p)106Sn 

58Ni beam on the 
50Cr target 

[L19]     

  2007 124Xe(Be)106Sn Projectile 

fragmentation, 124Xe 

beams on the Be 

target 

[V1]     

  2012 108Sn(p, t)106Sn  [P31]     
107Sn 1976 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [H36] 

  1969 106Cd(α, 3n)107Sn Alpha-particle 

bombardment 

[Y6] 1976 2.90 m 0.05 [H36] 

  1976 106Cd(3He, 

2n)107Sn 

3He beam on the 
106Cd target 

[H36] 1997 2.90 m 0.05 [A41] 

  1976 106Cd(3He, 2nγ 

)107Sn 

3He bombardment 

on the 106Cd target 

[H36] 2003 2.90 m 0.05 [A42] 

  1977 58Ni(58Ni)107Sn Fusion-evaporation [K37] 2012 2.90 m 0.05 [A43] 

  1978 96Ru(14N, 

p2n)107Sn 

 [V5] 2017 2.90 m 0.05 [A45] 

  1980 58Ni(54Fen)107Sn 58Ni bombardment 

on the 54Fe target 

[A47]     

  1984 106Cd(3He, 

2nγ)107Sn 

3He beam on the 

isotopically enriched 

and self-supported 
106Cd target 

[A48]     

  1993 54Fe(56Fe, 

2p1n)107Sn 

Fusion, 54Fe target 

backed on 

evaporated gold 

layer 

[I7]     

  1995 56Fe(54Fe, 

2p1n)107Sn 

Recoil of heavy-ion 

beams 

[I8]     

  1995 54Fe(56Fe, 

2p1n)107Sn 

Recoil of heavy-ion 

beams  

[O2]     

  1997 107Sb(β+/EC)107Sn 107Sb preparation by 

fusion-evaporation 

using 58Ni beam on 
50Cr, 58Cr and 58Ni 

targets 

[S50]     

  2002 107Sb(β+/EC)107Sn 107Sb production 

from 58Ni(54Fe, 

3p2n) heavy-ion 

reaction 

[R25]     

  2015 108Sn(9Be)107Sn One-neutron 

knockout reaction 

[J16]     

  2016 108Sn(9Be)107Sn One-neutron 

knockout reaction 

[C21]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

108Sn 1949 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [M8] 
  1949 106Cd(α, 

2nγ)108Sn 

106Cd bombardment 

with alpha-particle 

[M8] 1949 4.5 h  [M8] 

  1968 106Cd(α, 2n)108Sn Alpha-particle 

bombardment 

[Y5] 1964 9 m  [N5] 

  1969 106Cd(α, 2n)108Sn Alpha-particle 

bombardment 

[Y6] 1977 10.8 m 0.3 [V4] 

  1969 100Ru(12C, 

4nγ)108Sn 

 [B49] 1978 10.30 

m 

 [H37] 

  1976 108Sb(β+)108Sn 108Sb production 

from 112Sn(p, 5n) 

reaction 

[O11] 1982 10.30 

m 

0.08 [H2] 

  1977 106Cd(3He, 

n)108Sn 

Two-neutron 

transfer reaction, 

target preparation by 

rolling or 

evaporation 

[F10] 1988 623 s 15 [B11] 

  1977 58Ni(58Ni)108Sn Fusion-evaporation [K37] 1997 10.30 

m 

0.08 [A41] 

  1977 106Cd(α, 2n)108Sn 106Cd target 

preparation by 

electroplating 

[V4] 2007 10.3 m  [O12] 

  1979 58Ni(58Ni, 

6p2n)108Sn 

58Ni beam on the 
58Ni target 

[P23] 2008 10.30 

m 

0.08 [E3] 

  1980 106Cd(α, 2n)108Sn  [A46] 2003 10.30 

m 

0.08 [A42] 

  1980 58Ni(54Fe)108Sn 58Ni beam on the 
54Fe target 

[A47] 2011 10.3 m  [R36] 

  1981 92Mo(19F, 

p2nγ)108Sn 

Isotopically enriched 
92Mo target backed 

on lead 

[A12] 2012 10.30 

m 

0.08 [A43] 

  1983 92Mo(19F, 

p2n)108Sn 

19F beam impinging 

on the 92Mo target 

sputtered onto Au 

foil 

[H15] 2017 10.30 

m 

0.08 [A45] 

  1984 92Mo(16O, γ)108Sn  [G1]     

  1984 96Ru(12C, γ)108Sn  [G1]     

  1987 98Mo(16O, 

6n)108Sn 

Fusion-evaporation [E1]     

  1988 58Ni(58Ni, 

6p2n)108Sn 

Fusion-evaporation [B11]     

  1989 58Ni(54Fe, 

4p)108Sn 

Ni beam on the 

tantalum backed 
54Fe target 

[A51]     

  1993 54Fe(58Ni, 

4p)108Sn 

Target consists of 

self-supporitng 54Fe 

foil 

[W1]     

  1994 54Fe(58Ni, 

4p)108Sn 

Fusion [M7]     

  1995 54Fe(58Ni, 

4p)108Sn 

Recoil of heavy-ion 

beams 

[I8]     

  1995 58Ni(54Fe, 

4p)108Sn 

Fusion-evaporation [P9]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

108Sn 1949 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [M8] 
  1995 18O(92Mo, 

2n)108Sn 

Fusion-evaporation 

followed by the 

heavy-ion collision 

[T7]     

  1995 50Ti(60Ni, 

2n)108Sn 

Fusion-evaporation 

followed by the 

heavy-ion collision 

[T7]     

  1996 54Fe(58Ni, 

4p)108Sn 

Target consists of 
54Fe foil 

[W3]     

  1997 54Fe(58Ni, 

4p)108Sn 

58Ni beam on the 
54Fe target  

[J19]     

  1997 108Sb(β+/EC)108Sn 108Sb preparation by 

fusion-evaporation 

using 58Ni beam on 
50Cr, 58Cr and 58Ni 

targets 

[S50]     

  1998 54Fe(58Ni, 

4p)108Sn 

54Fe beam on the 
58Ni target backed 

on gold 

[J5]     

  1998 54Fe(58Ni, 

4p)108Sn 

54Fe target backed 

on gold 

[W4]     

  1999 54Fe(58Ni, 

4p)108Sn 

54Fe beam on the 
58Ni target backed 

on gold 

[J6]     

  2007 124Xe(Be)108Sn Projectile 

fragmentation, 124Xe 

beams on the Be 

target 

[V1]     

  2008 108Cd(β– β–)108Sn Double-beta decay 

experiment using the 

low-background 

CdWO4 crystal 

scintillator 

[B23]     

109Sn 1965 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A11] 

  1962 109In(β–)109Sn 109In production by 

bombarding natural 

silver foils with 

alpha-particles 

[N16] 1964 18 m  [N5] 

  1969 108Cd(α, 3n)109Sn Alpha-particle 

bombardment 

[Y6] 1969 1.5 m 0.2 [H8] 

  1974 113In(p, 5n)109Sn Proton beam on 

natural indium 

[H30] 1970 18 m 1 [S42] 

  1976 106Cd(α, n)109Sn Alpha-irradiation [M4] 1974 18.0 m  [H30] 

  1976 109Sb(β+)109Sn 109Sb production 

from 112Sn(p, 4n) 

reaction 

[O11] 1978 18.0 m 0.2 [B28] 

  1977 58Ni(58Ni)109Sn Fusion-evaporation [K37] 1987 18 m  [E1] 

  1978 112Sn(3He, 
6He)109Sn 

3He beam on the 
112Sn target 

[P5] 1997 18.0 m 0.2 [A41] 

  1979 108Cd(α, 3n)109Sn Alpha-particle on 

metal foils enriched 

of Cd 

[H12] 2003 18.0 m 0.2 [A42] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

109Sn 1965 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A11] 
  1982 109Sb(β+)109Sn 109Sb production 

from 92Mo + 20Ne 

reaction 

[J10] 2005 18.0 m 0.2 [G53] 

  1987 98Mo(16O, 

5n)109Sn 

Fusion-evaporation [E1] 2012 18.0 m 0.2 [A43] 

  1987 97Mo(16O, 

4n)109Sn 

Fusion-evaporation [E1] 2016 18.1 m 0.2 [K54] 

  1992 61Ni(48Ti, γ)109Sn Bombardment of 
61Ni target with 48Ti 

beam 

[C3] 2017 18.0 m 0.2 [A45] 

  1995 55Mn(58Ni, 

3p1n)109Sn 

Heavy-ion and light 

particle-induced 

reaction 

[K14]     

  1995 106Cd(α, n)109Sn Heavy-ion and light 

particle-induced 

reaction 

[K14]     

  1995 106Cd(α, n)109Sn Alpha-particle on 

the 106Cd target 

[K15]     

  1995 55Mn(58Ni, 

3p1n)109Sn 

 [K15]     

  1995 18O(92Mo, 

1n)109Sn 

Fusion-evaporation 

followed by the 

heavy-ion collision 

[T7]     

  1995 50Ti(60Ni, 

1n)109Sn 

Fusion-evaporation 

followed by the 

heavy-ion collision 

[T7]     

  1996 94Mo(19F, 

p3n)109Sn 

Vacuum annealed  

94Mo target  

[C25]     

  1996 54Fe(59Co, 

3p1n)109Sn 

Bombardment of 

self-supporting 54Fe 

foil with 59Co beam 

[K16]     

  1999 106Cd(α, nγ)109Sn Alpha-particle 

bombardment, 

target preparation 

by evaporation 

[D8]     

  1999 106Cd(α, 

nγγ)109Sn 

Alpha-particle 

bombardment, 

target preparation 

by evaporation 

[D8]     

  2002 109Sb(β+/EC)109Sn 109Sb production 

from 58Ni(54Fe, 3p) 

heavy-ion reaction 

[R25]     

  2005 106Cd(α, n)109Sn Target preparation 

by evaporating 

isotopically 

enriched 106Cd 

[G53]     

  2006 106Cd(α, n)109Sn Target preparation 

by evaporating 

highly enriched 
106Cd onto Al 

[G54]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

110Sn 1964 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [N5] 
  1964 In(p)110Sn Proton 

bombardment on 

natural indium 

[N5] 1964 4 h  [N5] 

  1968 108Cd(α, 2n)110Sn Alpha-particle 

bombardment 

[Y5] 1974 4 h  [B69] 

  1969 108Cd(α, 2n)110Sn Alpha-particle 

bombardment 

[Y6] 1974 4.0 h  [H30] 

  1970 112Sn(p, t)110Sn Target preparation 

by SnO2 

evaporation 

[F14] 1983 4.11 h 0.10 [G19] 

  1972 110Sb(ε)110Sn  [M27] 1991 4.15 h  [L33] 
  1972 110Sb(β+)110Sn  [A40] 1997 4.11 h 0.10 [A41] 
  1972 110Sb(β+ + 

EC)110Sn 

Positron emission 

accompanied by 

electron capture 

[S53] 2003 4.11 h 0.10 [A42] 

  1974 113In(p, 4n)110Sn Proton beam on 

natural indium 

[H30] 2005 4.173 

h 

0.023 [G53] 

  1976 110Sb(β+)110Sn 110Sb production 

from 112Sn(p, 3n) 

reaction 

[O11] 2007 4.1 h  [C19] 

  1977 58Ni(58Ni)110Sn Fusion-evaporation [K37] 2007 4.11 h  [O12] 

  1980 112Sn(p, t)110Sn  [C48] 2009 4.156 

h 

 [R21] 

  1980 108Cd(α, 2n)110Sn Alpha-particle 

bombardment on 

the self-supporting 

cadmium target 

[P24] 2012 4.154 

h 

0.004 [A43] 

  1981 112Sn(p, t)110Sn  [C50] 2012 4.154 

h 

0.004 [G52] 

  1985 113In(p, 4nγ)110Sn  [G52] 2015 4.11 h  [D5] 

  1985 112Sn(p, 

p2nγ)110Sn 

 [G52] 2015 4.15 h  [K6] 

  1986 Cd(α)110Sn Alpha-irradiation on 

the cadmium target 

[A17] 2017 4.154 

h 

0.004 [A45] 

  1986 98Mo(16O, 

4nγ)110Sn 

Thin gold supported 
98Mo target 

[K11]     

  1987 94Mo(16O, γ)110Sn Heavy-ion fusion 

reaction  

[C23]     

  1987 98Mo(16O, 

4n)110Sn 

Fusion-evaporation [E1]     

  1987 40Ar(70Ge, 

γ)110Sn 

Bombardment of 
70Ge target by 40Ar 

beam 

[G3]     

  1987 45Sc(65Cu, γ)110Sn Bombardment of 

self-supporting 65Cu 

foil with 45Sc beam 

[M5]     

  1987 94Mo(19F, 

p2nγ)110Sn 

94Mo target backed 

on lead 

[V10]     

  1988 98Mo(16O, 

4n)110Sn 

Lead-backed 

isotopically-

enriched 98Mo 

target 

[H9]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

110Sn 1964 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [N5] 
  1989 110Cd(3He, 

3n)110Sn 

3He bombardment 

on the cadmium 

target 

[A14]     

  1989 104Pd(12C, 

α2n)110Sn 

 [A14]     

  1989 40Ar(70Ge, 

γ)110Sn 

Bombardment of 
70Ge target by 40Ar 

beam 

[B70]     

  1990 40Ar(70Ge, 

γ)110Sn 

Collision (fusion), 

bombardment of 
70Ge target by 40Ar 

beam 

[B71]     

  1991 115In(p, 4n)110Sn  [L33]     
  1991 113In(p, 6n)110Sn  [L33]     
  1992 62Ni(48Ti, γ)110Sn Bombarding of 62Ni 

target with 48Ti 

beam 

[C3]     

  1995 18O(92Mo, γ)110Sn Fusion-evaporation 

followed by the 

heavy-ion collision 

[T7]     

  1995 50Ti(60Ni, γ)110Sn Fusion-evaporation 

followed by the 

heavy-ion collision 

[T7]     

  2003 110Sb(β+)110Sn  [W13]     

  2003 98Mo(16O, 

4n)110Sn 

 [W28]     

  2003 98Mo(16O, 

4n)110Sn 

16O beam on the 
98Mo target 

followed by neutron 

evaporation from 
114Sn 

[W27]     

  2005 112Sn(d, 

p3n)110Sn 

Deuteron beam on 

the enriched Sn 

target 

[B5]     

  2005 118Sn(d, 

p9n)110Sn 

Deuteron beam on 

the enriched Sn 

target 

[B5]     

  2005 120Sn(d, 

p11n)110Sn 

Deuteron beam on 

the enriched Sn 

target 

[B5]     

  2005 124Sn(d, 

p15n)110Sn 

Deuteron beam on 

the enriched Sn 

target 

[B5]     

  2005 106Cd(α, γ)110Sn Target preparation 

by evaporating 

isotopically-

enriched 106Cd 

[G53]     

  2005 98Mo(16O, 

4n)110Sn 

16O beam on the 
98Mo target 

[W29]     

  2006 112Sn(p, t)110Sn  [G47]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

110Sn 1964 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [N5] 
  2006 106Cd(α, γ)110Sn Target preparation 

by evaporating 

highly enriched 
106Cd onto Al 

[G54]     

  2007 124Xe(Be)110Sn Projectile 

fragmentation, 
124Xe beams on the 

Be target 

[V1]     

  2014 112Sn(γ, 2n)110Sn Photonuclear 

reaction 

[D4]     

  2015 112Sn(γ, 2n)110Sn Photonuclear 

reaction 

[D5]     

  2015 112Sn(γ, 2n)110Sn Bremsstrahlung 

irradiation 

[K6]     

  2016 12C(106Cd, 
8Be)110Sn 

Alpha-particle 

transfer 

[K56]     

  2016 12C(106Cd, 
8Be)110Sn 

Alpha-particle 

transfer 

[K57]     

111Sn 1949 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [H27] 
  1949 108Cd(α, n)111Sn Alpha 

bombardment 

[H27] 1949 35.0 m 0.5 [H27] 

  1951 Cd(α)111Sn Alpha 

bombardment  

[M19] 1951 35 m  [F6] 

  1960 112Sn(γ, n)111Sn Bremsstrahlung 

reaction 

[Y8] 1951 35 m 1 [M19] 

  1969 110Cd(α, 3n)111Sn Alpha-particle 

bombardment 

[Y6] 1964 35 m  [N5] 

  1970 112Sn(p, d)111Sn Proton 

bombardment 

[C17] 1967 35.5 m 0.8 [C46] 

  1970 112Sn(n, 2n)111Sn  [L34] 1971 38.8 m 0.8 [R8] 

  1972 108Cd(α, nγ)111Sn  [B75] 1974 35.3 m  [H30] 

  1972 111Cd(3He, 

3n)111Sn 

 [B75] 1997 35.3 m 0.6 [A41] 

  1972 110Cd(3He, 

2n)111Sn 

 [B75] 2003 35.3 m 0.6 [A42] 

  1972 111Sb(β+ + 

EC)111Sn 

Positron emission 

accompanied by 

electron capture 

[S53] 2012 35.3 m 0.6 [A43] 

  1974 107Ag(7Li, 

3n)111Sn 

Lithium beam on 

the 107Ag target 

[B73] 2014 35 m  [D4] 

  1974 113In(p, 3n)111Sn Proton beam on 

natural indium 

[H30] 2015 35 m  [K6] 

  1974 112Sn(d, t)111Sn Neutron pickup 

reaction 

[W15] 2017 35.3 m 0.6 [A45] 

  1975 112Sn(d, t)111Sn Deuteron beams on 

the thin tin target 

[B21]     

  1976 108Cd(α, n)111Sn Alpha-irradiation [M4]     

  1976 112Sn(p, d)111Sn  [W23]     

  1976 111Sb(ε)111Sn 111Sb production 

from natural tin 

using 112Sn(p, 

2n)111Sb reaction 

[W23]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

111Sn 1949 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [H27] 

  1977 58Ni(58Ni)111Sn Fusion-evaporation [K37]     

  1977 112Sn(d, t)111Sn Single-neutron 

pickup reaction 

[W16]     

  1978 112Sn(d, t)111Sn Deuteron 

bombardment 

[K43]     

  1978 109Cd(3He, 

nγ)111Sn 

 H32]     

  1979 110Cd(α, 3n)111Sn Alpha-particle on 

enriched Cd metal 

foil 

[H12]     

  1980 112Sn(3He, 

α)111Sn 

Neutron pickup  [G23]     

  1980 112Sn(p, d)111Sn Proton 

bombardment on Sn 

foil 

[T2]     

  1981 112Sn(p, d)111Sn Proton 

bombardment 

[B55]     

  1982 112Sn(p, d)111Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1982 112Sn(d, t)111Sn Vector-polarized 

deuteron beam on 

the tin target 

[G9]     

  1984 108Cd(α, n)111Sn Alpha-particle 

bombardment 

[P32]     

  1984 111Cd(3He, 

3n)111Sn 

3He beam on the 

cadmium target 

[P32]     

  1984 109Ag(6Li, 

4n)111Sn 

6Li beam on the 

silver target 

[P32]     

  1985 112Sn(3He, 

αγ)111Sn 

Neutron-pickup 

reaction, 3He beam 

on self-supporting 

metallic 112Sn foil 

[A50]     

  1986 Cd(α)111Sn Alpha-irradiation on 

the cadmium target 

[A17]     

  1986 20Ne(91Zr, γ)111Sn Thick self-

supporting target 

[G2]     

  1987 100Mo(16O, 

5n)111Sn 

Fusion-evaporation [E1]     

  1995 103Rh(12C, 

p3n)111Sn 

Thick self-

supporting rhodium 

target 

[G11]     

  1995 96Ru(19F, 

3p1n)111Sn 

96Ru target backed 

by 208Pb 

[L4]     

  1995 64Ni(56Fe, 

αp4n)111Sn 

Thin self-supporting 
64Ni target 

[L4]     

  1996 112Sn(n, 2n)111Sn  [A21]     

  2003 98Mo(16O, 

3n)111Sn 

16O beam on the 
98Mo target 

followed by neutron 

evaporation from 
114Sn 

[W27]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

111Sn 1949 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [H27] 

  2005 98Mo(16O, 

3n)111Sn 

16O beam on the 
98Mo target 

[W29]     

  2007 112Sn(α, 

αn)111Sn 

 [R23]     

  2008 100Mo(20Ne, 

α5n)111Sn 

Isotopically 

enriched 100Mo 

evaporation on 

aluminium backing 

[G13]     

  2014 112Sn(γ, n)111Sn Photonuclear 

reaction 

[D4]     

  2015 112Sn(γ, n)111Sn Photonuclear 

reaction 

[D5]     

  2015 112Sn(γ, n)111Sn Bremsstrahlung 

irradiation 

[K6]     

112Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 

  1939 112In(β–)112Sn  [C44] 1937 STABLE  [G40] 

  1952 112In(β–)112Sn Beta-decay  [G30] 1947 105 d  [S34] 

  1953 112In(β–)112Sn  [57] 1961 32.1 m 2 [R22] 

  1961 114Sn(p, t)112Sn Proton 

bombardment 

[C35] 2003 STABLE  [A42] 

  1962 112In(β–)112Sn 112In production 

from 113In(γ, n)112In 

and 112Cd(d, 

2n)112In reactions 

[R33] 2003 STABLE  [L3] 

  1963 112In(β–)112Sn Beta-decay  [D3] 2005 3.8×1024 

y 

 [D22] 

  1965 114Sn(p, t)112Sn Proton 

bombardment 

[B16] 2007 1.3×1020 

y 

 [K36] 

  1967 112Cd(3He, 

3nγ)112Sn 

3He projectile 

hitting 

[B31] 2008 9.2×1019 

y 

 [B8] 

  1967 110Cd(α, 

2n)112Sn 

Alpha-particle 

bombardment 

[Y3] 2008 >1.5×1018 

y 

 [D11] 

  1968 110Cd(α, 

2n)112Sn 

Alpha-particle 

bombardment 

[Y5] 2008 1.8×1019 

y 

1.3 [D12] 

  1969 110Cd(α, 

2n)112Sn 

Alpha-particle 

bombardment 

[Y6] 2008 >2.7×1019 

y 

1.3 [K33] 

  1969 113In(p, 2n)112Sn Proton 

bombardment 

[Y6] 2008 ~10×1023–

24 y 

 [K33] 

  1970 114Sn(p, t)112Sn Target preparation 

by SnO2 

evaporation 

[F14] 2009 4.7×1020 

y 

 [B9] 

  1972 112Sb(β+ + 

EC)112Sn 

112SnO2 target 

enriched with 
112Sn, 112Sb 

production by (p, 

n) reaction 

[M28] 2012 STABLE  [A43] 

  1972 112Sb(β+ + 

EC)112Sn 

Positron emission 

accompanied by 

electron capture 

[S53] 2017 STABLE  [A45] 

  1975 110Cd(α, 

2n)112Sn 

Alpha beam on 

cadmium foil 

[V7]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

112Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 

  1976 112Sb(ε)112Sn 112Sb production 

from natural tin 

using 112Sn(p, 

n)112Sb reaction 

[W23]     

  1977 110Cd(3He, 

n)112Sn 

Two-neutron 

transfer reaction, 

target preparation 

by rolling or 

evaporation 

[F10]     

  1979 110Cd(α, 

2nγ)112Sn 

Alpha 

bombardment 

[B79]     

  1980 114Sn(p, t)112Sn  [B54]     

  1994 100Mo(18O, 

6n)112Sn 

 [A3]     

  1997 19F(93Nb)112Sn Fusion-evaporation [J8]     

  2003 98Mo(16O, 

2n)112Sn 

16O beam on the 
98Mo target 

followed by 

neutron 

evaporation from 
114Sn 

[W27]     

  2005 116Te(γ, α)112Sn  [G8]     

  2005 98Mo(16O, 

2n)112Sn 

16O beam on the 
98Mo target 

[W29]     

  2007 100Mo(20Ne, 

α4n)112Sn 

Isotopically 

enriched 100Mo 

evaporated on 

aluminium backing 

[G12]     

  2012 114Sn(p, t)112Sn Proton beam on the 

Sn target 

[G50]     

  2015 108Cd(α, γ)112Sn  [N11]     

  2017 114Sn(γ, 

2n)112Sn 

 [B4]     

113Sn 1936 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L23] 
  1936 113In(p, n)113Sn Proton 

bombardment 

[L23] 1939 105 d 15 [B13] 

  1938 113In(p, n)113Sn Proton-induced 

reaction 

[D27] 1939 ~70 d  [L24] 

  1939 113In(p, n)113Sn Proton 

bombardment 

[B12] 1947 105 d  [C40] 

  1947 Cd(α, n)113Sn Alpha 

bombardment 

[C40] 1947 105 d  [S34] 

  1947 113In(d, 2n)113Sn Deuteron 

bombardment 

[S34] 1948 ~100 d  [M30] 

  1948 114Sn(γ, n)113Sn Neutron removal [M30] 1950 104 d  [M24] 

  1948 112Sn(n, γ)113Sn  [S29] 1951 118 d 2 [C43] 

  1951 112Sn(n)113Sn Neutron capture [C43] 1951 112 d  [T8] 

  1959 112Sn(n, γ)113Sn Neutron-irradiation  [B86] 1952 112 d  [G30] 

  1961 112Sn(n, γ)113Sn Neutron irradiation 

on 112Sn enriched 

tin 

[G37] 1956 130 d 3 [G14] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

113Sn 1936 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L23] 

  1961 112Sn(n)113Sn Thermal-neutron 

irradiation 

[S16] 1957 130 d  [B35] 

  1964 112Sn(d, p)113Sn Deuteron 

bombardment 

[C37] 1959 112 d  [B86] 

  1964 114Sn(d, t)113Sn Deuteron 

bombardment  

[C37] 1961 ~119 d  [G37] 

  1966 112Sn(d, p)113Sn Neutron stripping [R27] 1961 118 d 3 [S16] 

  1967 112Sn(d, p)113Sn Stripping reaction [S17] 1961 20 m 1 [S16] 

  1967 114Sn(d, t)113Sn Stripping reaction [S17] 1965 118 d  [S60] 

  1968 112Sn(n, γ)113Sn Neutron capture [S3] 1967 119 d  [B68] 

  1969 112Sn(n, γ)113Sn Irradiation of stable 

Sn metal 

[P33] 1969 118 d  [P33] 

  1969 112Cd(α, 

3n)113Sn 

Alpha-particle 

bombardment 

[Y6] 1971 112 d 1 [R7] 

  1970 114Sn(p, d)113Sn Proton 

bombardment 

[C17] 1972 115.07 d 0.30 [L5] 

  1970 114Sn(n, 

2n)113Sn 

 [L34]     

  1971 115Sn(p, t)113Sn Target preparation 

by SnO2 

evaporation 

[F15] 1974 115 d  [B87] 

  1972 111Cd(α, 

2nγ)113Sn 

 [B75] 1975 115 d  [D20] 

  1972 113Sb(β+ + 

EC)113Sn 

Positron emission 

accompanied by 

electron capture 

[S53] 1976 118 d  [F47] 

  1973 112Sn(n, γ)113Sn  [R9] 1977 115 d  [B88] 

  1973 112In(p, n)113Sn  [R9] 1977 115.07 d 0.3 [P21] 

  1974 109Ag(7Li, 

3n)113Sn 

Lithium beam on 

the 107Ag target 

[B73] 1978 115.1 d  [H23] 

  1974 111Cd(α, 

2n)113Sn 

Alpha-beam on the 
111Cd target 

[B73] 1980 115.09 d 0.04 [H35] 

  1974 113In(p, n)113Sn  [D19] 1987 115 d  [A18] 

  1975 112Sn(d, p)113Sn Deuteron beams on 

the thin tin target 

[B21] 1992 115.079 

d 

0.080 [U4] 

  1975 112Sn(n, γ)113Sn  [D20] 1993 115.1 d  [F17] 

  1975 114Sn(d, t)113Sn Deuteron beams on 

the thin tin target 

[B21] 1995 115.1 d  [G31] 

  1975 113In(p, n)113Sn  [D20] 1997 115.09 d 0.04 [A41] 

  1975 115In(p, 

3n)113Sn 

 [D20] 2003 115.09 d 0.03 [A42] 

  1975 113In(d, 

2n)113Sn 

 [D20] 2003 115.09 d 1.00 [P28] 

  1975 115In(d, 

4n)113Sn 

 [D20] 2008 115 d  [K33] 

  1975 110Cd(α, n)113Sn  [D20] 2009 115.09 d  [B9] 

  1975 111Cd(α, 

2n)113Sn 

 [D20] 2012 115.09 d 0.03 [A43] 

  1975 112Cd(α, 

3n)113Sn 

 [D20] 2014 115.09 d 0.03 [R32] 

  1975 113Cd(α, 

4n)113Sn 

 [D20] 2017 115.09 d 0.03 [A45] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

113Sn 1936 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L23] 

  1975 113Cd(α, 

4n)113Sn 

 [V7] 2018 115.09 d  [A6] 

  1976 110Cd(α, n)113Sn Αlpha-irradiation [M4] 2018 115.1 d  [A27] 

  1976 113Sb(ε)113Sn 113Sb production 

from natural tin 

using 112Sn(d, 

n)113Sb reaction 

[W23]     

  1977 114Sn(d, t)113Sn Single-neutron 

pickup reaction 

[W16]     

  1978 114Sn(d, t)113Sn Deuteron 

bombardment 

[K43]     

  1978 114Sn(3He, 

α)113Sn 

Neutron pickup 

reaction 

[T6]     

  1979 112Sn(t, d)113Sn Triton 

bombardment 

[C27]     

  1979 112Cd(α, 

3n)113Sn 

Alpha-particle on 

enriched Cd 

[H12]     

  1980 114Sn(p, d)113Sn Proton 

bombardment on 

Sn foil 

[T2]     

  1982 114Sn(p, d)113Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1991 112Sn(α, 
3He)113Sn 

Stripping reaction [M13]     

  1995 114Sn(n, 

2n)113Sn 

 [G31]     

  1996 112Sn(n, γ)113Sn  [A21]     

  1997 113In(p, n)113Sn Proton-induced 

reaction  

[K17]     

  1997 115In(p, 

3n)113Sn 

Proton-induced 

reaction  

[K17]     

  1997 110Cd(α, n)113Sn Alpha-particle-

induced reaction  

[K17]     

  1997 111Cd(α, 

2n)113Sn 

Alpha-particle-

induced reaction  

[K17]     

  1998 100Mo(18O, 

5n)113Sn 

Thick 100Mo target 

backed onto Au 

backing 

[C26]     

  2005 98Mo(16O, 

n)113Sn 

16O beam on the 
98Mo target 

[W29]     

  1998 100Mo(18O, 

5n)113Sn 

18O beam on self-

supporting 100Mo 

foil 

[S31]     

  2005 112Sn(d, p)113Sn Deuteron beam on 

the enriched Sn 

target 

[B5]     

  2005 118Sn(d, 

p6n)113Sn 

Deuteron beam on 

the enriched Sn 

target 

[B5]     

 

 



 

224 

Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

113Sn 1936 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L23] 

  2005 120Sn(d, 

p8n)113Sn 

Deuteron beam on 

the enriched Sn 

target 

[B5]     

  2005 124Sn(d, 

p12n)113Sn 

Deuteron beam on 

the enriched Sn 

target 

[B5]     

  2006 112Sn(n, γ)113Sn Thermal-neutron 

capture by natural 

Sn foil 

[K50]     

  2015 114Sn(γ, n)113Sn Bremsstrahlung 

irradiation 

[K6]     

  2016 100Mo(19F, 

p5n)113Sn 

Isotopically 

enriched 100Mo 

target, evaporated 

on gold backing 

[B6]     

  2017 113mIn(β–)113Sn  [C39]     

  2018 115In(α, 

t3n)113Sn 

 [A6]     

  2018 113In(α, tn)113Sn  [A6]     

  2018 110Cd(α, n)113Sn  [A27]     

  2018 111Cd(α, 

2n)113Sn 

 [A27]     

  2018 112Cd(α, 

3n)113Sn 

 [A27]     

  2018 113Cd(α, 

4n)113Sn 

 [A27]     

  2018 114Cd(α, 

5n)113Sn 

 [A27]     

  2018 112Sn(7Li, 
6Li)113Sn 

One-neutron 

stripping 

[C29]     

114Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 

  1939 114In(β–)114Sn  [C44] 1937 STABLE  [G40] 

  1940 114In(β–)114Sn  [L8] 2003 STABLE  [A42] 

  1952 114In(β–)114Sn Beta-decay  [G30] 2003 STABLE  [L3] 

  1952 114In(β–)114Sn Beta-decay  [J9] 2012 STABLE  [A43] 

  1953 114In(β–)114Sn Beta-decay  [H33] 2017 STABLE  [A45] 

  1956 114In(β–)114Sn Beta-decay  G39]     

  1961 114In(β–)114Sn  [D7]     

  1961 114In(β–)114Sn  [N12]     

  1963 114In(β–)114Sn Beta-decay [D3]     

  1964 113Sn(d, p)114Sn Deuteron 

bombardment 

[C37]     

  1964 115Sn(d, t)114Sn Deuteron 

bombardment  

[C37]     

  1965 116Sn(p, t)114Sn Proton 

bombardment 

[B16]     

  1967 114Cd(3He, 

3nγ)114Sn 

3He projectile 

hitting 

[B31]     

  1967 112Cd(α, 

2n)114Sn 

Alpha-particle 

bombardment 

[Y3]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

114Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 

  1968 113Sn(d, p)114Sn Deuteron 

bombardment 

[C38]     

  1968 114Sb(β+)114Sn  [R6]     

  1968 112Cd(α, 

2n)114Sn 

Alpha-particle 

bombardment 

[Y5]     

  1969 112Sn(t, p)114Sn 112Sn target 

preparation by 

vacuum 

evaporation 

[B44]     

  1969 112Cd(α, 

2n)114Sn 

Alpha-particle 

bombardment 

[Y6]     

  1969 115In(p, 

2n)114Sn 

Proton 

bombardment 

[Y6]     

  1970 116Sn(p, t)114Sn Target preparation 

by SnO2 

evaporation 

[F14]     

  1971 116Sn(p, t)114Sn  [F15]     

  1972 113In(3He, 

d)114Sn 

3He ions on 

enriched targets of 
113In supported on 

carbon foil 

backings 

[C2]     

  1972 114Sb(β+ + 

EC)114Sn 

114SnO2 target 

enriched with 
114Sn, 114Sb 

production by (p, 

n) reaction 

[M28]     

  1972 114Sb(β+ + 

EC)114Sn 

Positron emission 

accompanied by 

electron capture 

[S53]     

  1973 112Sn(18O, 
16O)114Sn 

Two-neutron 

transfer 

[A23]     

  1973 116Sn(p, t)114Sn  [Y2]     

  1975 112Sn(18O, 
16O)114Sn 

2n-transfer reaction [B61]     

  1976 114Sb(ε)114Sn 114Sb production 

from natural tin 

using 114Sn(p, 

n)114Sb reaction 

[W23]     

  1977 116Sn(p, t)114Sn Proton 

bombardment 

[C47]     

  1977 112Cd(3He, 

n)114Sn 

Two-neutron 

transfer reaction, 

target preparation 

by rolling or 

evaporation 

[F10]     

  1979 112Cd(α, 

2nγ)114Sn 

Alpha 

bombardment 

[B79]     

  1980 116Sn(p, t)114Sn Proton beam on 

isotopically 

enriched metal 

foils  

[C48]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

114Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 
  1980 112Cd(α, 

2n)114Sn 

Alpha-particle 

bombardment on 

self-supporting 

cadmium target 

[P24]     

  1981 116Sn(p, t)114Sn Proton beam on 

self-supporting 

metal foils  

[C50]     

  1982 115Sn(p, d)114Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1982 116Sn(α, 
6He)114Sn 

 [G24]     

  1989 116Sn(p, t)114Sn  [G25]     

  1989 116Sn(α, 
6He)114Sn 

 [G25]     

  1989 100Mo(18O, 

4n)114Sn  

 [H10]     

  1991 100Mo(18O, 

4n)114Sn  

Compound nucleus 

reaction 

[S10]     

  1991 112Cd(α, 

2n)114Sn  

Compound nucleus 

reaction 

[S10]     

  1992 100Mo(18O, 

4n)114Sn  

Compound nucleus 

reaction 

[S11]     

  1992 112Cd(α, 

2n)114Sn  

Compound nucleus 

reaction 

[S11]     

  1994 112Cd(α, 

2n)114Sn  

Compound nucleus 

reaction on self-

supporting 112Cd 

foil 

[S12]     

  1995 103Rh(12C, 

p)114Sn  

Self-supporting 

natural Rh 

evaporated on gold 

backing 

[C24]     

  1995 112Cd(α, 

2n)114Sn  

Compound-nucleus 

reaction 

[W26]     

  1997 110Pb(9Be, 

5n)114Sn 

Heavy-ion fusion, 
110Pb target 

backing on natural 

lead 

[S30]     

  2001 100Mo(18O, 

4n)114Sn  

Self-supporting 
100Mo foil rolled 

onto bismuth 

backing 

[G4]     

  2003 98Mo(16O, 

γ)114Sn 

16O beam on the 
98Mo target 

[W27]     

  2004 116Sn(p, t)114Sn  [G45]     

  2005 98Mo(16O, 

γ)114Sn 

16O beam on the 
98Mo target 

[W29]     

  2006 115Sn(n, 

2n)114Sn 

 [F33]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

114Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 
  2008 114Cd(β– β–

)114Sn 

Double-beta decay 

experiment using a 

low-background 

CdWO4 crystal 

scintillator 

[B23]     

  2010 117Sn(γ, 

3n)114Sn 

Photoneutron 

reactions 

[V3]     

  2014 48Ca(238U)114Sn  [I9]     

  2016 113In(p, γ)114Sn Target preparation 

by evaporating of 

natural indium 

[H11]     

115Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 

  1939 115In(β–)115Sn  [C44] 1937 STABLE  [G40] 

  1949 115In(β–)115Sn  [B22] 2003 STABLE  [A42] 

  1950 115In(β–)115Sn  [M12] 2003 STABLE  [L3] 

  1952 115In(β–)115Sn Beta-decay  [G30] 2012 STABLE  [A43] 

  1953 115In(β–)115Sn Beta-decay  [H33] 2017 STABLE  [A45] 

  1960 115In(β–)115Sn  [Y8]     

  1961 115In(β–)115Sn  [B19]     

  1961 116Sn(d, t)115Sn Deuteron 

bombardment 

[C35]     

  1962 115Sb(β+)115Sn Electron capture 

and positron 

emission 

[S32]     

  1964 114Sn(d, p)115Sn Deuteron 

bombardment 

[C37]     

  1964 115In(p, nγ)115Sn  [I13]     

  1964 116Sn(d, t)115Sn Deuteron 

bombardment  

[C37]     

  1966 115In(p, n)115Sn  [M18]     

  1966 114Sn(d, p)115Sn Neutron stripping [R27]     

  1966 115In(p, n)115Sn Irradiation with 

proton beam 

[T9]     

  1967 115mIn(β–)115Sn  [M38]     

  1967 115Sb(β+)115Sn  [M38]     

  1967 114Sn(d, p)115Sn Stripping reaction [S17]     

  1967 116Sn(d, t)115Sn Stripping reaction [S17]     

  1969 116Sn(γ, n)115Sn Photonuclear 

reaction 

[F48]     

  1969 114Cd(α, 

3n)115Sn 

Alpha-particle 

bombardment 

[Y6]     

  1970 116Sn(p, d)115Sn Proton 

bombardment 

[C17]     

  1971 117Sn(p, t)115Sn Target preparation 

by SnO2 

evaporation 

[F15]     

  1973 116Sn(p, d)115Sn Neutron pickup 

reaction 

[I6]     

  1974 115In(β–)115Sn Natural indium 

enriched with 115In 

[H7]     

  1974 116Sn(d, t)115Sn Neutron pickup 

reaction 

[W15]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

115Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 
  1975 116Sn(d, t)115Sn Deuteron beams on 

the thin tin target 

[B21]     

  1975 114Sn(d, p)115Sn Deuteron beams on 

the thin tin target 

[B21]     

  1975 115In(p, n)115Sn 115In target 

preparation by 

evaporation 

[M3]     

  1975 112Cd(α, n)115Sn 112Cd target 

preparation by 

evaporation 

[M3]     

  1975 115In(d, 

2n)115Sn 

115In target 

preparation by 

evaporation 

[M3]     

  1975 113Cd(α, 

2n)115Sn 

113Cd target 

preparation by 

evaporation 

[M3]     

  1976 115In(β–)115Sn Beta-decay [R3]     

  1976 115Sb(ε)115Sn 115Sb production 

from natural tin 

using 114Sn(d, 

n)115Sb reaction 

[W23]     

  1977 116Sn(d, t)115Sn 116Sn target 

preparation by 

vacuum 

evaporation 

[B26]     

  1977 116Sn(d, t)115Sn Neutron pickup 

reaction 

[B27]     

  1977 116Sn(3He, 

α)115Sn 

Neutron pickup 

reaction 

[S33]     

  1977 116Sn(p, d)115Sn Neutron pickup 

reaction 

[S33]     

  1977 116Sn(d, t)115Sn Single-neutron 

pickup reaction 

[W16]     

  1978 112Cd(α, 

nγ)115Sn 

 [H32]     

  1978 116Sn(d, t)115Sn Deuteron 

bombardment 

[K43]     

  1978 115In(β–)115Sn Beta-emission [P15]     

  1978 114Sn(n, γ)115Sn Neutron capture [R12]     

  1978 116Sn(3He, 

α)115Sn 

Neutron pickup 

reaction 

[T6]     

  1979 114Sn(t, d)115Sn Triton 

bombardment 

[C27]     

  1979 116Cd(α, 

5n)115Sn 

Alpha-particle on 

enriched Cd metal 

foil 

[H12]     

  1979 117Sn(p, t)115Sn  [R18]     

  1980 116Sn(3He, 

α)115Sn 

Neutron pickup  [G23]     

  1980 116Sn(p, d)115Sn Proton 

bombardment on 

Sn foil 

[T2]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

115Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 
  1981 116Sn(d, t)115Sn Neutron pickup 

reaction with 

vector-polarized 

deuteron beam  

[P14]     

  1982 116Sn(p, d)115Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1985 115In(p, n)115Sn Proton beam on 

isotopically 

enriched 115In 

target 

[R19]     

  1990 116Cd(α, 

5n)115Sn 

Alpha-

bombardment on 

carbon-backed 
116Cd metal 

[C52]     

  1994 116Sn(d, t)115Sn Polarized deuteron 

beam on 116Sn 

[W20]     

  1996 114Sn(n, γ)115Sn Neutron capture [W24]     

  1997 110Pb(9Be, 

4n)115Sn 

Heavy-ion fusion, 
110Pb target 

backing on natural 

lead 

[S30]     

  1998 104Ru(18O, 

α3n)115Sn 

Fusion-evaporation [S5]     

  1999 113Cd(α, 

2nγ)115Sn 

Alpha-

bombardment on 

self-supporting 
113Cd target 

[L25]     

  2000 116Sn(d, 
3He)115Sn 

Nucleon pickup 

pion transfer 

[U1]     

  2003 116Sn(d, 
3He)115Sn 

Pion-transfer 

reaction under 

recoil-free 

condition 

[S76]     

  2004 116Sn(d, 
3He)115Sn 

Pion-transfer 

reaction under 

recoil-free 

condition 

[S77]     

  2005 115In(β–)115Sn Beta-decay [C13]     

  2006 116Sn(n, 

2n)115Sn 

 [F33]     

  2007 115In(β–)115Sn Beta-decay [C14]     

  2008 115mIn(β–)115Sn Beta-decays of r-

process 

[D18]     

  2009 115Inm(β–)115Sn Beta-decay [H19]     

  2009 115In(β–)115Sn  [M36]     

  2009 116Sn(γ, n)115Sn Photoneutron 

capture 

[U5]     

  2009 115In(β–)115Sn Natural indium 

enriched with 115In 

isotope 

[W22]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

115Sn 1927 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A31] 
  2011 115In(β–)115Sn Ultrapure natural 

indium enriched 

with 115In 

[A13]     

  2012 100Mo(18O, 

3n)115Sn 

 [B51]     

  2013 115In(β–)115Sn Thermal beta-

decay 

[K44]     

  2016 114Sn(n, γ)115Sn Neutron capture [U3]     

  2018 115In(β–)115Sn Beta-decay [Z5]     
116Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  1937 116In(β–)116Sn Beta-decay [L7] 1937 STABLE  [G40] 

  1939 116In(β–)116Sn Beta-particle 

emission 

[C44] 2003 STABLE  [A42] 

  1952 116In(β–)116Sn Beta-decay  [G30] 2003 STABLE  [L3] 

  1954 116In(β–)116Sn Beta-radiation [B62] 2012 STABLE  [A43] 

  1955 116Sb(β+)116Sn Positron-emission [S67] 2017 STABLE  [A45] 

  1956 116In(β–)116Sn Beta-radiation [S6]     

  1960 116Sb(β+)116Sn Positron-emission [J7]     

  1960 116In(β–)116Sn  [J7]     

  1961 117Sn(d, t)116Sn Deuteron 

bombardment 

[C35]     

  1962 116In(β–)116Sn 116In production by 

thermal-neutron 

capture 

[F9]     

  1963 116In(β–)116Sn Beta-decay  [D3]     

  1964 113Sn(d, p)116Sn Deuteron 

bombardment 

[C37]     

  1964 117Sn(d, t)116Sn Deuteron 

bombardment  

[C37]     

  1966 115In(3He, 

d)116Sn 

 [C42]     

  1967 115In(3He, 

d)116Sn 

 [B38]     

  1967 116Cd(3He, 

3nγ)116Sn 

3He projectile 

hitting 

[B31]     

  1967 115In(3He, 

d)116Sn 

 [B38]     

  1967 114Cd(α, 

2n)116Sn 

Alpha-particle 

bombardment 

[Y3]     

  1968 115Sn(d, p)116Sn Deuteron 

bombardment 

[C38]     

  1968 117Sn(d, t)116Sn Deuteron 

bombardment 

[C38]     

  1968 116Sb(β+)116Sn  [R6]     

  1968 117Sn(p, d)116Sn Proton irradiation  [Y1]     

  1968 118Sn(p, t)116Sn Proton irradiation [Y1]     

  1968 114Cd(α, 

2n)116Sn 

Alpha-particle 

bombardment 

[Y5]     

  1969 114Cd(α, 

2nγ)116Sn 

Alpha 

bombardment 

[C22]     

  1969 117Sn(γ, n)116Sn Photonuclear 

reaction 

[F48]     



 

231 

Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

116Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  1969 115In(3He, 

d)116Sn 

3He bombardment 

on natural indium 

[S51]     

  1969 114Cd(α, 

2n)116Sn 

Alpha-particle 

bombardment 

[Y6]     

  1970 118Sn(p, t)116Sn Target preparation 

by SnO2 

evaporation 

[F14]     

  1970 116In(β–)116Sn  [R2]     

  1971 Sn(C)116Sn 116Sn preparation 

from isotopically 

enriched Sn metal 

by vacuum 

evaporation using 

niobium boat and 

carbon backing 

[R28]     

  1972 115Sn(n, γ)116Sn Radiative capture 

of thermal neutron 

[M22]     

  1972 116mIn(β–)116Sn Target preparation 

by vacuum 

evaporation of 

natural indium onto 

mylar backing 

[P22]     

  1973 117Sn(p, d)116Sn Neutron pickup [I6]     

  1973 116In(β–)116Sn 116Ing production 

from 115In2O3 

[O7]     

  1973 118Sn(p, t)116Sn  [Y2]     

  1975 116mIn(β–)116Sn 116mIn preparation 

by 115In(n, γ)116mIn 

reaction 

[Y4]     

  1977 118Sn(p, t)116Sn Proton 

bombardment 

[C47]     

  1977 114Cd(3He, 

n)116Sn 

Two-neutron 

transfer reaction, 

target preparation 

by rolling or 

evaporation 

[F10]     

  1979 114Cd(α, 

2nγ)116Sn 

Alpha 

bombardment 

[B79]     

  1979 118Sn(p, t)116Sn Polarized proton 

beam on the target 

[Y9]     

  1980 118Sn(p, t)116Sn Proton beam on 

isotopically 

enriched metal foil 

[C48]     

  1980 114Cd(α, 

2n)116Sn 

Alpha-particle 

bombardment on 

self-supporting 

cadmium target 

[P24]     

  1981 117Sn(p, d)116Sn Proton beam on 

self-supporting 

metal foils  

[C50]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

116Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  1981 118Sn(p, t)116Sn Proton beam on 

self-supporting 

metal foils  

[C50]     

  1981 116Sb(ε)116Sn  [J17]     
  1982 117Sn(p, d)116Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1985 118Sn(p, t)116Sn Two-nuclear 

transfer reaction 

[M26]     

  1986 115In(3He, 

d)116Sn 

Proton-stripping [W17]     

  1986 115In(α, t)116Sn Proton-stripping [W17]     

  1987 112Cd(7Li)116Sn 7Li-pulsed beam 

hitting on the 112Cd 

target 

[L30]     

  1987 115In(α, t)116Sn  [W18]     

  1990 116Cd(α, 

4n)116Sn 

Alpha-

bombardment on 

carbon-backed 
116Cd metal 

[C52]     

  1990 117Sn(d, t)116Sn Neutron pickup 

reaction 

[S13]     

  1990 117Sn(3He, 

α)116Sn 

Neutron pickup 

reaction 

[S13]     

  1990 115In(3He, 

d)116Sn 

Proton stripping 

reaction 

[S13]     

  1990 115In(α, t)116Sn Proton stripping 

reaction 

[S13]     

  1991 115Sn(n, γ)116Sn Thermal-neutron 

capture 

[R14]     

  1992 115In(3He, 

d)116Sn 

Proton stripping 

reaction 

[S14]     

  1992 115In(α, t)116Sn Proton stripping 

reaction 

[S14]     

  1993 115Sn(n, γ)116Sn Neutron capture [I1]     

  1994 116Sb(β+ + 

ε)116Sn 

116Sb preparation 

from 116Sn target 

by proton 

bombardment 

[G5]     

  1996 115Sn(n, γ)116Sn Neutron capture [W24]     

  1997 110Pb(9Be, 

3n)116Sn 

Heavy-ion fusion, 
110Pb target 

backing on natural 

lead 

[S30]     

  1998 117Sn(p, 

np)116Sn 

 [B89]     

  1998 104Ru(18O, 

α2n)116Sn 

Fusion-evaporation [S5]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

116Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  2003 116Cd(β–  β–

)116Sn 

Double beta-decay 

experiment using a 

low-background 

cadmium tungstate 

(116CdWO4) crystal 

scintillator 

[D6]     

  2003 116Cd(β– β–

)116Sn 

Double beta 

transitions 

[K34]     

  2006 116Cd(β– β–

)116Sn 

Double beta decay [R29]     

  2007 116Cd(β– β–

)116Sn 

Double beta-decay [B59]     

  2009 117Sn(3He, 

αγ)116Sn 

3He beam on the 

self-supporting 
117Sn target 

[A4]     

  2009 117Sn(γ, n)116Sn Neutron capture [U5]     

  2011 118Sn(p, t)116Sn  [G49]     

  2011 116Cd(β– β–

)116Sn 

Double-beta decay [R5]     

  2011 115In(p)116Sn s-Process [T19]     

  2014 48Ca(238U)116Sn Fusion-fission [I9]     

  2014 64Ni(238U)116Sn Fusion-fission [I9]     

  2014 48Ca(208Pb)116Sn Fusion-fission [I9]     

  2015 116Cd(β– β–

)116Sn 

Double beta-decay [N7]     

  2016 115In(p, γ)116Sn Target preparation 

by natural indium 

evaporation 

[H11]     

  2017 116mIn(β–)116Sn Beta-decay [P29]     

  2018 116Cd(20Ne, 
20O)116Sn 

Heavy-ion induced 

double charge 

exchange reaction 

[C8]     

117Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  1939 117In(β–)117Sn Beta-particle 

emission 

[C44] 1937 STABLE  [G40] 

  1950 114Cd(α, n)117Sn Alpha-particle 

bombardment on 

enriched cadmium  

[M9] 1950 14 d  [H18] 

  1950 116Sn(d, p)117Sn Deuteron 

bombardment on 

enriched tin 

[M9] 1950 14 d  [M9] 

  1950 118Sn(nf, 

2n)117Sn 

Fast neutron 

bombardment on 

enriched tin 

[M9] 1951 14.0 d 0.5 [C43] 

  1951 116Sn(n)117Sn Neutron capture [C43] 1956 14.5 d  [G29] 

  1952 117In(β–)117Sn Beta-decay [G30] 2003 STABLE  [A42] 

  1952 117Sb(ε)117Sn  [G30] 2003 STABLE  [L3] 

  1955 117In(β–)117Sn  [M20] 2012 STABLE  [A43] 

  1955 117Sb(ε)117Sn  [M20] 2017 STABLE  [A45] 

  1960 117In(β–)117Sn  [Y8]     

  1961 116Sn(d, p)117Sn Deuteron 

bombardment 

[C35]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

117Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  1961 118Sn(d, t)117Sn Deuteron 

bombardment 

[C35]     

  1961 117In(β–)117Sn  [H41]     
  1963 117In(β–)117Sn Beta-decay [D3]     
  1963 117Sb(β+)117Sn  [D3]     
  1963 117In(β–)117Sn  [N9]     
  1966 116Sn(d, p)117Sn Neutron stripping [R27]     
  1967 116Sn(d, p)117Sn Stripping reaction [S17]     
  1967 118Sn(d, t)117Sn Stripping reaction [S17]     
  1968 117mSn(IC)117Sn Internal-conversion [B60]     
  1968 116Sn(n, γ)117Sn Neutron capture [S3]     
  1968 116Sn(d, p)117Sn  [V6]     
  1968 118Sn(p, d)117Sn Proton irradiation [Y1]     
  1969 118Sn(γ, n)117Sn Photonuclear 

reaction 

[F48]     

  1969 116Cd(α, 

3n)117Sn 

Alpha-particle 

bombardment 

[Y6]     

  1970 117In(β–)117Sn  [B2]     

  1970 116Sn(α, 
3He)117Sn 

Alpha 

bombardment 

[B39]     

  1970 118Sn(p, d)117Sn Proton 

bombardment 

[C17]     

  1971 119Sn(p, t)117Sn Target preparation 

by SnO2 

evaporation 

[F15]     

  1972 116Sn(d, p)117Sn 116Sn target 

preparation by 

vacuum 

evaporation 

[C9]     

  1972 118Sn(p, d)117Sn Neutron pickup 

reaction 

[S1]     

  1972 119Sn(p, t)117Sn  [S68]     

  1973 118Sn(p, d)117Sn Neutron pickup 

reaction 

[I6]     

  1974 118Sn(p, d)117Sn Neutron pickup 

reaction 

[S2]     

  1974 118Sn(3He, 

α)117Sn 

Neutron pickup 

reaction 

[S2]     

  1974 118Sn(p, d)117Sn  [S2]     

  1974 118Sn(d, t)117Sn Neutron pickup 

reaction 

[W15]     

  1975 116Sn(d, p)117Sn Deuteron beams on 

the thin tin target 

[B21]     

  1975 118Sn(d, t)117Sn Deuteron beams on 

the thin tin target 

[B21]     

  1975 116Sn(n, γ)117Sn Neutron capture [B34]     

  1975 118Sn(3He, 

α)117Sn 

Neutron pickup 

reaction 

[G22]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

117Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  1975 118Sn(d, t)117Sn Vector-polarized 

deuteron beam on 

self-supporting 

metallic 118Sn foil 

[V9]     

  1976 116Sn(d, p)117Sn  [M4]     
  1976 114Cd(α, n)117Sn Alpha-irradiation [M4]     
  1977 118Sn(3He, 

α)117Sn 

Neutron pickup 

reaction 

[S33]     

  1977 118Sn(p, d)117Sn Neutron pickup 

reaction 

[S33]     

  1977 118Sn(d, t)117Sn Single-neutron 

pickup reaction 

[W16]     

  1978 118Sn(d, t)117Sn Deuteron 

bombardment 

[K43]     

  1978 116Sn(n, γ)117Sn Neutron capture [R12]     
  1978 118Sn(3He, 

α)117Sn 

Neutron pickup 

reaction 

[T6]     

  1978 118Sn(3He, 

α)117Sn 

Neutron pickup 

reaction 

[W21]     

  1979 116Sn(t, d)117Sn Triton 

bombardment 

[C27]     

  1979 116Cd(α, 

3n)117Sn 

Alpha-particle on 

enriched Cd metal 

foil 

[H12]     

  1979 119Sn(p, t)117Sn  [R17]     

  1980 118Sn(p, d)117Sn Proton 

bombardment on 

Sn foil 

[T2]     

  1982 118Sn(p, d)117Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1984 116Sn(α, 
3He)117Sn 

Neutron stripping 

reaction 

[G10]     

  1986 117In(β–)117Sn Beta-decay [B64]     

  1990 116Cd(α, 

3n)117Sn 

Alpha-

bombardment on 

carbon-backed 
116Cd metal 

[C52]     

  1991 116Sn(α, 
3He)117Sn 

Stripping reaction [M13]     

  1996 116Sn(n, γ)117Sn Neutron capture [W24]     

  1996 116Sn(n, γ)117Sn  [W25]     

  2006 116Sn(n, γ)117Sn Thermal-neutron 

capture by natural 

Sn foil 

[K50]     

  2007 116Sn(n, γ)117Sn Neutron capture [E2]     

  2007 115Sn(α, 

2p)117Sn 

 [R23]     

  2007 116Sn(α, 

n2p)117Sn 

 [R23]     

  2007 117Sn(α, 

2n2p)117Sn 

 [R23]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

117Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  2007 118Sn(α, 

3n2p)117Sn 

 [R23]     

  2010 120Sn(γ, 

3n)117Sn 

Photoneutron 

reactions 

[V3]     

  2011 124Sn(n, 

8nγ)117Sn 

Fusion-fission 

reaction 

[F34]     

  2011 118Sn(γ, n)117Sn Radiative neutron 

apture 

[U6]     

  2018 116Sn(n)117Sn  [P4]     
  2018 118Sn(n, 

2n)117Sn 

 [P4]     

118Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  1960 118Sb(β+)118Sn Positron-emission [J7] 1937 STABLE  [G40] 
  1961 118Sb(β+)118Sn Positron-emission [B63] 2003 STABLE  [A42] 
  1961 119Sn(d, t)118Sn Deuteron 

bombardment 

[C35] 2003 STABLE  [L3] 

  1961 117Sn(d, p)118Sn Deuteron 

bombardment 

[C35] 2012 STABLE  [A43] 

  1961 117Sn(d, p)118Sn Deuteron 

bombardment 

[C36] 2017 STABLE  [A45] 

  1961 118Sb(β+/ε)118Sn  [I3]     
  1961 118Sb(ε)118Sn  [R15]     

  1961 118In(β–)118Sn  [G27]     

  1962 117Sn(n, γ)118Sn  [B10]     

  1964 118In(β–)118Sn  [K5]     

  1964 118Sb(β+ + 

EC)118Sn 

Positron emission 

accompanied by 

electron capture 

[K5]     

  1964 117Sn(d, p)118Sn Deuteron beam on 
117Sn oxide 

[N15]     

  1965 120Sn(p, t)118Sn Proton 

bombardment 

[B16]     

  1967 116Cd(α, 

2n)118Sn 

Alpha-particle 

bombardment 

[Y3]     

  1968 117Sn(n, γ)118Sn  [B33]     

  1968 117Sn(d, p)118Sn  [B33]     

  1968 116Sn(t, p)118Sn 116Sn target 

preparation by 

vacuum 

evaporation 

[B43]     

  1968 116Sn(t, p)118Sn  [B77]     

  1968 116Sn(t, p)118Sn  [B77]     

  1968 119Sn(d, t)118Sn Deuteron 

bombardment 

[C38]     

  1968 118Sb(β+)118Sn  [R6]     

  1968 117Sn(n, γ)118Sn Neutron capture [S3]     

  1968 116Cd(α, 

2n)118Sn 

Alpha-particle 

bombardment 

[Y5]     

  1969 119Sn(γ, n)118Sn Photonuclear 

reaction 

[F48]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

118Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  1969 116Cd(α, 

2n)118Sn 

Alpha-particle 

bombardment 

[Y6]     

  1970 120Sn(p, t)118Sn Target preparation 

by SnO2 

evaporation 

[F14]     

  1970 118In(β–)118Sn 118In production 

from metallic 118Sn 

isotope 

[H16]     

  1970 118Sb(EC)118Sn Electron capture, 
118gSb production 

from 118Te isotope 

[H16]     

  1972 116Sn(t, p)118Sn  [I15]     
  1973 119Sn(p, d)118Sn Neutron pickup [I6]     
  1975 116Sn(18O, 

16O)118Sn 

2n-transfer reaction [B61]     

  1975 117Sn(d, p)118Sn Vector-polarized 

deuteron 

bombardment 

[K41]     

  1976 120Sn(18O, 
20O)118Sn 

Two-neutron 

stripping and 

pickup reaction 

[S66]     

  1977 120Sn(p, t)118Sn  [C47]     
  1977 116Cd(3He, 

n)118Sn 

Two-neutron 

transfer reaction, 

target preparation 

by rolling or 

evaporation 

[F10]     

  1977 118Ing(β–)118Sn 118In preparation by 

bremsstrahlung on 
238U isotope 

[F38]     

  1979 116Cd(α, 

2nγ)118Sn 

Alpha 

bombardment 

[B79]     

  1979 117Sn(t, d)118Sn Triton 

bombardment 

[C27]     

  1979 122Te(d, 
6Li)118Sn 

Alpha-cluster 

pickup via (d, 6Li) 

pathway 

[J4]     

  1979 120Sn(p, t)118Sn  [J4]     

  1980 120Sn(p, t)118Sn Proton beam on 

rolled 120Sn foil 

[C48]     

  1980 116Cd(α, 

2n)118Sn 

Alpha-particle 

bombardment on 

the self-supporting 

cadmium target 

[P24]     

  1981 119Sn(p, d)118Sn Proton beam on 

self-supporting 

metal foils  

[C50]     

  1981 120Sn(p, t)118Sn Proton beam on 

self-supporting 

metal foils  

[C50]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

118Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  1982 119Sn(p, d)118Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1982 118Sb(ε)118Sn K-capture [K23]     

  1983 117Sn(d, p)118Sn Deuteron 

bombardment 

[F46]     

  1985 120Sn(p, t)118Sn Two-nuclear 

transfer reaction 

[M26]     

  1988 118In(β–)118Sn 118In production by 

Sn(n, p) reaction 

[R13]     

  1995 116Cd(7Li, 

p4nγ)118Sn 

 [K39]     

  1996 117Sn(n, γ)118Sn Neutron capture [W24]     

  2002 117Sn(n, γ)118Sn Thermal neutron 

radiative capture 

[B67]     

  2004 117Sn(n, 

2γ)118Sn 

Thermal neutron 

capture followed 

by two-step 

gamma cascades 

[K32]     

  2008 120Sn(p, t)118Sn  [G48]     

  2008 117Sn(n, γ)118Sn Neutron capture [N14]     

  2009 116Cd(7Li, 

4n1p)118Sn 

Fusion-evaporation 

reaction 

[W7]     

  2010 119Sn(3He, 

αγ)118Sn 

3He beam on the 
119Sn target 

[T14]     

  2010 116Cd(7Li, 

1p4n)118Sn 

Fusion-evaporation 

reaction 

[W8]     

  2011 124Sn(n, 

7nγ)118Sn 

Fusion-fission 

reaction 

[F34]     

  2011 120Sn(p, t)118Sn Proton beam on the 

isotopically 

enriched 120Sn 

target 

[M35]     

  2011 117Sn(n, γ)118Sn Radiative neutron 

capture 

[U6]     

  2011 119Sn(γ, n)118Sn  [U6]     

  2014 48Ca(238U)118Sn Fusion-fission [I9]     

  2014 64Ni(238U)118Sn Fusion-fission [I9]     

  2014 48Ca(208Pb)118Sn Fusion-fission [I9]     

  2014 120Sn(p, t)118Sn Proton beam on the 

thick 120Sn target 

[N6]     

  2015 48Ca(208Pb)118Sn Fusion-fission [I10]     

  2015 48Ca(238U)118Sn Fusion-fission [I10]     

  2015 64Ni(238U)118Sn Fusion-fission [I10]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

119Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  1948 118Sn(n, γ)119Sn  [S29] 1937 STABLE  [G40] 

  1948 121Sb(d, α)119Sn  [S29] 1948 25 m  [S29] 

  1948 Cd(α, n)119Sn  [S29] 1948 3 h  [S29] 

  1952 119In(β–)119Sn Beta-decay [G30] 1949 4.5 m 0.5 [D29] 

  1952 119Sb(ε)119Sn  [G40] 2003 STABLE  [A42] 

  1957 119In(β–)119Sn  [O8] 2003 STABLE  [L3] 

  1957 119Sb(ε)119Sn Electron capture  [O8] 2012 STABLE  [A43] 

  1960 119In(β–)119Sn  [Y8] 2017 STABLE  [A45] 

  1961 118Sn(d, p)119Sn Deuteron 

bombardment 

[C35]     

  1961 119In(β–)119Sn  [G28]     

  1963 119Sb(ε)119Sn  [D3]     

  1964 119Sb(EC)119Sn Electron capture [B24]     

  1966 118Sn(d, p)119Sn Neutron stripping [R27]     

  1967 118Sn(d, p)119Sn Stripping reaction [S17]     

  1967 120Sn(d, t)119Sn Stripping reaction [S17]     

  1968 118Sn(n, γ)119Sn  [B33]     

  1968 118Sn(d, p)119Sn  [B33]     

  1968 119mSn(IC)119Sn Internal-conversion [B60]     

  1968 118Sn(n, γ)119Sn Neutron capture [S3]     

  1968 118Sn(d, p)119Sn  [V6]     

  1969 120Sn(γ, n)119Sn Photonuclear 

reaction 

[F48]     

  1969 116Cd(α, n)119Sn Alpha-particle 

bombardment 

[Y6]     

  1970 120Sn(p, d)119Sn Proton 

bombardment 

[C17]     

  1972 119In(β–)119Sn 119In preparation 

from 120Sn(γ, p) 

reaction on the 

enriched SnO2 

target 

[J1]     

  1973 118Sn(n, γ)119Sn  [R10]     

  1973 119In(β–)119Sn 119gIn production 

by 120Sn(γ, p) and 
119Sn(n, p) 

reactions  

[R10]     

  1974 120Sn(d, t)119Sn Neutron pickup 

reaction 

[W15]     

  1975 118Sn(d, p)119Sn Deuteron beams on 

the thin tin target 

[B21]     

  1975 120Sn(d, t)119Sn Deuteron beams on 

the thin tin target 

[B21]     

  1975 118Sn(18O, 
17O)119Sn 

2n-transfer reaction [B61]     

  1975 118Sn(d, p)119Sn Deuteron 

bombardment 

[B65]     

  1976 119In(β–)119Sn 119In preparation by 
235U(n, f) and 
238U(α, f) reactions 

[F20]     

  1976 118Sn(d, p)119Sn  [M4]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

119Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  1976 116Cd(α, n)119Sn Alpha-irradiation [M4]     

  1977 120Sn(3He, 

α)119Sn 

Neutron pickup 

reaction 

[S33]     

  1977 120Sn(p, d)119Sn Neutron pickup 

reaction 

[S33]     

  1977 120Sn(d, t)119Sn Single-neutron 

pickup reaction 

[W16]     

  1978 120Sn(d, t)119Sn Deuteron 

bombardment 

[K43]     

  1978 118Sn(n, γ)119Sn Neutron capture [R12]     

  1978 120Sn(3He, 

α)119Sn 

Neutron pickup 

reaction 

[T6]     

  1979 118Sn(t, d)119Sn Triton 

bombardment 

[C27]     

  1980 120Sn(3He, 

α)119Sn 

Neutron pickup  [G23]     

  1980 120Sn(p, d)119Sn Proton 

bombardment on 

Sn foil 

[T2]     

  1981 120Sn(p, d)119Sn Polarized beam on 

the 120Sn target 

[C49]     

  1982 120Sn(p, d)119Sn Proton beam on 

self-supported 
120Sn foil  

[D16]     

  1982 120Sn(p, d)119Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1984 118Sn(α, 
3He)119Sn 

Neutron stripping 

reaction 

[G10]     

  1990 119Sb(ε/β+)119Sn  [M29]     

  1991 118Sn(α, 
3He)119Sn 

Stripping reaction [M13]     

  1992 122Sn(80Se)119Sn 80Se pulse beam on 

lead backed 122Sn 

target 

[M15]     

  1992 124Sn(80Se)119Sn 80Se pulse beam on 

lead backed 124Sn 

target 

[M15]     

  1994 124Sn(80Se)119Sn Heavy-ion 

collision 

[M16]     

  1994 120Sn(d, t)119Sn Polarized deuteron 

beam on the 120Sn 

target 

[W20]     

  1995 124Sn(80Se)119Sn Heavy-ion 

collision 

[D2]     

  1996 118Sn(n, γ)119Sn Neutron capture [W25]     

  1996 118Sn(n, γ)119Sn Neutron capture [W24]     

  2003 120Sn(d, 
3He)119Sn 

Pion-transfer 

reaction under 

recoil-free 

condition 

[S76]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

119Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  2004 120Sn(d, 
3He)119Sn 

Pion-transfer 

reaction under 

recoil-free 

condition 

[S77]     

  2007 118Sn(n, γ)119Sn Neutron capture [E2]     

  2010 119Sn(3He, 
3He´γ)119Sn 

3He beam on the 
119Sn target 

[T14]     

  2011 120Sn(γ, n)119Sn  [U6]     

  2011 118Sn(n, γ)119Sn Radiative neutron 

capture 

[U6]     

  2012 12C(238U)119Sn Fission 

fragmentation 

[A28]     

  2012 18O(208Pb)119Sn Fission 

fragmentation 

[A28]     

  2012 119Sb(ε)119Sn  [W9]     

  2013 12C(238U)119Sn Fusion-fission [A29]     

  2013 18O(208Pb)119Sn Fusion-fission [A29]     

  2017 120Sn(6Li, 
7Li)119Sn 

One-neutron 

stripping 

[F13]     

  2018 120Sn(10B, 
11B)119Sn 

One-neutron 

transfer 

[G16]     

  2018 120Sn(n, 

2n)119Sn 

 [P4]     

120Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  1946 235Un(n)120Sn Thermal neutron 

fission 

[G41] 1937 STABLE  [G40] 

  1948 U(α)120Sn  [S29] 1946 7.0 d  [G41] 

  1948 U(n)120Sn  [S29] 1946 136 d  [G41] 

  1950 120Sb(ε)120Sn K-capture [B56] 1946 17.5 d  [G41] 

  1953 120Sb(β+)120Sn  [H33] 1948 ~ 80 h  [S29] 

  1958 120Sb(β+)120Sn Positron-emission [M21] 1948 60 h  [S29] 

  1958 120In(β–)120Sn  [M21] 1949 17.5 m 1 [D29] 

  1960 120Sb(β+)120Sn  [I2] 1960 2.3 m 0.3 [Y8] 

  1960 120Sb(β+)120Sn Positron-emission [J7] 2003 STABLE  [A42] 

  1961 120Sb(β+)120Sn Positron emission [B63] 2003 STABLE  [L3] 

  1961 119Sn(d, p)120Sn Deuteron 

bombardment 

[C35] 2012 STABLE  [A43] 

  1961 119Sn(d, p)120Sn Deuteron 

bombardment 

[C36] 2017 STABLE  [A45] 

  1961 120Sb(β+/ε)120Sn  [I3]     

  1961 120Sb(ε)120Sn  [R15]     

  1962 118Sn(t, p)120Sn Two-neutron 

stripping reaction 

[Y7]     

  1963 120Sb(β+)120Sn  [D3]     

  1964 120In(β–)120Sn Beta-decay [K5]     

  1964 119Sn(d, p)120Sn Deuteron beam on 
119Sn oxide 

[N15]     

  1966 121Sn(γ, n)120Sn  [A1]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

120Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  1968 118Sn(t, p)120Sn 118Sn target 

preparation by 

vacuum 

evaporation 

[B43]     

  1968 118Sn(t, p)120Sn  [B77]     

  1968 118Sn(t, p)120Sn  [B77]     

  1968 120Sb(β+)120Sn  [R6]     

  1968 119Sn(n, γ)120Sn Neutron capture [S3]     

  1968 118Cd(α, 

2n)120Sn 

Alpha-particle 

bombardment 

[Y5]     

  1970 122Sn(p, t)120Sn Target preparation 

by SnO2 

evaporation 

[F14]     

  1970 120Sb(β+)120Sn Positron emission, 
120Sb preparation 

from 121Sb with 

bremsstrahlung 

beam 

[P2]     

  1971 120In(β–)120Sn 120In preparation by 
120Sn(n, p)120In 

reaction 

[L21]     

  1971 120Sb(EC)120Sn Electron capture, 
120Sb preparation 

from 121Sb(n, 

2n)120Sb reaction 

[L21]     

  1971 Sn(C)120Sn 120Sn preparation 

from the 

isotopically 

enriched Sn metal 

by vacuum 

evaporation using 

niobium boat and 

carbon backing 

[R28]     

  1972 118Sn(t, p)120Sn  [C15]     

  1972 118Sn(t, p)120Sn  [I15]     

  1972 121Sb(d, 
3He)120Sn 

 [K40]     

  1973 118Sn(120Sn, 
118Sn)120Sn 

Two-nucleon 

transfer reaction 

[B78]     

  1973 120In(β–)120Sn 120In preparation 

from 120Cd and Cd 

by Sn(p, 3pxn)Cd 

spallation  

[S18]     

  1975 118Sn(18O, 
16O)120Sn 

2n-transfer reaction [B61]     

  1975 122Sn(16O, 
18O)120Sn 

Two-neutron 

transfer reaction 

[S27]     

  1975 120Sb(β+ + 

EC)120Sn 

Positron emission 

and electron 

capture, 120Sb 

preparation from      
121Sb(γ, n) reaction 

[C6]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

120Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  1975 123Te(n, α)120Sn  [H38]     

  1975 119Sn(d, p)120Sn Vector-polarized 

deuteron 

bombardment 

[K41]     

  1976 120Sb(ε)120Sn  [K42]     

  1976 122Sn(16O, 
18O)120Sn 

Two-neutron 

stripping and 

pickup reactions 

[S66]     

  1977 122Sn(p, t)120Sn Proton 

bombardment 

[C47]     

  1978 120In(β–)120Sn Indium isotope 

preparation by the 

thermal-neutron 

induced fission of 
235U 

[A5]     

  1978 121Sb(t, α)120Sn Triton 

bombardment 

[B15]     

  1978 121Sb(d, 
3He)120Sn 

 [B15]     

  1978 120In(β–)120Sn 120In preparation 

from 238U(p, f) 

reaction 

[C31]     

  1979 119Sn(t, d)120Sn Triton 

bombardment 

[C27]     

  1979 120In(β–)120Sn Indium isotope 

preparation by the 

neutron-induced 

fission of 235U  

[F21]     

  1979 124Te(d, 
6Li)120Sn 

Alpha-cluster 

pickup via (d, 6Li) 

reaction 

[J4]     

  1980 122Sn(p, t)120Sn Proton beam on the 

rolled 122Sn foil 

[C48]     

  1981 122Sn(p, t)120Sn Proton beam on 

self-supporting 

metal foils  

[C50]     

  1983 123Sb(p, α)120Sn Neutron pickup  [G7]     

  1983 121Sb(d, 
3He)120Sn 

Neutron stripping [G7]     

  1984 120Sb(ε)120Sn Electron capture 

(EC) 

[I14]     

  1985 122Sn(p, t)120Sn Two-nuclear 

transfer reaction 

[M26]     

  1986 116Cd(7Li, 

p2n)120Sn 

7Li beam on the 
116Cd target 

[D1]     

  1987 116Cd(7Li)120Sn 7Li ion beam on the 
116Cd target 

[L30]     

  1988 120In(β–)120Sn 120In production by 

Sn(n, p) reaction 

[R13]     

  1999 122Sn(p, t)120Sn  [G44]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

120Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  2003 120Te(β+ 

β+)120Sn 

Double beta 

transitions 

[K34]     

  2005 123Sb(p, α)120Sn Polarized proton 

beam on the Sb 

target 

[G46]     

  2007 120Te(β+ + 

EC)120Sn 

Electron capture 

and positron 

emission 

[B7]     

  2007 119Sn(n, γ)120Sn Neutron capture [E2]     

  2008 119Sn(n, γ)120Sn Neutron capture [N14]     

  2009 120Te(ε ε)120Sn Double-electron 

capture 

[S26]     

  2009 120Te(ε β+)120Sn Electron capture 

and positron 

emission 

[S26]     

  2011 124Sn(n, 

5nγ)120Sn 

Fusion-fission 

reaction 

[F34]     

  2011 119Sn(n, γ)120Sn Radiative neutron 

capture 

[U6]     

  2012 12C(238U)120Sn Fission 

fragmentation 

[A28]     

  2012 18O(208Pb)120Sn Fission 

fragmentation 

[A28]     

  2013 12C(238U)120Sn Fusion-fission  [A29]     

  2013 18O(208Pb)120Sn Fusion-fission [A29]     

  2014 48Ca(238U)120Sn Fusion-fission [I9]     

  2014 64Ni(238U)120Sn Fusion-fission [I9]     

  2014 48Ca(208Pb)120Sn Fusion-fission [I5]     

  2015 48Ca(208Pb)120Sn Fusion-fission [I10]     

  2015 48Ca(238U)120Sn Fusion-fission [I10]     

  2015 64Ni(238U)120Sn Fusion-fission [I10]     

  2017 119Sn(7Li, 
6Li)120Sn 

One-neutron 

stripping 

[F13]     

  2018 120Te(β+ + 

EC)120Sn 

β+EC decay [A52]     

  2018 238U(12C)120Sn Fission-

fragmentation, 

uranium beam 

impinging on the 
12C target 

[R16]     

121Sn 1936 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L22] 

  1936 123Sb(d, α)121Sn Deuteron 

bombardment 

[L22] 1936 24 h 2 [L22] 

  1936 123Sb(d, α)121Sn Deuteron 

bombardment 

[L23] 1939 26 h  [L24] 

  1948 120Sn(d, p)121Sn Deuteron 

irradiation 

[L16] 1948 28 h  [L16] 

  1948 Th(α)121Sn  [S29] 1948 130 d  [S29] 

  1948 U(n)121Sn  [S29] 1949 28 h  [D30] 

  1948 233U(n)121Sn  [S29] 1949 1.1 d 0.05 [L9] 

  1948 Th(α)121Sn  [S29] 1951 28 h  [F6] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

121Sn 1936 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L22] 
  1949 120Sn(d, p)121Sn Deuteron 

bombardment 

[L9] 1951 36 m  [F6] 

  1959 120Sn(d, p)121Sn Deuteron 

bombardment 

[P11] 1952 27.5 h  [G30] 

  1960 122Sn(γ, n)121Sn Bremsstrahlung 

reaction 

[Y8] 1957 ~28 h  [B83] 

  1960 121In(β–)121Sn  [Y8] 1963 27.0 h 0.6 [M6] 

  1961 120Sn(d, p)121Sn Deuteron 

bombardment 

[C35] 1963 27.5 h  [W5] 

  1962 120Sn(d, p)121Sn  [B10] 1966 26.85 h 0.20 [L6] 

  1963 120Sn(d, p)121Sn  [D3] 1968 27.06 h 0.04 [E5] 

  1963 124Te(n, α 

)121Sn 

 [M6] 1968 27.06 h 0.03 [E5] 

  1963 235U(n)121Sn Thermal-neutron 

fission 

[W5] 1968 27.0 h 0.1 [E5] 

  1964 120Sn(d, p )121Sn  [N8] 1968 25.5 h 0.1 [S61] 

  1965 120Sn(n, γ)121Sn Neutron irradiation 

onto 120Sn enriched 

SnO2 

[S60] 1969 27 h  [E6] 

  1966 121Sb(μ–, 

ν)121Sn 

 [A1] 1969 27 h  [P33] 

  1966 U(f)125Sn Fission  [L6] 1971 27.5 h 0.5 [H34] 

  1966 120Sn(d, p)121Sn Neutron stripping [R27] 1976 27 h  [F47] 

  1967 120Sn(d, p)121Sn Stripping reaction [S17] 1977 27 h  [B88] 

  1967 122Sn(d, t)121Sn Stripping reaction [S17] 1989 27.1 h  [R4] 

  1968 120Sn(n, γ )121Sn  [B33] 1991 27.06 h 0.04 [T4] 

  1968 235U(f)121Sn Fission [E5] 1997 27.06 h 0.04 [A41] 

  1968 120Sn(n, γ)121Sn Neutron irradiation 

onto 120Sn enriched 

SnO2 

[S61] 2000 27.03 h 0.04 [T5] 

  1968 120Sn(d, p)121Sn  [V6] 2002 27.06 h  [R24] 

  1969 119Sn(t, p)121Sn  [B44] 2003 27.03 h 0.04 [A42] 

  1969 120Sn(n, γ)121Sn Irradiation on 

stable Sn metal 

[P33] 2012 27.03 h 0.04 [A43] 

  1970 122Sn(p, d)121Sn Proton 

bombardment 

[C17] 2016 27 h  [H20] 

  1972 119Sn(t, p)121Sn 119Sn preparation 

by vacuum 

evaporation 

[C15] 2017 27.03 h 0.04 [A45] 

  1972 120Sn(t, d)121Sn 120Sn preparation 

by vacuum 

evaporation 

[C15]     

  1973 121In(β–)121Sn 121g + mIn 

production by 
122Sn(γ, p) reaction 

[F37]     

  1974 122Sn(d, t)121Sn Neutron pickup 

reaction 

[W15]     

  1975 120Sn(d, p)121Sn Deuteron 

bombardment 

[B20]     

  1975 120Sn(d, p)121Sn Deuteron beams on 

the thin tin target 

[B21]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

121Sn 1936 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L22] 
  1975 122Sn(d, t)121Sn Deuteron beams on 

the thin tin target 

[B21]     

  1976 120Sn(n, γ)121Sn Neutron capture [C10]     
  1976 121In(β–)121Sn 121In preparation by 

235U(n, f) and 
238U(α, f) reactions 

[F20]     

  1976 120Sn(d, 

pγ)121Sn 

120Sn preparation 

by evaporation 

[M4]     

  1977 122Sn(p, d)121Sn Neutron pickup 

reaction 

[S33]     

  1977 122Sn(d, t)121Sn Single-neutron 

pickup reaction 

[W16]     

  1978 121In(β–)121Sn Indium isotope 

preparation by the 

thermal-neutron 

induced fission of 
235U 

[A5]     

  1978 121mSn(IT)121gSn Internal-conversion  [H42]     

  1978 122Sn(d, t)121Sn Deuteron 

bombardment 

[K43]     

  1980 122Sn(p, d)121Sn Proton 

bombardment on 

Sn foil 

[T2]     

  1982 122Sn(p, d)121Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1984 120Sn(α, 
3He)121Sn 

Neutron stripping 

reaction 

[G10]     

  1986 Sn(n)121Sn Neutron activation 

on enriched stable 

Sn 

[A17]     

  1991 120Sn(α, 
3He)121Sn 

Stripping reaction [M13]     

  1992 122Sn(80Se)121Sn Bombarding of 

lead backed 122Sn 

target with 80Se 

pulse beam 

[M15]     

  1992 124Sn(80Se)121Sn Bombarding of 

lead backed 124Sn 

target with 80Se 

pulse beam 

[M15]     

  1994 124Sn(80Se)121Sn Heavy-ion 

collision 

[M16]     

  1995 124Sn(80Se)121Sn Heavy-ion 

collision 

[D2]     

  1995 124Sn(80Se, 
80Se3nγ)121Sn 

 [O6]     

  1996 120Sn(n, γ)121Sn Neutron capture [W25]     

  1996 120Sn(n, γ)121Sn Neutron capture [W24]     

  2004 120Sn(7Li, 
6Li)121Sn 

120Sn(7Li, 6Li* → α 

+ d)121Sn transfer 

breakup reaction 

[D10]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

121Sn 1936 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L22] 
  2006 122Sn(n, 

2n)121Sn 

 [F33]     

  2007 120Sn(n, γ)121Sn Neutron capture [E2]     
  2010 120Sn(6He, 

5He)121Sn 

One-neutron 

stripping reaction 

[F4]     

  2010 120Sn(7Li, 
6Li)121Sn 

7Li nuclear break-

up process 

[S64]     

  2011 122Sn(3He, 

αγ)121Sn 

3He beam on the 
122Sn target 

[T15]     

  2011 122Sn(γ, n)121Sn  [U6]     

  2012 12C(238U)121Sn Fission 

fragmentation 

[A28]     

  2012 18O(208Pb)121Sn Fission 

fragmentation 

[A28]     

  2012 122Sn(d, 
3He)121Sn 

Pionic reaction  [I11]     

  2013 12C(238U)121Sn Fusion-fission [A29]     

  2013 18O(208Pb)121Sn Fusion-fission [A29]     

  2017 120Sn(7Li, 
6Li)121Sn 

One-nucleaon 

transfer reaction 

[K58]     

  2017 120Sn(7Li, 
6Li)121Sn 

One-neutron 

transfer reaction 

[Z1]     

  2018 122Sn(d, 
3He)121Sn 

Pionic-reaction [N13]     

122Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 

  1955 122Sb(ε)122Sn Electron capture [F5] 1937 STABLE  [G40] 

  1955 122Sb(ε)122Sn K-capture [G26] 1960 3.1 m 0.3 [Y8] 

  1958 122Sb(EC + 

β+)122Sn 

Electron capture 

and positron 

emission 

[P13] 1968 40 m  [T17] 

  1963 122Sb(β+)122Sn  [D3] 2003 STABLE  [A42] 

  1964 122In(β–)122Sn  [K5] 2003 STABLE  [L3] 

  1968 120Cd(α, 

2n)122Sn 

Alpha-particle 

bombardment 

[Y5] 2012 STABLE  [A43] 

  1970 124Sn(p, t)122Sn Target preparation 

by SnO2 

evaporation 

[F14] 2017 STABLE  [A45] 

  1971 122In(β–)122Sn  [T1]     

  1972 120Sn(t, p)122Sn  [C15]     

  1973 120Sn(18O, 
16O)122Sn 

Two-neutron 

transfer reaction 

[A23]     

  1973 120Sn(18O, 
16O)122Sn 

Two-neutron 

transfer reaction 

[A24]     

  1973 122In(β–)122Sn 122In preparation 

from 122Cd by 

Sn(p, 3pxn)Cd 

spallation  

[S18]     

  1974 120Sn(18O, 
16O)122Sn 

Two-nucleon 

transfer 

[A25]     

  1975 120Sn(18O, 
16O)122Sn 

Two-neutron 

transfer reaction 

[S27]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

122Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  1976 120Sn(18O, 

16O)122Sn 

Two-neutron 

stripping and 

pickup reaction 

[S66]     

  1977 124Sn(p, t)122Sn  [C47]     
  1978 122In(β–)122Sn In preparation from 

thermal-neutron 

induced 235U 

fission 

[A5]     

  1978 123Sb(t, α)122Sn Triton 

bombardment 

[B15]     

  1979 122In(β–)122Sn 122In separation 

from 238U(p, f) 

products 

[C32]     

  1979 122In(β–)122Sn Indium isotope 

preparation by 

neutron-induced 

fission of 235U 

[F21]     

  1979 126Te(d, 
6Li)122Sn 

Alpha-cluster 

pickup via (d, 6Li) 

reaction 

[J4]     

  1979 124Sn(p, t)122Sn  [K53]     

  1980 124Sn(p, t)122Sn Proton beam on the 

rolled 124Sn foil 

[C48]     

  1981 124Sn(p, t)122Sn Proton beam on 

self-supporting 

metal foils  

[C50]     

  1983 124Sn(p, t)122Sn Proton beam on 
124Sn enriched 

metal target 

[M14]     

  1985 124Sn(p, t)122Sn Two-nuclear 

transfer reaction 

[M26]     

  1988 122In(β–)122Sn 122In production by 

Sn(n, p) reaction 

[R13]     

  1992 124Sn(76Ge)122Sn Heavy-ion 

collision 

[B76]     

  2010 120Sn(6He, 

α)122Sn 

Two-neutron 

stripping reaction 

[F4]     

  2011 124Sn(n, 

3nγ)122Sn 

Fusion-fission 

reaction 

[F34]     

  2011 124Sn(p, t)122Sn  [G49]     

  2011 121Sn(n, γ)122Sn Radiative neutron 

capture 

[U6]     

  2012 12C(238U)122Sn Fission 

fragmentation 

[A28]     

  2012 18O(208Pb)122Sn Fission 

fragmentation 

[A28]     

  2013 12C(238U)122Sn Fusion-fission [A29]     

  2013 18O(208Pb)122Sn Fusion-fission [A29]     

  2013 238U(12C)122Sn Fusion-induced 

fission 

[C1]     

  2014 48Ca(238U)122Sn Fusion-fission [I9]     

  2014 64Ni(238U)122Sn Fusion-fission [I9]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

123Sn 1939 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L24] 
  2014 48Ca(208Pb)122Sn Fusion-fission [I9]     
  2015 48Ca(208Pb)122Sn Fusion-fission [I10]     
  2015 48Ca(238U)122Sn Fusion-fission [I10]     
  2015 64Ni(238U)122Sn Fusion-fission [I10]     
  2016 122Sb(ε)122Sn Electron-capture [T21]     
123Sn 1939 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L24] 

  1939 120Cd(α, n)123Sn Alpha 

bombardment 

[L24] 1937 18 m  [G40] 

  1939 122Sn(d, p)123Sn Deuteron 

bombardment 

[L24] 1939 10 d  [L24] 

  1948 124Sn(γ, n)123Sn Neutron removal [M30] 1948 41.5 m 0.5 [M30] 
  1948 233U(n)123Sn Thermal neutron 

fission 

[G42] 1948 136 d  [G42] 

  1948 Th(α)123Sn  [S29] 1948 ~ 18 d  [G42] 

  1948 U(n)123Sn  [S29] 1948 9 d  [S29] 

  1948 233U(n)123Sn  [S29] 1948 11 d  [S29] 

  1948 Sn(d, p)123Sn  [S29] 1949 39.5 m  [D30] 

  1948 Sn(n, γ)123Sn  [S29] 1949 40 m 1 [L9] 

  1948 224Sn(d, t)123Sn  [S29] 1949 130 d 5 [L9] 

  1949 122Sn(d, p)123Sn Deuteron 

bombardment 

[L9] 1950 130 d  [M24] 

  1949 122Sn(n, γ)123Sn Neutron irradiation [L9] 1951 125 d 3 [C43] 

  1949 124Sn(n, 

2n)123Sn 

Neutron capture [L9] 1951 136 d  [F6] 

  1951 122Sn(n)123Sn Neutron capture [C43] 1951 39.5 m  [F6] 

  1960 124Sn(γ, n)123Sn Bremsstrahlung 

reaction 

[Y8] 1952 126 d  [G30] 

  1960 123In(β–)123Sn  [Y8] 1953 136 d  [H33] 

  1961 124Sn(α, 

αn)123Sn 

Alpha irradiation [H4] 1960 40 m  [Y8] 

  1961 122Sn(α, 

2p1n)123Sn 

Alpha irradiation [H4] 1961 130 d  [H4] 

  1962 122Sn(d, p)123Sn  [B10] 1961 40 m  [S16] 

  1962 128Te(n, 

2p4n)123Sn 

 [H3] 1963 39.7 m 1.0 [M6] 

  1962 130Te(n, 

2p6n123Sn 

 [H3] 1963 41 m  [S80] 

  1963 126Te(n, α)123Sn  [M6] 1964 40 m  [K9] 

  1964 124Sn(n, 

2n)123Sn 

 [K9] 1965 125 d  [S60] 

  1964 122Sn(d, p)123Sn Monoenergetic 

deuteron 

bombardment 

[N8] 1966 129.0 d 0.5 [L6] 

  1966 123Sb(μ–, ν)123Sn  [A1] 1968 126.4 d 0.3 [E5] 

  1966 U(f)123Sn Fission  [L6] 1968 129.6 d 0.6 [E5] 

  1966 122Sn(d, p)123Sn Neutron stripping [R27] 1968 129.3 h 0.5 [E5] 

  1967 122Sn(d, p)123Sn Striping reaction [S17] 1968 40.1 m 0.2 [E5] 

  1967 124Sn(d, t)123Sn Stripping reaction [S17] 1969 40.1 m  [E6] 

  1968 235U(f)123Sn Fission [E5] 1969 129.3 d 0.5 [E6] 

  1968 122Sn(n, γ)123Sn Radiative-neutron 

capture 

[T17] 1969 40.1 m  [E6] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

123Sn 1939 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L24] 
  1969 235U(n, f)123Sn Thermal neutron-

fission 

[E6] 1972 129.2 d 0.4 [A36] 

  1970 124Sn(p, d)123Sn Proton 

bombardment 

[C17] 1972 125 d  [L5] 

  1972 122Sn(d, p)123Sn 122Sn preparation 

by vacuum 

evaporation 

[C9] 1974 40 m  [B87] 

  1972 122Sn(n, γ)123Sn  [L5] 1974 129.2 d  [R11] 
  1973 124Sn(p, d)123Sn Neutron pickup [I6] 1976 40 m  [F47] 
  1973 123In(β–)123Sn 123In preparation 

from 124Sn(γ, p)  

reaction   

[J2] 1993 129.2 d 0.4 [O4] 

  1974 122Sn(n, γ)123Sn  [R11] 1997 129.2 d 0.4 [A41] 

  1974 124Sn(d, t)123Sn Neutron pickup 

reaction 

[W15] 2003 129.2 d 0.4 [A42] 

  1975 122Sn(d, p)123Sn Deuteron beams on 

the thin tin target 

[B21] 2004 129.2 d 0.4 [O5] 

  1975 124Sn(d, t)123Sn Deuteron beams on 

the thin tin target 

[B21] 2012 129.2 d 0.4 [A43] 

  1975 122Sn(n, γ)123Sn Neutron capture [B34] 2014 129.2 d  [D21] 

  1975 124Sn(3He, 

α)123Sn 

Neutron pickup 

reaction 

[G22] 2017 129.2 d 0.4 [A45] 

  1976 123In(β–)123Sn 123In preparation by 
235U(n, f) and 
238U(α, f) reactions 

[F20]     

  1976 122Sn(d, 

pγ)123Sn 

122Sn preparation 

by evaporation  

[M4]     

  1977 122Sn(n, γ )123Sn  [C11]     

  1977 124Sn(3He, 

α)123Sn 

Neutron pickup 

reaction 

[S33]     

  1977 124Sn(p, d)123Sn Neutron pickup 

reaction 

[S33]     

  1977 124Sn(d, t)123Sn Single-neutron 

pickup reaction 

[W16]     

  1978 123In(β–)123Sn Indium isotope 

preparation by the 

thermal-neutron 

induced fission of 
235U 

[A5]     

  1978 124Sn(d, t)123Sn Deuteron 

bombardment 

[K43]     

  1978 124Sn(3He, 

α)123Sn 

Neutron pickup 

reaction 

[W21]     

  1980 124Sn(p, d)123Sn Proton 

bombardment on 

Sn foil 

[T2]     

  1982 124Sn(p, d)123Sn Target preparation 

by SnO2 

evaporation 

[F16]     

  1986 Sn(n)123Sn Neutron activation 

on enriched stable 

Sn 

[A17]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

123Sn 1939 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L24] 
  1987 123In(β–)123Sn Indium isotope 

preparation by the 

neutron-induced 

fission of 235U 

[S65]     

  1991 122Sn(α, 
3He)123Sn 

Stripping reaction [M13]     

  1992 122Sn(80Se)123Sn 122Sn target, 

backed with lead, 

bombarding with 

the pulse beam of 
80Se 

[M15]     

  1992 124Sn(80Se)123Sn 80Se pulse beam on 

lead backed 124Sn 

target 

[M15]     

  1994 124Sn(80Se)123Sn  Heavy-ion 

collision 

[M16]     

  1995 122Sn(n, γ)123Sn  [C12]     

  1995 124Sn(136Xe)123Sn Heavy-ion 

collision 

[D2]     

  2003 124Sn(d, 
3He)123Sn 

Pion-transfer 

reaction under 

recoil-free 

condition 

[S76]     

  2004 124Sn(d, 
3He)123Sn 

Pion-transfer 

reaction under 

recoil-free 

condition 

[S77]     

  2005 124Sn(d, 

p2n)123Sn 

Deuteron beam on 

the enriched Sn 

target 

[B5]     

  2006 122Sn(n, γ)123Sn Thermal-neutron 

capture on natural 

Sn foil 

[K50]     

  2007 122Sn(n, γ)123Sn Neutron capture [E2]     

  2008 122Sn(n, γ)123Sn Neutron capture [C33]     

  2011 124Sn(γ, n)123Sn Radiative neutron 

transfer 

[U6]     

  2012 12C(238U)123Sn Fission 

fragmentation 

[A28]     

  2012 18O(208Pb)123Sn Fission 

fragmentation 

[A28]     

  2013 12C(238U)123Sn Fusion-fission [A29]     

  2013 18O(208Pb)123Sn Fusion-fission [A29]     

  2014 124Sn(n, 2n)123Sn Neutron capture by 

natural 124Sn 

[D21]     

  2014 122Sn(n, γ)123Sn Neutron capture [D21]     

  2018 124Sn(n, 2n)123Sn  [P4]     

  2018 124Sn(7Li, 
8Li)123Sn 

One neutron 

pickup reaction  

[P8]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

124Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  1964 123Sn(d, p)124Sn Deuteron 

bombardment 

[C37] 1937 STABLE  [G40] 

  1968 124Sn(n, γ)125Sn Radiative-neutron 

capture 

[T17] 1949 (0.4–

0.9)×1016 

y 

 [F11] 

  1968 122Cd(α, 2n)124Sn Alpha-particle 

bombardment 

[Y5] 1952 (2–

5)×1017 y 

 [F12] 

  1970 122Sn(t, p)124Sn  [F14] 1952 2×1017 y  [F36] 
  1970 122Sn(t, p)124Sn  [F19] 1952 >2.1×1017 

y 

0.3 [H31] 

  1970 122Sn(t, p)124Sn Target preparation 

by evaporation 

[F18] 1952 ~1017 y  [K1] 

  1975 122Sn(18O, 
16O)124Sn 

2n-transfer 

reaction 

[B61] 1952 >2×1017 y  [P10] 

  1978 124In(β–)124Sn In preparation by 

thermal-neutron 

induced 235U 

fission 

[A5] 1968 9.4 m  [T17] 

  1979 124In(β–)124Sn In preparation by 

the neutron-

induced fission of 
235U  

[F21] 2003 STABLE  [A42] 

  1979 128Te(d, 
6Li)124Sn 

Alpha-cluster 

pickup via (d, 6Li) 

reaction 

[J4] 2003 STABLE  [L3] 

  1987 124In(β–)124Sn Indium isotope 

preparation by the 

neutron-induced 

fission of 235U 

[S65] 2008 (0.8–

1.2)×1021 

y 

 [B8] 

  1992 124Sn(76Ge)124Sn Heavy-ion 

collision 

[B76] 2008 >(3.1–

7.7)×1018 

y 

 [D11] 

  2011 123Sn(n, γ)124Sn Nuetron capture [A49] 2008 >8.7 × 

1019 y 

 [D12] 

  2011 124Sn(n, nγ)124Sn Fusion-fission 

reaction 

[F34] 2012 STABLE  [A43] 

  2011 123Sn(n, γ)124Sn Radiative neutron 

capture 

[U6] 2017 STABLE  [A45] 

  2012 12C(238U)124Sn Fission 

fragmentation 

[A28]     

  2012 18O(208Pb)124Sn Fission 

fragmentation 

[A28]     

  2013 12C(238U)124Sn Fusion-fission [A29]     

  2013 18O(208Pb)124Sn Fusion-fission [A29]     

  2014 48Ca(238U)124Sn Fusion-fission [I9]     

  2014 64Ni(238U)124Sn Fusion-fission [I9]     

  2014 48Ca(208Pb)124Sn Fusion-fission [I9]     

  2015 48Ca(208Pb)124Sn Fusion-fission [I10]     

  2015 48Ca(238U)124Sn Fusion-fission [I10]     

  2015 64Ni(238U)124Sn Fusion-fission [I10]     

  2016 235U(nth, f)124Sn Neutron-induced 

fission  

[S15]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

124Sn 1922 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A30] 
  2016 124Sb(ε)124Sn Electron-capture [T21]     

  2018 238U(12C)124Sn Fission-

fragmentation, 

uranium beam 

impinging on 12C 

target 

[R16]     

125Sn 1939 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L24] 
  1948 U(n)125Sn  [S29] 1937 8 m  [G40] 
  1949 124Sn(d, p)125Sn Deuteron 

bombardment 

[L9] 1939 9 m  [L24] 

  1949 124Sn(n, γ)125Sn Slow neutron 

irradiation  

[L9] 1947 9 m  [S34] 

  1953 124Sn(d, p)125Sn  [W6] 1948 ~ 20 m  [S29] 
  1961 124Sn(d, p)125Sn Deuteron 

bombardment 

[C35] 1949 9.8 m 0.2 [L9] 

  1961 124Sn(α, 

2p1n)125Sn 

Alpha irradiation [H4] 1950 9.9 d  [H17] 

  1962 128Te(n, α)125Sn  [H3] 1951 9.9 d  [F6] 

  1962 130Te(n, 

2p4n)125Sn 

 [H3] 1951 9.8 m  [F6] 

  1963 124Sn(d, p)125Sn  [D3] 1952 9.4 d  [G30] 

  1964 124Sn(d, p)125Sn Deuteron 

bombardment 

[C37] 1952 10 d  [M10] 

  1964 124Sn(d, p)125Sn Monoenergetic 

deuteron 

bombardment 

[N8] 1956 10 d  [D26] 

  1966 U(f)125Sn Fission  [L6] 1957 9.7 d  [B85] 

  1966 124Sn(d, p)125Sn Neutron stripping [R27] 1961 9 m  [S16] 

  1967 124Sn(d, p)125Sn Stripping reaction [S17] 1963 9.7 m  [M6] 

  1968 124Sn(n, γ)125Sn  [B33] 1963 9.6 d  [W5] 

  1968 235U(f)125Sn Fission [E5] 1964 9.4 m  [D14] 

  1968 124Sn(n, γ)125Sn Neutron capture [S3] 1964 9.7 d  [D14] 

  1969 235U(n, f)125Sn Thermal neutron-

fission 

[E6] 1965 9.7 m  [K18] 

  1972 124Sn(d, p)125Sn 124Sn preparation 

by vacuum 

evaporation 

[C9] 1966 9.625 d 0.025 [L6] 

  1973 124Sn(α, 
3He)125Sn 

Alpha 

bombardment 

[B40] 1968 9.64 d 0.03 [E5] 

  1973 124Sn(d, p)125Sn Deuteron 

bombardment 

[B40] 1968 9.6 m 0.1 [E5] 

  1974 235U(n)125Sn Fission [G34] 1969 9.7 d  [E6] 

  1975 124Sn(d, p)125Sn Deuteron beams 

on the thin tin 

target 

[B21] 1969 9.6 m  [E6] 

  1975 124Sn(18O, 
17O)125Sn 

2n-transfer 

reaction 

[B61] 1974 9.7 d  [A20] 

  1976 125In(β–)125Sn 125In preparation 

by 235U(n, f) and 
238U(α, f) reactions 

[F20] 1974 576 s  [A20] 

  1976 124Sn(d, pγ)125Sn 124Sn preparation 

by evaporation 

[M4] 1974 9.65 d  [B69] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

125Sn 1939 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L24] 
  1977 124Sn(n, γ)125Sn  [C11] 1974 9.7 m  [B87] 
  1977 124Sn(d, p)125Sn Deuteron 

bombardment  

[S73] 1974 576 s  [G34] 

  1978 125In(β–)125Sn In preparation by 

thermal-neutron 

induced fission of 
235U 

[A5] 1981 9.64 d 0.03 [T3] 

  1986 Sn(n)125Sn Neutron activation 

on enriched stable 

Sn 

[A17] 1997 9.64 d 0.03 [A41] 

  1987 125In(β–)125Sn In preparation by 

neutron-induced 

fission of 235U 

[S65] 2003 9.64 d 0.03 [A42] 

  1991 124Sn(α, 
3He)125Sn 

Stripping reaction [M13] 2009 9.64 d  [H6] 

  1996 124Sn(n, γ)125Sn  [A21] 2011 9.64 d 0.03 [K13] 
  2000 233U(n)125Sn Thermal neutron-

induced fission 

[P19] 2012 9.64 d 0.03 [A43] 

  2000 239Pu(n)125Sn Thermal neutron-

induced fission 

[P19] 2014 9.64 d  [D21] 

  2000 124Sn(238U)125Sn Heavy-ion reaction [Z3] 2016 9.6 d  [H20] 

  2004 U(p)125Sn Fission on the UC2 

target 

[B52] 2017 9.64 d 0.03 [A45] 

  2004 124Sn(d, p)125Sn 124Sn beam on 

deuterated 

polyethylene 

(CD2) target 

[J11] 2018 9.64 d  [P8] 

  2005 U(p)125Sn Fission on the UC2 

target 

[B53]     

  2005 2H(124Sn, p)125Sn Single-neutron 

transfer reaction 

on deuterated 

polyethylene target 

[J12]     

  2006 124Sn(n, γ)125Sn Thermal-neutron 

capture by natural 

Sn foil 

[K50]     

  2007 124Sn(n, γ)125Sn Neutron capture [E2]     

  2008 238U(9Be)125Sn Fission [L29]     

  2010 124Sn(9Be, 
8Be)125Sn 

One-nuetron 

transfer reaction 

[P34]     

  2011 124Sn(n, γ)125Sn  [T18]     

  2011 124Sn(d, p125Sn  [T18]     

  2012 12C(238U)125Sn Fission 

fragmentation 

[A28]     

  2012 18O(208Pb)125Sn Fission 

fragmentation 

[A28]     

  2013 12C(238U)125Sn Fusion-fission [A29]     

  2013 18O(208Pb)125Sn Fusion-fission [A29]     

  2014 124Sn(n, γ)125Sn Neutron capture [[D21]     

  2018 124Sn(7Li, 
6Li)125Sn 

One-neutron 

stripping reaction  

[P8]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

126Sn 1951 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [B14] 

  1948 U(n)126Sn  [S29] 1948 70 m  [S29] 

  1962 235U(n)126Sn Fission [D25] 1948 80 m  [S29] 

  1969 124Sn(t, p)126Sn 124Sn preparation 

by vacuum 

evaporation 

[B44] 1951 50 m  [B14] 

  1970 124Sn(t, p)126Sn  [F14] 1951 70 m  [F6] 

  1970 124Sn(t, p)126Sn Target preparation 

by evaporation 

[F18] 1962 ~105 y  [D25] 

  1973 124Sn(t, p)126Sn  [A38] 1971 ~105 y  [O10] 

  1975 124Sn(18O, 
16O)126Sn 

2n-transfer 

reaction 

[B61] 1973 ~105 y  [A38] 

  1976 235U(n, f)126Sn Fission [S59] 1976 105 y  [S59] 

  1978 126In(β–)126Sn In preparation by 

neutron-induced 

fission of 235U 

[A5] 1996 2.07×105 

y 

0.21 [G15] 

  1979 126In(β–)126Sn In preparation by 

neutron-induced 

fission of 235U  

[F21] 1996 2.07×105 

y 

0.21 [H1] 

  1979 130Te(d, 
6Li)126Sn 

Alpha-cluster 

pickup via (d, 6Li) 

reaction 

[J4] 1996 2.5×105 y 0.2 [Z2] 

  1985 124Sn(14C, 
12C)126Sn 

Two-neutron 

transfer reaction 

[V8] 1997 ~105 y  [K60] 

  1987 126In(β–)126Sn In preparation by 

neutron-induced 

fission of 235U 

[S65] 1998 1.14×105 

y 

 [Q1] 

  1996 235U(n)126Sn Fission [Z2] 1999 2.345×105 

y 

0.071 [O1] 

  1997 235U(f) Fission [K60] 2003 230 ky 14 [A42] 

  2000 124Sn(238U)126Sn Heavy-ion 

reaction 

[Z3] 2005 2.33×105 

y 

0.10 [C16] 

  2000 238U(Xγ)126Sn  [K12] 2006 2.42×105 

y 

 [F33] 

  2004 U(p)126Sn Fission [B52] 2006 2.4×105 y  [F33] 

  2006 125Sn(n, γ)126Sn  [F33] 2009 1.980×105 

y 

0.057 [B32] 

  2006 126Sb(n, p)126Sn  [F33] 2010 2×105 y  [F8] 

  2006 129mTe(n, 

α)126Sn 

 [F33] 2012 230 ky 14 [A43] 

  2010 238U(9Be)126Sn Fission [I4] 2012 105 y  [I5] 

  2012 12C(238U)126Sn Fission 

fragmentation 

[A28] 2012 2.3×105 y  [K55] 

  2012 18O(208Pb)126Sn Fission 

fragmentation 

[A28] 2013 2.17×105 

y 

0.14 [K59] 

  2013 12C(238U)126Sn Fusion-fission [A29] 2016 2.3×105 y  [H20] 

  2013 18O(208Pb)126Sn Fusion-fission [A29] 2017 230 ky 14 [A45] 

  2013 238U(f)126Sn Fission [A54] 2017 2.35×105 

y 

 [B74] 

 

 

 



 

256 

Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

126Sn 1951 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [B14] 

  2014 48Ca(238U)126Sn Fusion-fission [I9]     

  2014 64Ni(238U)126Sn Fusion-fission [I9]     

  2014 48Ca(208Pb)126Sn Fusion-fission [I9]     

  2015 48Ca(208Pb)126Sn Fusion-fission [I10]     

  2015 48Ca(238U)126Sn Fusion-fission [I10]     

  2015 64Ni(238U)126Sn Fusion-fission [I10]     

  2016 235U(nth, f)126Sn Neutron-induced 

fission  

[S15]     

127Sn 1951 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [B14] 

  1951 235U(n, f)127Sn Fission [B14] 1951 1.5 h  [B14] 

  1962 235U(n)127Sn Fission [D25] 1962 2.15 h 0.10 [D25] 

  1962 130Te(n, α)127Sn  [H3] 1962 4.6 m 0.4 [H3] 

  1962 128Te(3n, 

α)127Sn 

 [H3] 1962 2.2 h 0.2 [H3] 

  1965 130Te(n, α)127Sn Neutron 

irradiation 

[K18] 1963 2.45 h 0.30 [M6] 

  1974 235U(n, f)127Sn Thermal-neutron 

fission 

[A20] 1964 2.15 h  [T20] 

  1974 130Te(n, α)127Sn  [A20] 1965 4.1 m 0.3 [K18] 

  1974 235U(n)127Sn Fission [G34] 1969 2.1 h  [E6] 

  1978 127In(β–)127Sn In preparation by 

neutron-induced 

fission of 235U 

[A5] 1972 2.10 h 0.04 [A37] 

  1980 127In(β–)127Sn 127In preparation 

by 235U(n, f) 

reaction 

[G18] 1974 2.2 h  [A20] 

  1987 127In(β–)127Sn In preparation by 

neutron-induced 

fission of 235U 

[S65] 1974 2.12 h  [B69] 

  1993 252Cf(f)127Sn Spontaneous 

fission 

[X1] 1974 248 s 2 [G34] 

  2000 233U(n)127Sn Thermal neutron-

induced fission 

[P19] 1977 2.2 h  [S25] 

  2000 239Pu(n)127Sn Thermal neutron-

induced fission 

[P19] 1993 2.10 h  [X1] 

  2004 U(p)127Sn Fission on the UC2 

target 

[B52] 1997 2.10 h 0.04 [A41] 

  2004 127In(β–)127Sn In preparation by 

thermal-neutron 

induced fission of 
235U carbide 

[G17] 2003 2.10 h 0.04 [A42] 

  2005 U(p)127Sn Fission on the UC2 

target 

[B53] 2011 2.10 h 0.04 [H14] 

  2007 136Xe(Be)127Sn Projectile 

fragmentation 

[A34] 2012 2.10 h 0.04 [A43] 

  2008 U(p)127Sn Proton-induced 

fission on the 

uranium carbide 

target  

[D31] 2017 2.10 h 0.04 [A45] 

  2008 238U(9Be)127Sn Fission [L29]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

127Sn 1951 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [B14] 

  2016 126Sn(n, γ)127Sn  [A19]     

  2016 126Sn(d, p)127Sn Deuteron breakup 

via (d, p) transfer 

reaction 

[T13]     

128Sn 1956 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A11] 

  1962 235U(n)128Sn Fission [D25] 1962 58 m 5 [D25] 

  1962 235U(n)128Sn Thermal neutron 

fission 

[M11] 1962 57 m 4 [H3] 

  1968 235U(f)128Sn Fission [E5] 1962 62 m  [M11] 

  1974 235U(n, f)128Sn Fission [F35] 1962 57 m  [M11] 

  1976 235U(n)128Sn Thermal neutron-

induced fission  

[N18] 1962 57 m 4 [H3] 

  1978 128In(β–)128Sn Indium production 

by thermal-

neutron-induced 

fission of 235U 

[A5] 1964 59.8 m 0.8 [S70] 

  1979 128In(β–)128Sn Indium 

preparation by 

neutron-induced 

fission of 235U  

[F21] 1968 60.0 m 0.4 [E5] 

  1981 128In(β–)128Sn 128In preparation 

from 235U(n, f) 

reaction 

[F22] 1968 59.3m 0.5 [E5] 

  1987 128In(β–)128Sn Indium 

preparation by 

neutron-induced 

fission of 235U 

[S65] 1972 58.3 m 1.5 [I16] 

  1990 128In(β–)128Sn Indium production 

from thermal-

neutron-induced 

fission of 235U 

[S69] 1973 60.0 m 4 [A55] 

  1993 252Cf(f)128Sn Spontaneous 

fission 

[X1] 1974 1 h  [A20] 

  2000 124Sn(238U)128Sn Fission and 

neutron transfer 

[Z3] 1974 59.3 m 0.5 [F35] 

  2004 U(p)128Sn Fission [B52] 1976 59.1 m 0.5 [N18] 

  2010 136Xe(Be)128Sn Projectile 

fragmentation 

[A35] 1983 59.1 m 0.5 [K38] 

  2011 136Xe(9Be)128Sn Fragmentation [P18] 1993 59.1 m  [X1] 

  2012 128In(β–)128Sn  [A44] 1997 59.1 m 0.5 [A41] 

  2013 238U(γ, f)128Sn Bremsstrahlung-

induced fission 

[N3] 2001 59.07 m 0.14 [K3] 

  2014 48Ca(238U)128Sn Fusion-fission  [I9] 2003 59.07 m 0.14 [A42] 

  2014 64Ni(238U)128Sn Fusion-fission  [I9] 2012 59.07 m 0.14 [A43] 

  2015 Pu(α)128Sn Alpha-

accompanied 

ternary fission 

reactions on 238–

244Pu isotopes 

[S79] 2013 59.07 m  [N3] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

128Sn 1956 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [A11] 

  2016 235U(nth, f)128Sn Neutron-induced 

fission  

[S15] 2015 59.07 m 0.14 [E4] 

  2017 238U(n, f)128Sn Electromagnetically-

induced fission 

[P12] 2017 59.07 m 0.14 [A45] 

  2018 232Th(γ, f)128Sn Bremsstrahlung-

induced fission 

[N4] 2018 59.07 m  [N4] 

129Sn 1962 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [D25] 

  1962 235U(n)129Sn Fission [D25] 1962 6.2 m 1.2 [D25] 

  1972 U(n)129Sn Fission [I16] 1962 8.8 m 0.6 [H3] 

  1974 235U(n, f)129Sn Fission [F35] 1962 1.0 h 0.1 [H3] 

  1974 235U(n)129Sn Fission [G34] 1966 2 m  [C34] 

  1978 129In(β–)129Sn Indium isotope from 

thermal-neutron 

induced fission of 
235U 

[A5] 1967 2.5 m  [B42] 

  1980 129In(β–)129Sn 129In preparation by 
235U(n, f) reaction 

[G18] 1967 7.5 m  [B42] 

  1982 235U(n, f)129Sn Thermal-neutron 

fission 

[H40] 1972 2.52 m 0.12 [I16] 

  1984 235U(nth, f)129Sn Photofission  [F39] 1974 2.5 m 0.2 [F35] 

  1984 238U(nth, f)129Sn Photofission [F39] 1974 134 s 2 [G34] 

  1987 129In(β–)129Sn Indium isotope from 

neutron-induced 

fission of 235U 

[S65] 1974 8.9 m 0.6 [G34] 

  1993 136Xe(27Al)129Sn Projectile 

fragmentation 

[F45] 1974 135 s  [G34] 

  2000 233U(n)129Sn Thermal-neutron 

induced fission 

[P19] 1974 456 s  [G34] 

  2000 239Pu(n)129Sn Thermal-neutron 

induced fission 

[P19] 1974 7.4 m 0.3 [F35] 

  2002 239Pu(n)129Sn Thermal neutron-

induced fission 

[G20] 1980 6.7 m 0.4 [G18] 

  2002 241Pu(n)129Sn Thermal neutron-

induced fission 

[G20] 1982 2.5 m 0.1 [H40] 

  2003 129In(β–)129Sn 129In isotope from 

thermal-neutron-

induced fission of 
241Pu 

[G21] 1982 6.9 m 0.1 [H40] 

  2004 U(p)129Sn Fission on UC2 

target 

[B52] 1983 2.16 m 0.04 [H13] 

  2004 129In(β–)129Sn Indium isotope from 

thermal-neutron 

induced fission of 
235U carbide 

[G17] 1997 2.23 m 0.04 [A41] 

  2005 U(p)129Sn Fission on the UC2 

target 

[B53] 2003 2.23 m 0.04 [A42] 

  2008 238U(9Be)129Sn Fission [L29] 2012 2.23 m 0.04 [A43] 

  2009 128Sn(n, γ)129Sn Neutron capture [S75] 2014 2.23 m 0.04 [T12] 

  2011 136Xe(9Be)129Sn Fragmentation [P18] 2017 2.23 m 0.04 [A45] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

129Sn 1962 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [D25] 

  2016 129In(β–)129Sn 129In production by 

impinging proton 

beam on the 

uranium carbide 

(UCx) target 

[L13]     

  2017 238U(n, f)129Sn Electromagnetically-

induced fission 

[P12]     

  2017 238U(9Be)129Sn Fission of U 

followed by the 

fragmentation of 
136Xe isotope 

[W12]     

130Sn 1956 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [P3] 

  1956 U(n)130Sn Thermal-neutron 

fission 

[P3] 1956 2.6 m 0.3 [P3] 

  1972 U(n)130Sn Fission [I16] 1962 2.6 m  [H3] 

  1973 235U(n, f)130Sn Thermal-neutron-

induced fission 

[K28] 1972 3.69 m 0.07 [I16] 

  1973 130In(β–)130Sn 130In production 

from 235U fission 

[K26] 1974 3.7 m 0.2 [F35] 

  1974 235U(n, f)130Sn Fission [F35] 1974 221 s  [G34] 

  1974 235U(n)130Sn Fission [G34] 1974 1.7 m  [G34] 

  1974 235U(n)130Sn Fission  [K27] 1974 3.6 m 0.8 [G34] 

  1981 130In(β–)130Sn 130In preparation 

from 235U(n, f) 

reaction 

[F22] 1974 3.72 m 0.11 [H24] 

  1985 130In(β–)130Sn 130In production 

from thermal-

neutron fission of 
235U 

[F24] 1974 3.8 m 0.1 [K27] 

  1987 130In(β–)130Sn Indium isotope from 

neutron-induced 

fission of 235U 

[S65] 1974 1.7 m 0.1 [K27] 

  1990 130In(β–)130Sn Indium production 

from hermal-

neutron-induced 

fission of 235U 

[S69] 1989 3.72 m 0.04 [S37] 

  1993 136Xe(27Al)130Sn Projectile 

fragmentation 

[F45] 1997 3.72 m 0.04 [A41] 

  2000 124Sn(238U)130Sn Fission and neutron 

transfer 

[Z3] 2001 3.72 m 0.07 [S55] 

  2004 U(p)130Sn Fission [B52] 2003 3.72 m 0.07 [A42] 

  2005 U(p)130Sn Fission [B53] 2009 162 s  [B32] 

  2009 12Sn(n, γ)130Sn Neutron capture [S75] 2012 3.72 m 0.07 [A43] 

  2011 136Xe(9Be)130Sn Fragmentation [P18] 2013 3.72 m 0.07 [K4] 

  2011 132Sn(p, t)130Sn  [P30] 2017 3.72 m 0.07 [A45] 

  2012 U(p)130Sn Proton-induced 

fission reaction on 

natural uranium 

target 

[H5]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

130Sn 1956 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [P3] 

  2013 U(p)130Sn Fission on natural 

uranium target 

[K4]     

  2015 Pu(α)130Sn Alpha-accompanied 

ternary fission 

reactions on 238–

244Pu isotopes 

[S79]     

  2017 238U(n, f)130Sn Electromagnetically-

induced fission 

[P12]     

131Sn 1956 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [P3] 

  1956 U(n)131Sn Thermal-neutron 

fission  

[P3] 1956 3.4 m 0.5 [P3] 

  1963 235U(n)131Sn Fission [G38] 1963 65 s 10 [G38] 

  1966 235U(n)131Sn Thermal-neutron 

fission 

[S72] 1966 1.32 m 0.23 [S72] 

  1972 U(n)131Sn Fission [I16] 1972 62.9 s 2.5 [I16] 

  1974 235U(n, f)131Sn Fission [F35] 1972 62.9 s 0.8 [I16] 

  1974 235U(n)131Sn Fission [G34] 1972 59.7 s 0.8 [I16] 

  1978 232Th(n)131Sn Neutron-induced 

fission 

[I17] 1974 1.05 m 0.10 [F35] 

  1980 131In(β–)131Sn 131In preparation by 
235U(n, f) reaction 

[G18] 1974 55 s 4 [G34] 

  1981 235U(n)131Sn Thermal-neutron 

fission 

[H39] 1974 61 s  [G34] 

  1984 131In(β–)131Sn  [F23] 1976 61 s 3 [A39] 

  1984 131In(β–)131Sn  [F25] 1977 39 s 2 [S25] 

  1984 235U(nth, f)131Sn Photofission [F39] 1977 50 s 2 [S25] 

  1984 238U(nth, f)131Sn Photofission [F39] 1981 61 s 1 [H38] 

  1988 131In(β–)131Sn  [F26] 1997 56.0 s 0.5 [A41] 

  1988 131In(β–)131Sn  [K51] 2003 56.0 s 0.5 [A42] 

  1995 131In(β–)131Sn  [M23] 2006 56.0 s 0.5 [K30] 

  1999 131In(β–)131Sn  [F31] 2008 56 s  [D31] 

  2001 248Cm(f)131Sn Spontaneous fission [B36] 2009 53.1 s  [B32] 

  2004 U(p)131Sn Fission on the UC2 

target 

[B52] 2012 56.0 s 0.5 [A43] 

  2004 131In(β–)131Sn  [F32] 2013 56.0 s 0.5 [K4] 

  2005 U(p)131Sn Fission on the UC2 

target 

[B53] 2017 56.0 s 0.5 [A45] 

  2007 130Sn(d, p)131Sn  [P1]     

  2008 U(p)131Sn Proton-induced 

fission on the 

uranium carbide 

target  

[D31]     

  2009 130Sn(n, γ)131Sn  [B32]     

  2009 130Sn(n, γ)131Sn Neutron capture [S75]     

  2012 130Sn(d, p)131Sn 130Sn beam on 

(CD2)n foil 

[K49]     

  2012 U(p)131Sn Proton-induced 

fission 

[H5]     

  2012 130Sn(n, γ)131Sn Neutron capture [M32]     

  2012 130Sn(n, γ)131Sn Neutron capture [Z4]     
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

131Sn 1956 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [P3] 

  2013 U(p)131Sn Fission on the 

natural uranium 

[K4]     

  2014 132Sn(9Be, 
10Beγ)131Sn 

One-neutron transfer 

reaction 

[A7]     

  2015 130Sn(9Be, 
8Beγ)131Sn 

One-neutron transfer 

reaction 

[J16]     

  2017 238U(n, f)131Sn Electromagnetically-

induced fission 

[P12]     

132Sn 1956 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [P3] 

  1956 U(n)132Sn Thermal-neutron 

fission   

[P3] 1956 2.2 m 0.3 [P3] 

  1963 235U(n)132Sn Fission [G38] 1963 50 s 10 [G38] 

  1966 235U(n)132Sn Thermal-neutron 

fission 

[S72] 1966 1.00 m 0.17 [S72] 

  1970 235U(n)132Sn Thermal-neutron 

irradiation 

[L15] 1970 2.1 m 0.2 [L15] 

  1972 U(n)132Sn Fission [I16] 1972 41.1 s 1.3 [I16] 

  1972 235U(n)132Sn Fission  [K24] 1972 31.5 s 6.4 [I16] 

  1972 233U(nth, f)132Sn Thermal-neutron 

fission 

[N1] 1972 40 s 1 [K24] 

  1972 235U(nth, f)132Sn Thermal-neutron 

fission 

[N1] 1972 39.0 s 1.0 [N1] 

  1972 235U(f)132Sn Fission  [N17] 1972 42.3 s 5.5 [N1] 

  1973 132In(β–)132Sn  [K25] 1972 40.9 s 3.0 [N1] 

  1974 235U(n, f)132Sn Fission [F35] 1972 40.6 s 0.8 [N17] 

  1974 235U(n)132Sn Fission [G34] 1973 40 s  [K25] 

  1975 235U(n, f)132Sn Fission-

fragmentation 

[B3] 1974 40 s 1 [F35] 

  1978 232Th(n)132Sn Neutron-induced 

fission 

[I17] 1974 40.2 s  [G34] 

  1980 132In(β–)132Sn  [B45] 1974 41.0 s 1.5 [G34] 

  1982 132In(β–)132Sn  [B46] 1975 38.0 s 0.8 [B3] 

  1986 132In(β–)132Sn 132In preparation by 

U(p) fission 

[B47] 1976 40 s 1 [H25] 

  1992 235U(C)132Sn Fission-diffusion  [F28] 1978 40.0 s 1.0 [I17] 

  1993 136Xe(27Al)132Sn Projectile 

fragmentation 

[F45] 1989 40 s  [S71] 

  1994 238U(Pb)132Sn Projectile fission [B25] 1992 39.7 s 0.5 [S38] 

  1994 132In(β–)132Sn 132In production 

from neutron-

induced fission of 
235U 

[F29] 1995 39.7 s  [M2] 

  1995 132In(β–)132Sn 132In isotope from 

neutron-induced 

fission of 235U 

[F30] 1997 39.7 s 0.5 [A41] 

  1995 132In(β–)132Sn  [M23] 2003 39.7 s 0.5 [A42] 

  1999 132In(β–)132Sn  [F31] 2005 39.7 s 0.8 [K29] 

  2001 248Cm(f)132Sn Spontaneous fission [B26] 2009 34.4 s  [B32] 

  2002 132In(β–)132Sn 132In isotope from 

proton-induced 

fission of 238U 

[D17] 2010 39.7 s  [J14] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

132Sn 1956 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [P3] 

  2004 U(p)132Sn Fission [B52] 2011 40 s  [J15] 

  2004 238U(Be)132Sn Projectile fission  [P20] 2012 39.7 s 0.8 [A43] 

  2005 U(p)132Sn Fission [B53] 2017 39.7 s 0.8 [A45] 

  2005 238U(Be)132Sn In-flight fission [A2]     

  2008 U(p)132Sn Proton-induced 

fission reaction on 

uranium carbide 

target  

[D31]     

  2009 131Sn(n, γ)132Sn  [B32]     

  2009 131Sn(n, γ)132Sn Neutron capture [S75]     

  2011 131Sn(n, γ)132Sn Nuetron capture [A49]     

  2011 natU(p)132Sn Fission [J15]     

  2011 134Sn(p, t)132Sn Two-nucleon 

transfer reaction 

[P30]     

  2012 U(p)132Sn Proton-induced 

fission reaction on 

natural uranium 

target 

[H5]     

  2013 U(p)132Sn Fission with proton 

beam on the natural 

uranium target  

[K4]     

  2015 Pu(α)132Sn Alpha-accompanied 

ternary fission 

reactions on 238–

244Pu isotopes 

[S79]     

  2016 235U(nth, f)132Sn Neutron-induced 

fission  

[S15]     

  2017 238U(n, f)132Sn Electromagnetically-

induced fission 

[P12]     

133Sn 1963 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [G38] 

  1963 235U(n)133Sn Fission [G38] 1963 39 s 15 [G38] 

  1966 235U(n)133Sn Thermal-neutron 

fission 

[S72] 1966 55 s  [S72] 

  1973 235U(n)133Sn Fission [B66] 1973 34 s  [B66] 

  1974 235U(n, f)133Sn Fission [F35] 1973 1.47 s 0.04 [B66] 

  1974 235U(n)133Sn Fission [G34] 1974 ~2 s  [F35] 

  1978 235U(n)133Sn Thermal neutron-

induced fission 

[S58] 1974 1.7 s  [G34] 

  1988 133In(β–)133Sn  [K51] 1974 1.7 s 0.3 [H22] 

  1996 133In(β–)133Sn  [H28] 1976 1.47 s 0.07 [L31] 

  1999 235U(n)133Sn Thermal neutron-

induced fission 

[S4] 1976 1.47 s  [R34] 

  1999 248Cm(f)133Sn Spontaneous fission [U2] 1978 1.47 s  [S58] 

  2000 133In(β–)133Sn  [H29] 1978 1.42 s  [S58] 

  2002 133In(β–)133Sn 133In production 

from proton-induced 

fission of 238U 

[D17] 1978 1.37 s 0.07 [S58] 

  2007 132Sn(d, p)133Sn Neutron transfer 

reaction 

[J13] 1983 1.5 s  [B58] 

  2007 132Sn(n, γ)133Sn  [K10] 1986 1.44 s 0.04 [S36] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

133Sn 1963 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [G38] 
  2007 132Sn(d, p)133Sn Neutron transfer 

reaction 

[P1] 1993 1.20 s 0.05 [R35] 

  2008 132Sn(n, γ)133Sn Neutron capture [C33] 1993 1.20 s 0.05 [R35] 

  2008 U(p)133Sn Proton-induced 

fission on the 

uranium carbide 

target  

[D31] 1995 1.45 s 0.03 [R1] 

  2009 132Sn(n, γ)133Sn  [B32] 1997 1.45 s 0.03 [A41] 

  2009 132Sn(n, γ)133Sn Neutron capture [S75] 1999 1.37 s  [S4] 

  2010 132Sn(d, p)133Sn Target preparation 

by uranium carbide 

fission 

[J14] 2002 1450 ms 30 [P16] 

  2011 132Sn(d, p)133Sn  [J15] 2003 1.45 s 0.03 [A42] 

  2012 U(p)133Sn Proton-induced 

fission reaction on 

natural uranium 

target 

[H5] 2011 1.46 s 0.03 [K31] 

  2012 132Sn(n, γ)133Sn Direct neutron 

capture 

[M32] 2012 1.46 s 0.03 [A43] 

  2012 132Sn(n, γ )133Sn Neutron capture [Z4] 2017 1.46 s 0.03 [A45] 

  2013 U(p)133Sn Fission with proton 

beam on the natural 

uranium target  

[K4]     

  2014 132Sn(9Be, 8Beγ 

)133Sn 

One-neutron 

transfer reaction 

[A7]     

  2014 132Sn(9Be, 
8Be)133Sn 

One-neutron 

transfer through 
132Sn(9Be, 8Be → 

2α)133Sn pathway 

[A53]     

  2016 132Sn(d, p)133Sn Deuteron breakup 

via (d, p) transfer 

reaction 

[T13]     

  2017 134Sn(γ, n)133Sn One-neutron 

knockout from the 
134Sn target 

[V2]     

134Sn 1963 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [G38] 

  1963 235U(n)134Sn Fission [G38] 1963 20 s  [G38] 

  1974 235U(n, f)134Sn Fission [S43] 1974 ~1 s  [S43] 

  1975 235U(n, f)134Sn Fission [A36] 1975 0.7 s 0.2 [A26] 

  1988 133Sn(n, γ)134Sn  [K51] 1976 1.04 s 0.02 [L31] 

  1996 134In(β–)134Sn  [H28] 1976 1.04 s  [R34] 

  1998 238U(208Pb)134Sn Projectile fission, 
238U impinging on 

the Pb target 

[D23] 1980 0.85 s  [L32] 

  2000 248Cm(n)134Sn Fission  [K45] 1981 1.04 s 0.02 [S35] 

  2002 134In(β–)134Sn 134In production 

from the proton-

induced fission of 
238U 

[D17] 1990 1.20 s 0.10 [F27] 

  2005 U(n)134Sn Fast-neutron-

induced fission on 

the UC2 target 

[S47] 1993 0.70 s  [R35] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

134Sn 1963 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [G38] 
  2008 U(p)134Sn Proton-induced 

fission on the 

uranium carbide 

target  

[D31] 1993 1.050 s 0.011 [R35] 

  2009 133Sn(n, γ)134Sn Neutron capture [S75] 1997 1.12 s 0.08 [A41] 

  2009 133Sn(n, γ)134Sn Neutron capture [S75] 2002 1120 ms 80 [P16] 

  2012 U(p)134Sn Proton-induced 

fission reaction on 

natural uranium 

target 

[H5] 2003 1.12 s 0.08 [A42] 

  2013 U(p)134Sn Fission with proton 

beam on natural 

uranium target  

[K4] 2004 1.050 s 0.11 [S63] 

  2014 136Sn(p, t)134Sn Two-neutron 

transfer reaction 

[B17] 2005 1.04 s  [S47] 

  2016 235U(nth, f)134Sn Neutron-induced 

fission  

[S15] 2012 1.050 s 0.011 [A43] 

  2017 238U(Be)134Sn Projectile fission [V2] 2015 890 ms 20 [L27] 

      2017 890 ms 20 [A45] 
135Sn 1994 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [B25] 

  1994 238U(Pb)135Sn Projectile fission [B25] 1997 >150 ns  [A41] 

  2001 238U(n)135Sn Neutron-induced 

fission  

[K46] 2001 0.6 s 0.1 [K46] 

  2002 135In(β–)135Sn 135In isotope 

production from 

proton-induced 

fission of 238U 

[D17] 2001 450 ms 50 [S45] 

  2002 U(p)135Sn Spallation on the 

UC2 target 

[S46] 2002 530 ms 20 [S46] 

  2005 U(n)135Sn Fast-neutron-

induced fission of 

UC2 target 

[S47] 2003 530 ms 20 [A42] 

  2005 U(n)135Sn High-energy 

neutron-induced 

fission of UC2 target 

[S48] 2005 0.6 s 0.1 [K47] 

  2009 134Sn(n, γ)135Sn Neutron capture [S75] 2005 530 ms  [S47] 

  2012 U(p)135Sn Proton-induced 

fission reaction on 

natural uranium 

target 

[H5] 2005 525 ms  [S49] 

  2013 U(p)135Sn Fission with proton 

beam on the natural 

uranium target  

[K4] 2008 530 ms 20 [S57] 

      2012 530 ms 20 [A43] 

      2015 515 ms 5 [L27] 

      2017 515 ms 5 [A45] 
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Table 6: Discovery, production scheme and half-lives of tin isotopes (continued) 
Isotope Year Production scheme Half-life value 

Year Reaction Principal 

method/condition 

Ref Year Half-life Ref 

136Sn 1994 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [B25] 

  1994 238U(Pb)136Sn Projectile fission 

reaction 

[B25] 1997 >150 ns  [A41] 

  2002 U(p)136Sn Spallation on the 

UC2 target 

[S46] 2002 450 ms 50 [P16] 

  2009 135Sn(n, γ)136Sn Neutron capture [S75] 2002 250 ms 30 [S46] 
  2014 134Sn(t, p)136Sn Two-neutron 

transfer reaction 

[B17] 2002 0.25 s 0.03 [S62] 

  2014 238U(Be)136Sn Projectile fission, 
238U beam 

impinging on the Be 

target 

[S52] 2003 250 ms 30 [A42] 

  2014 9Be(137Sb)136Sn One-proton 

knockout reaction, 
137Sb beam 

production by an in-

flight fission 

reaction of 238U on 

the tungsten target 

[W10] 2011 300 ms 15 [A22] 

      2012 290 ms 13 [A43] 

      2014 46 ns 7 [S52] 

      2015 350 ms 5 [L27] 

      2017 350 ms 5 [A45] 
137Sn 1994 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [B25] 

  1994 238U(Pb)137Sn Projectile fission [B25] 1997 >150 ns  [A41] 

  2002 U(p)137Sn Spallation on the 

UC2 target 

[S46] 2002 190 ms 60 [S46] 

  2009 136Sn(n, γ)137Sn Neutron capture [S75] 2003 190 ms 60 [A43] 

      2007 190 ms 60 [B81] 

      2011 273 ms 7 [A22] 

      2012 273 ms 7 [A43] 

      2015 230 ms 30 [L27] 

      2017 273 ms 7 [A45] 
138Sn 2010 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [O3] 

  2010 238U(Pb)138Sn Fission, 238U86+ 

beam on the lead 

target 

[O3] 2012 100# ms >400 

ns 

[A43] 

  2014 238U(Be)138Sn Projectile fission on 
238U beam, 

impinging on the Be 

target 

[S52] 2014 210 ns 45 [S52] 

      2015 140 ms 30 [L27] 

      2017 150 ms 30 [A45] 

      2017 140 ms  [C30] 
139Sn 2015 ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ ­­­ [L27] 

  2015 238U(Be)139Sn Fission, 238U beam 

collision with the 

beryllium target 

[L27] 2015 130 ms 60 [L27] 

      2016 130 ms 60 [J18] 
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